
 
 

 
 
 

 

 

 IIIMMMPPPrrroooVVVeee   222000111111   
International Conference  
on Innovative Methods  
in Product Design 
 

PPPrrroooccceeeeeedddiiinnngggsss:::   

FFFuuullllll   PPPaaapppeeerrrsss   VVVooollluuummmeee   
 
              
 
 

 

 

June 15th – 17th, 2011 
San Servolo, Venice 



 
 

Proceedings of IMProVe 2011 

International Conference on  

Innovative Methods in Product Design 

San Servolo, Venice (Italy),  June 15
th
 – 17

th
, 2011 

 

Scientific Associations: 

 ADM 

 INGEGRAF 

 

Scientific Partners 

 AIP Primeca  

 IJIDeM 

 

Conference Organization: 

 Daur - Università degli Studi di Padova 

 

Editors: 

 Gianmaria Concheri, Roberto Meneghello, Gianpaolo Savio 

 

Patronages: 

 Università degli Studi di Padova 

 Facoltà di Ingegneria 

 Dipartimento di Architettura, Urbanistica e Rilevamento (DAUR) 

 

© Copyright 2011 

 October 2011 

 Libreria Internazionale Cortina Padova

 ISBN 978-88-7784-334-0



i 
 

Full Paper Index 

Industrial Design and Ergonomics 

Design Semantics: Even hybrid Motorcycles need to make noise 

 M. Jaafarnia, A. Bass   pp 1-7 

Tracing the Evolution of Automobile design: Factors influencing the development of aesthetics in 
automobiles from 1885 to the present 

 M. Jaafarnia, A. Bass   pp 8-12 

Application of graphic expression in the design of “New Rolling System for Horizontal Blinds” applied to 
doors  

 I. Sentana, E. Sentana, M. López   pp 13-18 

Ergonomic design and analysis of a post in a stall  

 R. Prádanos, J. Manuel Sanz, D. Gutiérrez, N. de la Puente, J. I. Rojas, M. Domínguez, M. del Mar Espinosa   pp 19-28 

Evaluation of the Experiential Levels of CPGs (Consumer Packaged Goods) using 3D Modelling  

 A. Serrano Tierz, R. Rebollar Rubio, I. Lidón López, A. Fernández Sora, F. Julián Pérez, F.J. Espinach Orús   pp 29-34 

Office furniture design for wheelchair user 

 F. J. Castillo, O .D. de Cózar, I. Ladrón de Guevara, J. Jiménez, E. B. Blázquez   pp 35-41 

New comfort evaluation criteria: application on movie-theatre design  

 N. Cappetti, C. D’Oria, A. Naddeo   pp 42-48 

Synthetic  

 A. M. Manferdini, E. Manferdini   pp 49-59 

Validation of a new index for seat comfort assessment based on objective and subjective measurements  

 A. Lanzotti, M. Trotta, A. Vanacore   pp 60-68 

Virtual Reality and Interactive Design  

Virtual acoustic environment interface for sound source localization training  

 L. Dunai, B. Defez, V. Santiago Praderas, N. Ortigosa Araque, G. Peris Fajarnés   pp 69-72 

Augmented Reality integration in Product Development  

 A. E. Uva, M. Fiorentino, G. Monno   pp 73-79 

A method for systematic usability evaluation of interactive product interfaces  

 M. Mengoni, S. Ceccacci, M. Peruzzini, M. Germani   pp 80-88 

http://www.improve2011.it/Full_Paper/131.pdf
http://www.improve2011.it/Full_Paper/132.pdf
http://www.improve2011.it/Full_Paper/132.pdf
http://www.improve2011.it/Full_Paper/195.pdf
http://www.improve2011.it/Full_Paper/195.pdf
http://www.improve2011.it/Full_Paper/53.pdf
http://www.improve2011.it/Full_Paper/70.pdf
http://www.improve2011.it/Full_Paper/80.pdf
http://www.improve2011.it/Full_Paper/210.pdf
http://www.improve2011.it/Full_Paper/237.pdf
http://www.improve2011.it/Full_Paper/238.pdf
http://www.improve2011.it/Full_Paper/178.pdf
http://www.improve2011.it/Full_Paper/211.pdf
http://www.improve2011.it/Full_Paper/157.pdf


ii 
 

Dynamic Splines for interactive simulation of elastic beams in Augmented Reality  

 P. P. Valentini, E. Pezzuti   pp 89-96 

A product innovation method based on the synergy between TRIZ and Interaction Design  

 S. Filippi, D. Barattin   pp 97-104 

Mixed prototyping environment with different video tracking techniques  

 F. Bruno, A. Angilica, F. I. Cosco, M. L. Luchi, M. Muzzupappa   pp 105-113 

Augmented Reality: an innovative alternative for the collaborative design on construction’s projects  

 M. Brodeschi, F. Patiño Cambeiro, I. Goicoechea Castaño, F. Patiño Barbeito, J. I. Prieto López   pp 114-120 

Knowledge Based Engineering and Product Data Exchange and Management 

Digital document management in the conceptual design process of product  

 T. Magal Royo, J. Gimenez López, F. Brusola Simón, I. Lengua Lengua, G. Peris Fajarnes   pp 121-125 

Towards a “high productive design methodology” dedicated to modular product design using a Knowledge  

 A. Robert, C. Vernier, T. Boudouh, S. Roth, S. Gomes   pp 126-134 

Vertical metadata in learning objects to recovery the industrial historical heritage  

 M. Castro García, J. I. Rojas Sola, Mª. P. Carranza Cañadas   pp 135-139 

A proposal to incorporate the Value Analysis/Value Engineering techniques into a PLM system  

 J. Cerqueiro, L. López, J. Pose   pp 140-149 

LeanCost: knowledge-based tool for early product cost estimation  

 M. Mandolini, P. Cicconi (a), M. Germani   pp 150-158 

KBE approaches in preliminary design: a case study  

 M. Caneri, G. Concheri, R. Meneghello, A. Baschiera   pp 159-166 

Geometric Modelling and Analysis 

Parametric Modeling of Free-Form Surfaces for Progressive Addition Lens  

 G. Savio, G. Concheri, R. Meneghello   pp 167-176 

A fast algorithm for manifold reconstruction of surfaces  

 L. Di Angelo, L. Giaccari   pp 177-186 

Modeling methods in parametric design. Order matrix  

 J. López Soto, P. R. López Para, J. L. Caro Rodríguez   pp 187-196 

A parametric associative modelling of aeronautical structural concepts under C0, C1 or C2 continuity 
constraints  

 V. Dattoma, M. De Giorgi, S. Giancane, P. Manco, A.E. Morabito   pp 197-206 

http://www.improve2011.it/Full_Paper/32.pdf
http://www.improve2011.it/Full_Paper/88.pdf
http://www.improve2011.it/Full_Paper/102.pdf
http://www.improve2011.it/Full_Paper/114.pdf
http://www.improve2011.it/Full_Paper/185.pdf
file:///C:/Users/Gianpa/Desktop/REIMPROVE/Configuration%20approach%20http:/www.improve2011.it/Full_Paper/190.pdf
http://www.improve2011.it/Full_Paper/71.pdf
http://www.improve2011.it/Full_Paper/110.pdf
http://www.improve2011.it/Full_Paper/141.pdf
http://www.improve2011.it/Full_Paper/240.pdf
http://www.improve2011.it/Full_Paper/30.pdf
http://www.improve2011.it/Full_Paper/33.pdf
http://www.improve2011.it/Full_Paper/69.pdf
http://www.improve2011.it/Full_Paper/36.pdf
http://www.improve2011.it/Full_Paper/36.pdf


iii 
 

Geometric modelling of metallic foams  

 A. Carofalo, M. De Giorgi, A. Morabito, R. Nobile   pp 207-212 

Development of an algorithm for a triangular approach to the sphere based on the Platonic solids using 
MATLAB scripts  

 M. Heredia Conde, M. Pérez Vázquez, J. M. Gomis Martí   pp 213-222 

Shape optimization of smooth surfaces with arbitrary topology  

 P. Kiciak   pp 223-230 

Characteristics of conic segments in Bézier form  

 J. Sánchez Reyes   pp 231-234 

Constrained fitting of B-Spline curves based on the Force Density Method  

 L. Barbieri, F. Bruno, M. Muzzupappa, J.-P. Pernot   pp 235-241 

Integrated Product and Process Design 

Influence of geometrical characteristics on eco-designed products  

 R. Gaha, A. Benamara, B. Yannou   pp 242-247 

A computer tool to extract feasible assembly sequences from a product CAD model, in automated way  

 R. Viganò, G. Osorio-Gomez   pp 248-253 

Adaptation and implementation of a process of innovation and design within a SME  

 A. A. Ammar, D. Scaravetti, J. P. Nadeau   pp 254-259 

Design for recycling problematic: application to composite parts  

 P. Nicolas, K. François-Xavier, P. Stephane, M.  Olivier   pp 260-265 

A novel tool for pneumatic spindle design  

 M. Carfagni, R. Furferi, Y. Volpe   pp 266-271 

A novel method for sensitivity analysis and characterization in integrated engineering design  

 A. O. Andrisano, M. Ansaloni, F. Leali, M. Pellicciari, A. Vergnano   pp 272-279 

Analysis tool of the management of integrated systems of implementation in the design of systems of 
industrial organization in Smes industrial devoted to mounts and electrical installations  

 P. Ibáñez Carabantes, J. Sancho Val, A. Fernández Sora, B. Callejero Cornao   pp 280-288 

Shape Similarity: Methods and Industrial Applications  

 D. Francia, A. Ceruti, G. Caligiana, A. Liverani   pp 289-298 

A survey on systematic innovation strategies for product design and development  

 C. Bandera, S. Filippi, B. Motyl   pp 299-306 

http://www.improve2011.it/Full_Paper/38.pdf
http://www.improve2011.it/Full_Paper/42.pdf
http://www.improve2011.it/Full_Paper/42.pdf
http://www.improve2011.it/Full_Paper/44.pdf
http://www.improve2011.it/Full_Paper/77.pdf
http://www.improve2011.it/Full_Paper/123.pdf
http://www.improve2011.it/Full_Paper/176.pdf
http://www.improve2011.it/Full_Paper/119.pdf
http://www.improve2011.it/Full_Paper/117.pdf
http://www.improve2011.it/Full_Paper/27.pdf
http://www.improve2011.it/Full_Paper/48.pdf
http://www.improve2011.it/Full_Paper/87.pdf
http://www.improve2011.it/Full_Paper/90.pdf
http://www.improve2011.it/Full_Paper/90.pdf
http://www.improve2011.it/Full_Paper/100.pdf
http://www.improve2011.it/Full_Paper/104.pdf


iv 
 

A web-based Platform to design Energy Efficient Electric Motors  

 C. Favi, M. Germani, M. Marconi, M. Mengoni   pp 307-315 

Integrated Design of Robotic Workcells for High Quality Machining  

 A. O. Andrisano, F. Leali, M. Pellicciari, F. Pini, A. Vergnano   pp 316-321 

Understanding a particular semantic dimension: how selecting the products for evaluation tests?  

 E. Aliouat, J. F. Petiot, D. Blumenthal, M. Danzart, J. M. Sieffermann   pp 322-329 

Integrated product and process design for microproduct development via microforming  

 W. L. Chan, M.W. Fu   pp 330-337 

A Procedure for Early Environmental Assessment of Industrial Products  

 C. Rocco, S. Rizzuti, L. De Napoli   pp 338-344 

Solving an engineering problem in shipbuilding by Triz method  

 A. Nocerino, M. Pappalardo, A. Pellegrino, F. Villecco   pp 345-348 

Image Processing and Analysis 

Image Processing and Tactile Methodologies of a Navigation System for Visually Impaired People  

 N. Ortigosa, V. M. Santiago, S. Morillas, L. Dunai, G. Peris Fajarnés   pp 349-352 

Automated dyeing of free-form leather patch edges: a Machine Vision based system  

 L. Governi, Y. Volpe, M. Toccafondi, M. Palai   pp 353-358 

Automatic image-based car profile character line recognition  

 M. Fiorentino, A. E. Uva, G. Monno   pp 359-362 

The detection of petroglyphs through digital image processing. The particular case of the stone inside the 
chapel of Saint Bartolomé (Lugo-Spain)  

 M. L. Gil, J. Ortiz, S. Martínez, B. Vazquez, T. Rego   pp 363-367 

Automatic alignment of multi-view range maps by optical stereo-tracking  

 S. Barone, A. Paoli, A. V. Razionale   pp 368-376 

Automatic detection and tracking of planar markers in a stereo-vision system  

 P. Franciosa, S. Gerbino   pp 377-386 

Fast Correction of Tiled Display Systems on Planar Surfaces  

 C. Zoido, J. Maroto, G. Romero, J. Felez   pp 387-393 

Evolution of the design and decoration processes of ceramic tiles  

 B. Defez, V. Santiago, G. Peris Farjarnés, F. Giménez Alcaide, T. Magal   pp 394-396 

http://www.improve2011.it/Full_Paper/140.pdf
http://www.improve2011.it/Full_Paper/153.pdf
http://www.improve2011.it/Full_Paper/187.pdf
http://www.improve2011.it/Full_Paper/219.pdf
http://www.improve2011.it/Full_Paper/224.pdf
http://www.improve2011.it/Full_Paper/241.pdf
http://www.improve2011.it/Full_Paper/180.pdf
http://www.improve2011.it/Full_Paper/50.pdf
http://www.improve2011.it/Full_Paper/204.pdf
http://www.improve2011.it/Full_Paper/37.pdf
http://www.improve2011.it/Full_Paper/37.pdf
http://www.improve2011.it/Full_Paper/47.pdf
http://www.improve2011.it/Full_Paper/148.pdf
http://www.improve2011.it/Full_Paper/179.pdf
http://www.improve2011.it/Full_Paper/189.pdf


v 
 

Reverse Engineering 

Automation of the finishing process of steel yacht hulls based on optical scanning  

 A. Paoli, A. V. Razionale, D. Saba   pp 397-405 

Construction of a geometric reference model for automatic non-ideality evaluation of an acquired high-
density workpiece  

 L. Di Angelo, P. Di Stefano, A. E. Morabito   pp 406-415 

On the performance of several stereo calibration methods and models  

 R. Furferi, L. Governi, M. Nunziati   pp 416-422 

Computation of optimal acquisition viewpoints for the 3D optical inspection of mechanical components  

 R. Raffaeli, M. Germani, F. Mandorli, M. Mengoni   pp 423-431 

Experimental analysis for error compensation of laser scanner data  

 F. De Crescenzio, M. Fantini, F. Lucchi, L. Seccia   pp 432-439 

New CAD/CAM process: an elaboration of the geometrical matrices of rosette  

 M. Giordano, S. Barba, L. A. Lopresti, G. H. Defranco   pp 440-446 

Simulation and Experimental Approaches 

Numerical fatigue life evaluation of an innovative internal combustion engine shaft  

 T. Ingrassia, G. Lo Buglio, E. Lombardo, V. Nigrelli, G. Sergio   pp 447-455 

Development of a test machine for the tappet characterization  

 S. M. Oliveri, M. Calì, G. Cacopardo, G. Fatuzzo, G. Sequenzia   pp 456-462 

An investigation on the validity of 3D clothing simulation for garment fit evaluation  

 Y. Y. Wu, P. Y. Mok, Y. L. Kwok, J. T. Fan, J. H. Xin   pp 463-468 

Simulating airport operations in a synthetic environment  

 S. Bagassi, D. Francia, F. Persiani   pp 469-475 

Design Of Simulation Experiments method for Injection Molding process optimization  

 A. O. Andrisano, F. Gherardini, F. Leali, M. Pellicciari, A. Vergnano   pp 476-486 

Virtual prototype development for comfort assessment of occupational footwear sole  

 P. Franciosa, S. Gerbino, A. Lanzotti, S. Patalano, V. Rufrano, M. Trotta, L. Silvestri, L. Frattari   pp 487-494 

Geometric Product Specification and Tolerancing 

An Extracting Points Strategy for Flatness Measurement on Components by means of CMM  

 R. Rosa, S. Rizzuti   pp 495-498 

http://www.improve2011.it/Full_Paper/51.pdf
http://www.improve2011.it/Full_Paper/28.pdf
http://www.improve2011.it/Full_Paper/28.pdf
http://www.improve2011.it/Full_Paper/101.pdf
http://www.improve2011.it/Full_Paper/154.pdf
http://www.improve2011.it/Full_Paper/172.pdf
http://www.improve2011.it/Full_Paper/216.pdf
http://www.improve2011.it/Full_Paper/96.pdf
http://www.improve2011.it/Full_Paper/226.pdf
http://www.improve2011.it/Full_Paper/99.pdf
http://www.improve2011.it/Full_Paper/115.pdf
http://www.improve2011.it/Full_Paper/152.pdf
http://www.improve2011.it/Full_Paper/208.pdf
http://www.improve2011.it/Full_Paper/225.pdf


vi 
 

Integration of tolerances in the mechanical product process  

 M. Tlija, B. Louhichi, A. Benamara   pp 499-506 

The geometrical specification in concurrent product design  

 L. López, J. Cerqueiro, J. Pose   pp 507-515 

Influence of form errors in plane surfaces assemblies  

 J. Grandjean, Y. Ledoux, S. Samper   pp 516-520 

Algorithm to calculate the Minkowski sums of 3-polytopes dedicated to tolerance analysis  

 D. Teissandier, V., Delos   pp 521-531 

Experimental comparison between displacements and surface defects measurements applied to planar 
joint  

 H-N. Lê, Y. Ledoux, P. Darnis, A. Ballu   pp 532-538 

Assembly analysis for spot-welded compliant assembly: Guidelines for formalizing the plasticity 
contribution to tolerance analysis  

 S. Moos, E. Vezzetti, A. Zompì   pp 539-549 

Form errors estimation in free-form 2D and 3D geometries  

 A. Cerardi, R. Meneghello, G. Concheri, G. Savio   pp 550-555 

Design Methods and Applications 

Redesign of an auto-levelling base for submarine seismic sensor  

 M. D’Anna, T. Ingrassia, G. Mangano, V. Nigrelli   pp 556-562 

Measuring dynamical parameters for spherical objects: Application for sports training  

 E. Lluna, V. Santiago Praderas, F. Brusola, B. Defez, I. Lengua Lengua   pp 563-566 

Structural and Topological Optimization in Robot Design  

 S. M. Oliveri, M. Calì, G. Sequenzia, G. Fatuzzo   pp 567-572 

Preliminary Design of a New Bridge System for a Modern Mine Hunter Vessel  

 D. Boddi, M. Vezzani   pp 573-579 

Study of the impact of a bomb on the side of a vessel and validation by comparing the original sheet with 
numerical simulation  

 G. García, A. Álvarez, C. Anido, B. Álvarez   pp 580-584 

Mathematical modelling and simulation of an adjustable-stiffness spring  

 J. M. Chacón, A. González Rodríguez, A. Donoso, A. G. González Rodríguez   pp 585-589 

Design of physical prototypes to analyze aerodynamic effects  

 J. L. Santolaya, R. Miralbés, V. Navarro, J. A. García, E. Calvo   pp 590-595 

http://www.improve2011.it/Full_Paper/205.pdf
http://www.improve2011.it/Full_Paper/72.pdf
http://www.improve2011.it/Full_Paper/103.pdf
http://www.improve2011.it/Full_Paper/155.pdf
http://www.improve2011.it/Full_Paper/158.pdf
http://www.improve2011.it/Full_Paper/158.pdf
http://www.improve2011.it/Full_Paper/177.pdf
http://www.improve2011.it/Full_Paper/177.pdf
http://www.improve2011.it/Full_Paper/239.pdf
http://www.improve2011.it/Full_Paper/95.pdf
http://www.improve2011.it/Full_Paper/182.pdf
http://www.improve2011.it/Full_Paper/192.pdf
http://www.improve2011.it/Full_Paper/74.pdf
http://www.improve2011.it/Full_Paper/25.pdf
http://www.improve2011.it/Full_Paper/25.pdf
http://www.improve2011.it/Full_Paper/55.pdf
http://www.improve2011.it/Full_Paper/64.pdf


vii 
 

Design optimization based on eco-design and mechanical analysis  

 I. Lopez, R. Miralbes   pp 596-602 

Development of a trade-off function for robust optimization problems in design engineering  

 T. Quirante, P. Sebastian, Y. Ledoux   pp 603-611 

Design of a device for stability control system, to decouple loads, for an optimised maintenance in hostile 
environment  

 R. Ambu, C. Falchi, A. Manuello Bertetto   pp 612-617 

Design optimization: management of large solution spaces and optimization algorithm selection  

 A. Collignan, J. Pailhes, P. Sebastian   pp 618-626 

A CAD toolbox for Composite Materials Modelling and Drawing  

 A. Ceruti, D. Francia, A. Liverani, G. Caligiana   pp 627-635 

Improving Helicopter Flight Simulation with Rotor Vibrations  

 A.Ceruti, A. Liverani, L. Recanatesi   pp 636-645 

Optimization by Particle Swarm Algorithms of an UAV performed by Hot Wire Cutting Techniques  

 A. Ceruti, G. Caligiana, F. Persiani   pp 646-653 

Decision support system to design autonomous microsystems  

 V. Dupé, R. Briand, X. Fischer, P. Sébastian   pp 654-662 

3D CAD and multi-domain simulation integration for Energy Scavenger design  

 S. Tornincasa, E. Bonisoli, F. Di Monaco   pp 663-668 

Engineering Methods in Medicine 

An integrated methodology for functional simulation of dental prosthesis  

 R. Meneghello, M. Turchetto, G. Savio, A. Cerardi, R. Raffaeli, L. Planchenstainer   pp 669-677 

Design of a new tibial intramedullary nail  

 T. Ingrassia, A. Mancuso   pp 678-684 

A Novel Method of Removing Artifacts in Dental CT Images  

 M. Martorelli   pp 685-690 

3D facial symmetry evaluation from high – density scanned data  

 L. Di Angelo, P. Di Stefano, A. Spezzaneve   pp 691-697 

Methods and tools dedicated to shoes customization for people with diabetes  

 M. Germani, M. Mandolini, M. Mengoni, R. Raffaeli, E. Montiel, M. Davia   pp 698-706 

Structural analysis of a posterior stability total knee joint replacement  

 T. Ingrassia, L. Nalbone, V. Nigrelli, D. Tumino, V. Ricotta   pp 707-713 

http://www.improve2011.it/Full_Paper/83.pdf
http://www.improve2011.it/Full_Paper/94.pdf
http://www.improve2011.it/Full_Paper/118.pdf
http://www.improve2011.it/Full_Paper/118.pdf
http://www.improve2011.it/Full_Paper/126.pdf
http://www.improve2011.it/Full_Paper/127.pdf
http://www.improve2011.it/Full_Paper/129.pdf
http://www.improve2011.it/Full_Paper/130.pdf
http://www.improve2011.it/Full_Paper/133.pdf
http://www.improve2011.it/Full_Paper/194.pdf
http://www.improve2011.it/Full_Paper/218.pdf
http://www.improve2011.it/Full_Paper/68.pdf
http://www.improve2011.it/Full_Paper/242.pdf
http://www.improve2011.it/Full_Paper/29.pdf
http://www.improve2011.it/Full_Paper/139.pdf
http://www.improve2011.it/Full_Paper/86.pdf


viii 
 

Studying the influence of thread features in osseo-integrated implants  

 P. Franciosa, M. Martorelli   pp 714-719 

Analysis and design of a thrombectomy device by using simulation techniques  

 G. Romero, M. L. Martinez, J. Felez, G. Pearce, N.D. Perkinson   pp 720-725 

Innovative design of customized surgical devices for mandibular rehabilitation  

 M. Fantini, F. De Crescenzio, L. Ciocca   pp 726-731 

Analysis of TMJ Replacement Using a Finite Element Model  

 M. Mesnard, A. Ramos, Y. Nyashin, M. Aoun, J. A. Simoes, V. A. Lokhov   pp 732-736 

A CA system for RGP contact lens design  

 L. D’Angelo, M. Rizzi   pp 737-742 

Shape modeling and analysis of a human eye based on individual experimental data  

 S. Giovanzana, G. Savio, R. Meneghello, G. Concheri   pp 743-747 

Representation techniques 

Main axonometric system related views as tilt of the coordinate planes  

 L. Gimena, P. Gonzaga, F. N. Gimena   pp 748-752 

Parameter Combinatorial Diagram. Application to the study and analysis of Hydrological Simulation Models.  

 M. Goñi, J. Javier López, F. N. Gimena   pp 753-759 

Heaven in the stone  

 A. Pagliano   pp 760-765 

The CGI production in San Francesco’s church in Padova  

 I. Friso   pp 766-770 

Teaching Product Design and Drawing History 

“Let's take a look to the project”  

 A. Giordano, L. Bifulco, F. Chiementin   pp 771-774 

Parametric Cad in the teaching of drawing for Mechanical Engineer  

 G. Defranco, L. Fuertes, S. Gavino, L. Lopresti, A. Ristevich   pp 775-780 

From Research to Sustainable Innovation and Entrepreneurship: Which Competences?  

 A. Riel, S. Tichkiewitch   pp 781-787 

Safety signage made easy using parametric CAD-based software  

 C. García Hernández, P. Ubieto Artur, A. Finneran, A. G. F. Gibb, P. Bust, J. C. Rubio Romero   pp 788-793 

http://www.improve2011.it/Full_Paper/134.pdf
http://www.improve2011.it/Full_Paper/138.pdf
http://www.improve2011.it/Full_Paper/173.pdf
http://www.improve2011.it/Full_Paper/200.pdf
http://www.improve2011.it/Full_Paper/209.pdf
http://www.improve2011.it/Full_Paper/236.pdf
http://www.improve2011.it/Full_Paper/62.pdf
http://www.improve2011.it/Full_Paper/63.pdf
http://www.improve2011.it/Full_Paper/149.pdf
http://www.improve2011.it/Full_Paper/243.pdf
http://www.improve2011.it/Full_Paper/245.pdf
http://www.improve2011.it/Full_Paper/46.pdf
http://www.improve2011.it/Full_Paper/169.pdf
http://www.improve2011.it/Full_Paper/111.pdf


ix 
 

Engineering designer curricula and creativity development  

 F. Rosa, E. Rovida, R. Viganò   pp 794-799 

Graphical formulary of statically determinate and indeterminate beams  

 P. Gonzaga, L. Gimena, M. Crespo, F. N. Gimena   pp 800-809 

Leonardo’s Civil Bridges  

 J. Alonso Trigueros, A. L. Romera Zarza, G. Fernández San Elías   pp 810-817 

Improving a CAD tool to simplify the design process of electrical schematics oriented to industrial-machine 
control  

 P. Ubieto Artur, C. García Hernández, A. Fernández Sora   pp 818-822 

CAD, BIM, GIS and other tricks of the computer science in the education of the Building Engineer  

 G. N. Massai, M. M. Bocconcino   pp 823-832 

Teaching Methods for Concept Design and Prototyping  

 F. De Crescenzio, M. Fantini, F. Lucchi   pp 833-838 

Designing an interactive web manager applied to the development of spatial abilities  

 C. Melgosa, B. Ramos, E. Baños, E. García, A. Román   pp 839-848 

Evolution of graphic representation applied to chemical engineering  

 I. Sentana, E. Sentana, N. Sesse   pp 849-855 

Use of an Open-Source PLM solution to improve teamwork performance in product design courses  

 P. Sanin, R. Mejia-Gutierrez   pp 856-863 

Teaching the rules of the space: the Olympic Theater in Sabbioneta  

 C. Monteleone   pp 864-869 

Surveying, Mapping and GIS Techniques 

Virtual reconstruction of the door of the Apostles of the Insigne Collegiate Church of Santa María of Gandia 
Spain  

 I. Lengua Lengua, G. Peris Fajarnés, T. Magal Royo, L. Dunai, J. Giménez López, Jose Luis   pp 870-874 

Landform of Alicante province by using GIS  

 A. P. Merina, C. C. Perucho, M. A. Ruiz, I. C. Guerrero   pp 875-880 

Survey and graphic interpretation of underground cellars  

 F. R. Mazarrón, J. A. Flores Soto, J. Cid Falceto, C. Porras Amores, I. Cañas   pp 881-886 

Analysis of the geometry of nature. Particular case of traditional underground cellars  

 C. Porras Amores, A. Adán Oliver, J. L. Benito, F. R. Mazarrón, I. Cañas   pp 887-892 

http://www.improve2011.it/Full_Paper/43.pdf
http://www.improve2011.it/Full_Paper/61.pdf
http://www.improve2011.it/Full_Paper/65.pdf
http://www.improve2011.it/Full_Paper/112.pdf
http://www.improve2011.it/Full_Paper/112.pdf
http://www.improve2011.it/Full_Paper/160.pdf
http://www.improve2011.it/Full_Paper/171.pdf
http://www.improve2011.it/Full_Paper/184.pdf
http://www.improve2011.it/Full_Paper/201.pdf
http://www.improve2011.it/Full_Paper/223.pdf
http://www.improve2011.it/Full_Paper/244.pdf
http://www.improve2011.it/Full_Paper/181.pdf
http://www.improve2011.it/Full_Paper/181.pdf
http://www.improve2011.it/Full_Paper/198.pdf
http://www.improve2011.it/Full_Paper/202.pdf
http://www.improve2011.it/Full_Paper/203.pdf


x 
 

The artesonado of the hunters' lounge. Palace of the infantado of guadalajara  

 A. M. Trallero Sanz, A. Marín Palma, A. López Tercero, G. de los Galanes, E. García Martínez   pp 893-900 

Architectural survey and Robotics: new frontiers in study, preservation and restoration of historical sites  

 M.Cigola   pp 901-905 

Hydrologic moment of a watershed area  

 M. Goñi, J. J. López, F. N. Gimena   pp 906-912 

A GIS approach to monitor territorial transformations: digital assessment of the cycle paths in Paestum  

 B. Messina, P. D’Agostino   pp 913-919 

BAECULA battle Geographic Information System  

 I. Cárdenas Anguita, F. Mozas Martínez, J. M. Valderrama Zafra   pp 920-925 

Methodology for the metric restoration of the historical cartography applied to Francisco Coello´s 
cartografic series of the Royal Site of Aranjuez  

 J. C. Asenjo, C. San Antonio, R. García   pp 926-931 

Determination of orthometric heights from LiDAR data  

 J. L. Pérez, A. T. Mozas, A. López, F. Aguilar, J. Delgado, I. Fernández, M. A. Aguilar   pp 932-937 

Geometric processing of GeoEye-1 satellite imagery for coastal mapping applications  

 M. Ángel Aguilar, F. J. Aguilar, A. Fernández, I. Fernández, M. del Mar Saldaña, A. M. García Lorca, J. G. Negreiros, A. 
Viciana, E. González   pp 938-946 

Tomas Lopez’s Geographic Atlas of Spain (1787) And Its Hydrographic Network: GIS Analysis of the “Reyno 
de Jaen”  

 C. San Antonio Gómez, F. Manzano Agugliaro, J. Martínez García   pp 947-951 

Improvements in the determination of extrapolated shorelines using Elevation Gradient Trend Propagation 
method  

 I. Fernández, F. J. Aguilar, J. L. Pérez, M. A. Aguilar, A. Mozas, A. López   pp 952-961 

Robust surface matching as a rapid technique for terrain change detection  

 F. J. Aguilar, I. Fernández, M. A. Aguilar, J. Delgado, J. G. Negreiros, J. L. Pérez   pp 962-969 

Portraits of lost and possible cities  

 M. P. Iarossi, F. Belloni   pp 970-977 

Registration and 3D virtual reconstruction of the old Carmen's Spa Park (Málaga)  

 E. B. Blázquez, M. L. Ladrón de Guevara, M. C. Ladrón de Guevara, F. Hermosilla, F. J. Castillo   pp 978-985 

Elaboration of a GIS for the management of the new building of the engineering’s school  

 J. R. Andrés, E. Molero, M. Luz García, M. A. Contreras   pp 986-989 

Economic valuation Hornachuelos Natural Park (Córdoba, Spain), supported by Geographic Information  

 R. E. Hidalgo Fernández, M. A. Hidalgo Fernández, J. A. Cañas Madueño   pp 990-994 

http://www.improve2011.it/Full_Paper/227.pdf
http://www.improve2011.it/Full_Paper/58.pdf
http://www.improve2011.it/Full_Paper/166.pdf
http://www.improve2011.it/Full_Paper/234.pdf
http://www.improve2011.it/Full_Paper/34.pdf
http://www.improve2011.it/Full_Paper/45.pdf
http://www.improve2011.it/Full_Paper/45.pdf
http://www.improve2011.it/Full_Paper/54.pdf
http://www.improve2011.it/Full_Paper/56.pdf
http://www.improve2011.it/Full_Paper/60.pdf
http://www.improve2011.it/Full_Paper/60.pdf
http://www.improve2011.it/Full_Paper/67.pdf
http://www.improve2011.it/Full_Paper/67.pdf
http://www.improve2011.it/Full_Paper/73.pdf
http://www.improve2011.it/Full_Paper/79.pdf
http://www.improve2011.it/Full_Paper/81.pdf
http://www.improve2011.it/Full_Paper/91.pdf
file:///C:/Users/Gianpa/Desktop/REIMPROVE/Techniques%20http:/www.improve2011.it/Full_Paper/137.pdf


xi 
 

Simulation and virtual approach: from architecture to landscape  

 E. Marchis, M. Vitali   pp 995-1002 

Methodology for highways network infrastructures´ design in the landscape  

 C. C. Perucho, A. P. Merina, M. A. Ruiz, I. C. Guerrero   pp 1003-1010 

Innovative Methods in Architectural Design 

Descriptive models and  knowledge management. Experiences and Perspective  

 L. M. Papa   pp 1011-1014 

Walking through history. A visionary project for the third-millenium perugia  

 P. Belardi, L. Martini   pp 1015-1022 

From Wayfinding to Waysharing: interaction/information/interactivity for existing hospitals  

 F. Bianconi, S. Andreani   pp 1023-1031 

Design time and time architecture  

 P. J. Juan Gutiérrez   pp 1032-1036 

New Materiality: Digital Fabrication and Open Form. Notes on the Arbitrariness of Architectural Form and 
Parametric Design  

 C. L. Marcos   pp 1037-1046 

New key factors in drawing up a building  

 M. Valiente López, T. Gil López, E. Martínez Borrell, I. Anta Fernández   pp 1047-1054 

Architecture = Design? The increasingly strong link between 3D modeling and automated  manufacturing  

 M. Capone   pp 1055-1062 

Wayfinding on public spaces: the UPV case  

 J. Gonzalez del Rio, O. Ampuero Canellas, B. Jorda Albiñana, J. I. Rojas Sola   pp 1063-1066 

The drawings design realized by parametric computer systems  

 G. Garzino, M. Lo Turco, M. Vozzola   pp 1067-1076 

Bioclimatic passive designs rural buildings  

 I. Cañas, P. Núñez, S. Martín Ocaña, F. R. Mazarrón, J. L. García Grinda   pp 1077-1083 

Digital modelling and representations: Design and works by Riccardo Morandi and Sergio Musumeci  

 G. Curti, B. Polimeni, S. Raschi   pp 1084-1088 

Computer modeling to document architecture and for use in design prefiguration  

 M. R. Cundari, G. C. Cundari   pp 1089-1094 

Computer modelling based on integrated survey techniques and to document architecture  

 C. Cundari   pp 1095-1099 

http://www.improve2011.it/Full_Paper/164.pdf
http://www.improve2011.it/Full_Paper/197.pdf
http://www.improve2011.it/Full_Paper/163.pdf
http://www.improve2011.it/Full_Paper/135.pdf
http://www.improve2011.it/Full_Paper/156.pdf
http://www.improve2011.it/Full_Paper/35.pdf
http://www.improve2011.it/Full_Paper/41.pdf
http://www.improve2011.it/Full_Paper/41.pdf
http://www.improve2011.it/Full_Paper/76.pdf
http://www.improve2011.it/Full_Paper/106.pdf
http://www.improve2011.it/Full_Paper/150.pdf
http://www.improve2011.it/Full_Paper/170.pdf
http://www.improve2011.it/Full_Paper/196.pdf
http://www.improve2011.it/Full_Paper/206.pdf
http://www.improve2011.it/Full_Paper/230.pdf
http://www.improve2011.it/Full_Paper/231.pdf


xii 
 

Digital Modeling in architectural analysis for training engineers to building design  

 M. La Mantia   pp 1100-1106 

The digital model in the documentation of architectural elements  

 L. Carnevali   pp 1107-1111

http://www.improve2011.it/Full_Paper/232.pdf
http://www.improve2011.it/Full_Paper/233.pdf


xiii 
 

IMProVe 2011 International Conference originates as the 5th Joint Conference of ADM (the Italian Associazione 
Nazionale Disegno di Macchine) and INGEGRAF (Asociación Española de Ingeniería Gráfica) and has been organized by 
the Design Tools and Methods in Industrial Engineering Lab. and the Drafting and Representation Lab., both belonging 
to the DAUR Dept. of University of Padova. From this edition, the Conference is also supported by A.I.P. PRIMECA 
(Ateliers Inter-établissements de Productique -  Pôles de Ressources Informatiques pour la MECAnique) and IJIDeM 
(International Journal on Interactive Design and Manufacturing). This event has been proposed as a significant 
opportunity for discussing on product innovation issues from interdisciplinary point of views, to promote new 
workgroups and international networks in both engineering and architecture areas. 
As can be recognized by these proceedings, IMProVe 2011 has proven to be a forum of experts in engineering and 
architecture design from academia and industry, committed to share the different experiences, skills and ideas and to, 
jointly, identify new working hypothesis for the design of innovative products. 
The quality of the contributions was assured by a double blind review under the supervision of the Scientific 
Committee, as explained hereafter. I want to personally thank every member of the Scientific Committee and of the 
Reviewer Committee for the strong commitment and expertise demonstrated in this sensitive and very important 
task. 
Finally, I hope that this event could be one step towards a stronger and fruitful cooperation among ADM, INGEGRAF 
and AIP-PRIMECA associations, and also open new links with the innovative experiences in the fields of industrial 
design and architecture. 
 

 Gianmaria Concheri 

 IMProVe 2011 Chair



xiv 
 

IMProVe 2011 Scientific Committee note 

The IMProVE 2011 Conference has reached a quite large audience of researchers interested to its topics, and 223 
submission have been gathered by the OpenConf CMS, mainly from Europe.  
The review process has been possible with the work of the Scientific Committee, to which other 43 colleagues, mainly 
Italian and Spanish, have given their cooperation to guarantee at least two assessments per paper. Each reviewer has 
assessed 5 papers (average value) with a variance of ±3 papers. The double blind review process has selected 156 
papers (70%), that have been subdivided between 98 for oral presentation (63%) and 58 for the poster session (37%). 
Accepted for oral presentation were the papers that reached a score greater than 4/6 (being 6 the greatest value used 
by the CSM). The paper assessed by a score lower than 4/6 was selected for poster session, even if in some (few) cases 
the improvement received by the paper, on the basis of reviewer comments, brought it up to oral presentation. 
Fortunately in few cases (lower than 10) was necessary to assign the assessment to a third reviewer, and this allowed 
the Scientific Committee to solve the conflict emerged. The papers with scores lower than 2/6 were rejected by S.C. or 
withdrawn by the authors. 
Submitted abstracts:  223 
Accepted papers:  156 
Papers rejected or withdrawn after the revision process: 67 
Accepted papers origin: 
- Argentina  1 
- China  1 
- Colombia  1 
- France  13 
- Hong Kong 2 
- India  1 
- USA  1 
- Italy  82 
- Poland  1 
- Spain  61 
- Tunisia  2 
(The above list cites only the corresponding Authors. The Author nationalities include more countries e.g. UK, NZ, 
etc.). 
Number of reviewers: 82: 
- Italy  50 
- Spain   18 
- France  12 
- UK  1 
- USA  1 
On behalf of the Scientific Committee, I would like to thank all people who spent part of their time to give a real 
improvement to the papers that will be presented at the Conference. 
A further step will remain to do. During oral sessions the quality and the interest of the presentations will be also 
assessed. On the basis of this latter and the previous scores, a very reduced number of papers will be selected by 
Scientific Committee for publication on the Int. J. on Interactive Design and Manufacturing. 
Good luck and thanks again  
 

 Sergio Rizzuti 

 Scientific Committee Coordinator 



xv 
 

IMProve 2011 Scientific Commitee 

Sergio Rizzuti Università della Calabria 
Antonio Lanzotti Università di Napoli 
M. Luisa Martinez Muneta Universidad Politecnica De Madrid 
Francisco Hernandez Abad Universidad de Cataluña 
Patrick Martin Arts et Métiers ParisTech 
Xavier Fischer ESTIA 
  
Fernando Aguilar Torres Universidad de Almería 
Pedro Alvarez Peñin Universidad de Oviedo 
Angelo Oreste Andrisano Università di Modena e Reggio Emilia 
Camillo Bandera Università di Udine 
Antonio Bello García Universidad de Oviedo 
Alain Bernard Ecole Centrale de Nantes 
Jean-François Boujut Institut National Polytechnique de Grenoble 
Fernando Brusola Simón Universidad Politécnica de Valencia 
Emmanuel Caillaud Université de Strasbourg 
Danilo Cambiaghi Università di Brescia 
R.Ian Campbell Loughborough University 
Vito Cardone Università di Salerno 
Gianmaria Concheri Università di Padova 
Paolo Conti Università di Perugia 
Daniel Coutellier ENSIAME 
Carlos de San Antonio Gómez Universidad Politécnica de Madrid 
Paolo Di Stefano Università dell'Aquila 
Georges Dumont IRISA, ENS Cachan 
Benoit Eynard UTC 
Jesús Félez Mindán Universidad Politécnica de Madrid 
Andrea Giordano Università di Padova 
Samuel Gomes UTBM 
Horea Ilies University of Connecticut 
Kazem Kazerounian University of Connecticut 
Ferruccio Mandorli Università Politecnica delle Marche 
Francisco Montes Tubío Universidad de Cordoba 
Javier Munioguren Universidad del País Vasco 
Jean-Pierre Nadeau Arts et Métiers ParisTech 
Reimund Neugebauer Fraunhofer Institute for Machine Tools and Forming Technology IWU 
Vincenzo Antonio Nigrelli Università di Palermo 
Didier Noterman INSA Lyon 
Cesar Otero Universidad de Cantabria 
Guillermo Peris Fajarnes Universidad Politécnica de Valencia 
Pascal Ray IFMA 
José Ignacio Rojas Sola Universidad de Jaén 
José Miguel Sánchez Sola Universidad de Cádiz 
Felix Sanz Universidad de la Rioja 
Eloy Sentana Cremades Universidad de Alicante 
Denis Teissandier Université Bordeaux 1 
Serge Tichkiewitch Institut National Polytechnique de Grenoble 
Philippe Véron Arts et Métiers ParisTech 



xvi 
 

IMProve 2011 Reviewer Committee

Fernando J. Aguilar 
Pedro Ignacio Álvarez Peñín 
Rita Ambu 
Angelo O. Andrisano 
Camillo Bandera 
Sandro Barone 
Antonio Bello García 
Luisa Bifulco 
Elvio Bonisoli 
Fabio Bruno 
Fernando Brusola 
Emmanuel Caillaud 
Danilo Cambiaghi 
Ian Campbell 
Nicola Cappetti 
Vito Cardone 
Antonio Carretero 
Alessandro Ceruti 
Gianmaria Concheri 
Paolo Conti 
Daniel Coutellier 
Giuseppe d'Acunto 
Luigi De Napoli 
Agostino De Rosa 
Luca Di Angelo 
Paolo Di Stefano 
Georges Dumont 
Larisa Dunai 
Benoit Eynard 
Jesus Felez 
Stefano Filippi 
Xavier Fischer 
Salvatore Gerbino 
Michele Germani 
Andrea Giordano 
Samuel Gomes 
Lapo Governi 
Horea Ilies 
Antonio Lanzotti 
Francesco Leali 

Alfredo Liverani 
Ferruccio Mandorli 
Patrick Martin 
Massimo Martorelli 
Roberto Meneghello 
Maura Mengoni 
Francisco Montes Tubío 
Sandro Moos 
Anna Morabito 
Barbara Motyl 
M. Luisa Martinez Muneta 
Javier Muniozguren 
Maurizio Muzzupappa 
Alessandro Naddeo 
Vincenzo Nigrelli 
Massimo Oliveri 
Cesar Otero 
Lia Maria Papa 
Stanislao Patalano 
Marcello Pellicciari 
Guillermo Peris Fajarnes 
Armando V. Razionale 
Sergio Rizzuti 
José Ignacio Rojas Sola 
Gregorio Romero 
Francesco Rosa 
Edoardo Rovida 
Rossella Salerno 
Carlos de San Antonio Gómez 
José Miguel Sánchez Sola 
Felix Sanz 
Gianpaolo Savio 
Eloy Sentana 
Denis Teissandier 
Stefano Tornincasa 
Alberto Vergnano 
Philippe Veron 
Enrico Vezzetti 
Roberto Viganò 

IMProve 2011 Local Organizing Committee

Gianmaria Concheri 
Andrea Giordano 
Roberto Meneghello 
Gianpaolo Savio 

Andrea Cerardi 
Matteo Turchetto 
Massimiliano Caneri

DAUR - Dip. Architettura, Urbanistica e Rilevamento Università di Padova, Italy
 



1

  

 

 

Proceedings of the IMProVe 2011 

International conference on Innovative Methods in Product Design 

June 15th – 17th, 2011, Venice, Italy 

 

Design Semantics: Even hybrid Motorcycles need to make 
noise. 

Jaafarnia (a), Bass (b) 
(a) Indian Institute of Technology Guwahati 
(b) Art Center College of Design, Pasadena 

 

Article Information 

Keywords: 
Emotion, semantics, high tech 
product, transportation, psychology 

Corresponding author: 
Mohsen Jaafarnia  
Tel.: +91-361-2582802 
e-mail: mohsen@iitg.ernet.in 
Address: Department of Design, 
Indian Institute of Technology 
Guwahati, 781039, Assam, India 
Adele Bass  
Tel.: +1-11-626-3040306 
e-mail: abass@artcenter.edu 
Address: integrated Studies 
Department, Art Center College of 
Design, Pasadena, California, USA 

Abstract 

This paper explores the need for artificial sound in high tech products. Changing one of the 
four sides of the semantic frame changes the meaning and emotional impact of that product. 
There is a relationship between the four sides of the semantic frame (aesthetic, physiologic, 
technical, economic) and the five senses (sight, hearing, smell, taste, touch). Replacing 
sound with sight, smell, taste or touch does compensate for the absence of sound. When 
high tech products, such as motorcycles, omit sound it confuses the consumer. This research 
was conducted in two stages: In the first stage the sample consisted of 490 people. In the 
second stage, 69 people participated. We based our study on questions, interviews and 
practical tests to determine how artificial sound or the lack of it in high tech products affects 
the emotional state of the consumer. 

1 Introduction 
Our everyday actions are linked to emotions [1]. We 

put on warm clothes when we feel a chill even if it’s not 
really cold outside. Sometimes, we imagine the feeling of 
cold more than the reality of the actual temperature. What 
are the factors that make us think we are cold when we 
are not? Undoubtedly some signs of cold are being 
transmitted. [2] Products like refrigerators and cold drink 
packages are specifically designed to convey the feeling 
of cold. Designers use semantics to interpret signs and 
symbols and assign meaning to actions and objects within 
particular circumstances and contexts [3]. The study of 
semantics enables designers to find the right combination 
of color, shape and image to communicate a consistent 
semantic frame for a product and produce appropriate 
responses to it. Those who understand semantics are 
able to design products that fit consumers’ physiological 
requirements and also take into account the emotional 
decisions that influence customer satisfaction [4]. 

Each of the five senses: (sight, hearing, smell, taste, 
touch) is a human receiver. The information from each of 
the five senses contains unique meanings that form the 
four parts of a product’s semantic frame (aesthetic, 
physiologic, technical, economic). Understanding how 
each of the senses function helps designers create more 
satisfying products for consumers.  

Product features play an important part in transmitting 
meaning. The audience for a particular product changes 
dramatically depending on specific features and design 
details. The consumer may or may not connect with a 
product for a variety of reasons. It may be the look, feel or 
sound of a product. Consumer beliefs and attitudes create 
an emotional base for decision-making [5]. Using the 
information from only one sense does not give the 

consumer the whole picture. When consumers try to hear, 
smell, taste or touch with their eyes they can only 
imagine, because each sense is unique. It is not always 
possible to tell by looking at a piece of cake, how it will 
taste. We can imagine how good it will taste or smell, but 
visual inspection alone will not replace the other senses in 
determining if the cake is tasty. 

2 The Semantic Frame 
Every product has a special identity bound in a 

semantic frame. This frame contains four functions 
(aesthetic, physiologic, technical, economic) making a 
quadrangle (Figure 1). Every side of the square has a 
relationship to the other sides. A small alteration in one of 
the sides has a positive or negative effect on the others 
[6]. Changing one or more of the sides results in a new 
emotional frame. A product’s semantic frame has 
numerous emotional expressions, but some are very 
weak. Others are very strong [7]. 

 

Figure 1. quadrangle of semantics  

 
In Figure 2, both car #1’s have the same design and 

model number (C63 Class) but the designer has changed 
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the emotional expressions for each car. The original 
material for the body was painted steel, but the redesign 
was gold-plated. We can see the effect on the four sides 
of the semantic frame as follows: 

 

Figure 2. Car #1 : Maroon Painted steel [8] ( top and right), 

Gold plated steel.[9] 

Aesthetic: Changing the material from painted steel to 
gold-plated steel had a positive effect on the aesthetic of 
the car. The look of the car was enhanced by the gold 
material. The lustrous quality and greater reflectivity of the 
precious metal expressed the feeling of speed better than 
the painted steel. Some modifications were made to the 
frame to accommodate the precious metal.  

Technical: Changing the coating had negative effects 
on the technical side. In production, gold-plating requires 
special methods not ordinarily used in conventional body 
production.  

 

Figure 3. Speed emotion in Car #1:  Emotional expressions 

of body with painted steel (top) Emotional expressions of 

body with gold plated steel (bottom). 

Physiologic: The gold's reflectivity had a positive effect 
on the safety. The gold car worked as a mirror at night. 
The gold surface reflected other cars’ lights and was 
easily visible in traffic or on the road.  

Economic: The economic side weakened because of 
the gold's value. Due to the cost of the gold, the final price 
was much higher.  

Changing the coating on the car affected all the sides 
of the semantic frame. We changed the visual aesthetic of 
the car and it had an effect on the physiologic, technical, 
and economic sides of the frame. The new frame created 
totally new emotional expressions for the consumer 
(Figure 3). In this case, we enhanced a visual element. 
What would happen if we omitted something? What would 
happen if we produced an electric motorcycle with no 
sound? Will the omission of an expected sound have a 
negative effect on the consumer’s emotional reaction to 
that product?  

Products do not usually impart meanings from only one 
side of the semantic frame [10]. Consumers receive input 
from all five senses. The designer gives meaning to a 
product through manipulating all or some of the sides of 
the semantic frame. This meaning is interpreted by the 
consumer and enters into the decision-making process. 

The decision is often an emotional one, based on 
aesthetic or physiologic desires rather than only technical 
or economic needs. 

Figure 4, demonstrates an analysis of the power of 
expression: 

 

Figure 4. Power emotion in motorcycle No2  

- Sight appreciates motorcycle’s form and color. 
(aesthetic) 

- Touch tests the size of the power handgrip and seat 
size, (physiologic)  

- Sight inspects the number of accessories, engine 
size and others technical details. (technical) 

- Hearing appreciates the powerful sound made by the 
engine. (technical) 

- Smell breathes the smoke due to burning gasoline in 
the engine. (technical) 

- Sight appraises the quality of the materials 
(economic). 

 
Decision-making is often influenced by personal beliefs 

and attitudes, old information and personal memories. Is it 
possible to really know a product simply by looking at it in 
a store?  Is visual reference powerful enough to replace 
all the other senses? After taking a product home, do 
consumers experience the same good feeling they had 
the day they left the showroom? 

 

3 Experiment 
How important is sound in high tech products like cars 

and motorcycles? If a motorcycle is soundless, is it 
confusing for the consumer? Experiments were conducted 
to see if the average consumer would have a negative 
reaction to the omission of sound in high tech products. 
Subjects were asked to make a relationship between two 
groups of sounds and three different motorcycles and to 
state their reasons for making individual choices. We 
began with an experiment to see if only one sense (sight) 
gives enough information to a consumer to know a 
product.  The responses were recorded on a printed 
questionnaire.  

4 Method   
Prepared questionnaires were used both in the 

interview and to observe and collect experimental data. 
Data was collected in two stages. In the first stage, out of 
a total of 490 subjects involved, 257 were men (age 20-
50) and 233 were women (age 18-46). All were 
inhabitants of Guwahati city. The experiment was 
conducted in coffee shops using four samples (two cakes 
Figure 9 and two scissors Figure 12). The samples were 
chosen by consensus and discussions with two 
professional designers, based on the emotional 
expression of the objects. Samples included: 1- fake cake 
made from wood, plastic foam and red silicon gel, 2- real 
cake with cream and real pineapple jelly, 3- scissors with 
handles out of the package, and 4- scissors completely 
inside the package. 
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The questions were sequentially asked to people at 
coffee shops. For question 1, the fake and real cakes 
were shown to them. For the second question, both 
packages of scissors were shown. 

Questions were as follows:  
1) Which cake is more delicious and tasty? (For Figure 

9) 
2) Which scissors is more comfortable for working? (For 

Figure 12) 
The second stage of the experiment involved 69 

people and explored further details of the observations 
made during the first stage. Based on observations from 
the cake and scissors experiment, subjects’ reactions to 
motorcycles and sound were studied. We wanted to know 
which sound had the most influence over product 
selection. We postulated three hypotheses. 1_omission of 
sound can change the emotional expression of a product 
2_artificial sound can produce positive emotions in users 
of new products 3_users relationships to sounds were 
predictable. (Table 1) 
Motorcycle Sound

s 

Sound Came from 

Control A Electromotor 

No 1 B Chainsaw  

No 2 C Scooter 

No 3 D Harley Davidson  

Table 1. Hypothesized relationships  

We hypothesized that sound is an important factor in 
product design. Technologically, sound omission in new 
products is the norm. We can produce soundless 
motorcycles and cars, but will consumers enjoy these 
new products as much as the old noisemakers? Will the 
noise be integral to their personal satisfaction? To test 
this theory, we conducted another experiment using four 
sounds with the following properties;  

 

 

      Figure 5. Motorcycle No1 [11]   

 

  Figure 6. Motorcycle No2 [12]   

 

 

 Figure 7. Scooter No3 [13]  

A: Electromotor: monotonous, very light and low, B: 
Chainsaw engine: very sharp and high, C: Scooter: low 
bass sound, D: Harley Davidson: deeper bass voice, very 
stated loud. We also showed three motorcycles with 
properties; Motorcycle No.1: specialized frame, very sharp 
aerodynamic lines (Figure 5). Motorcycle No.2: very 
powerful form and warm color (Figure 6), Scooter No.3: 
soft curves and a very light, green color. (Figure 7) 

Total subjects involved in the second stage were 69, 
out of which 14 were women (ages 20-40) and 55 men 
(ages 18-51). All were inhabitants of the Indian Institute of 
Technology, Guwahati campus. The experiment was 
conducted on campus. Figure 8, depicts the data 
collection methods used in the second stage of the 
experiment. 

 

Figure 8. Data collection 

During the second stage, the following questions were 
sequentially asked:  

1) Which sound is right for each motorcycle? (For 
Figure 14) 

2) If you bought a motorcycle, and after using it, you 
realized that this bike did not make a sound like “ B” or “C 
“or “D“, but made a sound like “A“, how would you feel 
about that? Please check all relevant emotions the “A” 
sound brings up for you. (Emotions: I do not have any 
negative emotion, Cheated, Undesirable, Unsuitable, 
Deficient, Unable to work, Lost ) (For Figure 15) 

5 Preliminary Analyses- Results 
Selected results have been statistically compiled from 

the collected data and are presented below. No attempt 
has been made to validate the results using statistical 
tests. The sample size was limited to a total of 490 
subjects in the first stage and 69 in the second.  The 
percentage distribution of the responses to each of the 
question is shown in Figure 8. 
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5.1 First Experiment 

In this stage we questioned whether, based on sight 
alone, a consumer could fully know a product. Would the 
information from the other senses change the consumer 
satisfaction level? We showed two cakes (a fake cake 
made out of wood, plastic foam and red silicon jelly and a 
real cake with cream and real pineapple jelly), (Figure 9) 
to 490 subjects found using randomized methods. We 
asked them which cake was more delicious and tasty?  

 

Figure 9. Diagram of the real and fake cake: Cakes (Left) 

statistic of selection (Right). 

464 people (95%) selected the fake cake as being 
more delicious. When asked why, most of them said the 
strawberry jelly made the cake look more delicious. 
Subjects reacted positively to the quantity of jelly and its 
red color.  

 

Figure 10. Expression of enjoyment for real and fake cake: 

Schematic diagram for fake cake (top) schematic diagram 

for real cake (bottom). 

When they were allowed to touch the cakes, they were 
surprised and shocked to find that the fake cake was very 
hard and much lighter in weight than the real one.  

 

Figure 11. User’s opinion after touch: schematic diagram for 

fake cake (top) schematic diagram for real cake (bottom). 

They also realized that the jelly was made of rubber. 
All subjects changed their vote. (Figure 11) 

Personal signs and symbols guide consumer’s 
emotions. Using a knowledge of semantics, designers 
insert artificial signs and symbols in products to create 
consistent emotional expression. But designers are rarely 
concerned with semantic generalizations [14] because 
few understand the methods of practical design 
semantics. 

The cake experiment demonstrates that consumers 
need a direct connection to a product to really know it. 
Consumer satisfaction levels rose proportionally with the 
number of external senses (receivers) used in the initial 
selection. The more customers interact, see, touch and 
smell a product, the better the emotional experience will 
be before and after purchase. Otherwise they may feel 
confused and disconnected from it. 

 

Figure 12.   Diagram of the scissors: scissors (Left) statistic 

of selection (Right). 

In this stage we asked how many of the same people 
would try to explore a new product with their other senses 
(receivers) besides sight. We showed two packages of 
scissors to the last 490 subjects and asked which scissors 
would be more comfortable? Even though both the 
scissors were visible in the package and had the same 
design, all of the 490 samples reached out for model B 
and touched it. 

 

Figure 13. Easily expression for scissors: schematic diagram 

for model B (top) schematic diagram for model A (bottom). 

456 people (93%) of subjects chose model B as more 
comfortable. When asked why, they explained that they 
could try it with their hand to make sure the scissors in 
model B was comfortable. They also said they did not 
want to make another mistake in selection. Subjects did 
not want to suffer the same negative emotions they 
experienced in their earlier choices.  

5.2 Second Experiment 

In the second stage we asked the following questions: 
1) Which sound is the right one for each motorcycle?  
2) How would you feel if, after purchasing, you realized 

your motorcycle did not have any sound?  
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We wanted to know how many of our subjects 
recognized and paired the sound they heard with the 
correct motorcycle.  

          

Figure 14. Which sound is perfect for motorcycles?  

   

     Figure 15. What is your feeling and emotion? 

Because of the high percentage of correct pairings, we 
confirmed that consumers like to hear the sound that is 
consistent with a particular motorcycle. Sixty-two people 
(91%) matched sound “B” to Motorcycle (No.1). Sixty-
three people (91%) matched sound “C” to the Scooter 
(No.3) and Sixty-one people (89%) matched sound “D” to 
Motorcycle (No 2). A small number of subjects did not 
miss hearing a sound. We deduced this because they 
paired sound “A” (the control) to motorcycle (No.1.) False 
selection of the control occurred when one person 
selected sound “A” for Motorcycle (No 1). Two people 
selected sound “A” for Motorcycle (No 2) and four people 
selected sound “A” for Scooter (No 3). Accordingly, we 
questioned their feelings about the missing sound. The 
results are listed in Figure 16.  

 

 

Figure 16. Percentage of selection sounds for motorcycles: 

motorcycle No2 , motorcycle No1 , scooter No3 . 

 

Figure 17. Number of people that selected sounds for 

motorcycles 

When asked how they would feel if, upon getting home 
they realized their vehicle had no sound, there were a 
higher number of subjects had negative emotional 
reactions to the motorcycle sounds. (No 1) and (No 2). 
(Cheated, Undesirable, Unsuitable, Deficient, Unable to 
work and Lost). The Scooter (No 3) which had a gentler, 
rounded form produced opposite results. Eighty four 
percent of subjects had a negative emotional reaction to 
sound “A” for Motorcycle (No.1) Figure 18, (Cheated 
22%+ Undesirable 16%+ Unsuitable 27%+ Deficient 5%+ 
Unable to work 7%+ Lost 7%= 84%) and Motorcycle (No 
2) Figure 19, (Cheated 20%+ Undesirable 19%+ 
Unsuitable 22%+ Deficient 11%+ Unable to work 6%+ 
Lost 6%= 84%). They stated that the sound was 
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unacceptable. Sixteen percent had no problem with the 
missing sound. (Figure 18, 19)  They experienced no 
negative emotions. Scooter (No.3) produced the opposite 
results. When compared, subjects were satisfied that 
sound “A” fit the Scooter (No 3). In this case, 73 percent 
of subjects did not have a negative emotional reaction 
(Figure 20) 

 

 
Figure 18. Emotions for motorcycle No1 with sound “A” 

 

 

Figure 19. Emotions for motorcycle No 2 with sound “A” 

 

 

Figure 20. Emotions for scooter No3 with sound “A” 

6 Discussion 
Interpreting the meaning of a product with limited 

senses often leads to mistakes in decision making due to 
a lack of information. In phase 1, we learned that one 
sense (receiver) is not enough to know the meaning of a 
product. The selection of the wrong cake demonstrated 
that vision alone is not a good replacement for the other 
senses. When subjects were able to touch the cake, they 
realized they had been fooled. Their primary experience 
caused them to choose more carefully the second time, 
reaching out to touch the scissors. 

In the second stage, subjects listened to different 
motorcycle sounds and paired them to motorcycle forms. 

(Figure 17) A majority of subjects correctly identified and 
paired the sounds to the appropriate forms, indicating that 
consumers experience associations to sounds. The 
results were compiled for comparison. (Figure 18, 19 & 
20)  

7 Conclusions  
Most consumers have the ability to correctly identify 

and match sounds with their respective motorbikes. 
(scooters vs. motorcycles). When sound is omitted in high 
tech products, it changes the meanings of the semantic 
frame and has a negative effect on the emotional 
expression of the product. The absence of expected 
sound can alter other semantic meanings that have 
powerful expressions on the other side of the frame. 
(Figure 4) Consumers have definite judgments about 
sound. The correct sound can be very satisfying, but the 
wrong sound can be disturbing. In the first experiment, 
when subjects reacted negatively to finding out the cake 
was a fake, they used the halo effect to make a new 
judgment [15]. The halo effect results when the consumer 
becomes blind to all the good features of a product and 
focuses only on the problem areas. Assumptions are 
narrowed down to one or two prominent characteristics 
that overshadow all other traits. When consumers found 
that they were not able to eat the fake cake or hear the 
right sound for the motorcycle, they focused only on that 
issue. They were unable to enjoy the other aspects of the 
product and the experience was essentially ruined. It took 
only one negative side to collapse the delicate balance of 
the semantic frame. (Figure 18, 19 & 20)  

Sound omission does change the emotional expression 
of a product. The feeling of power is one of the important 
emotions that a rider seeks and that is not limited to 
mechanical vehicles. Before the invention of the 
automobile, people looked for expressions of power in 
their animals. When buying a horse or an elephant, one 
looked for an animal with a powerful figure. The animal 
was often elaborately decorated for a better “power 
expression”.  

The same is true for motorcycles. Riders have 
chopped, lowered, striped and painted their bikes to 
epitomize speed for as long as people have been 
straddling two wheels. A powerful motorcycle needs a 
powerful sound. Artificial sound alleviates some of the 
negative emotions experienced by the lack of genuine 
sound and creates greater levels of consumer 
satisfaction. Electric motorcycles can be marketed 
successfully if designers insert artificial sound in the 
engines. The future of high tech electric motorcycles 
depends on an electronic soundboard to compensate for 
the omission of sound.   

Appendix 
List of Automobiles, scissors and motorcycle pictures and 
the brand names used as samples for experiments. 
labels in this 

paper 

Brand Source 

#1 Mercedes-Benz   

model C63 

http://www.mercedes-

benz.com 

A Cartini   scissors  

B Cartini   scissors  

No 1 Kawasaki http://www.khi.co.jp/m

cycle/eng/ 

No 2 Honda     Vmax http://world.honda.com/ 

No 3 Derbi     Atlantis http://www.derbi.com/ 
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Abstract 

Using selected well-known automakers, the influence of new technology, lifestyle and culture 
of automobile design has been mapped, starting from 1885 through present day. We have 
identified seven eras to date. The study of history often yields clues to the future. Influences 
such as fashion, makeup and missiles have shaped automobile design since manufacturing 
began. The evolution of the car has been driven by the desire to create a semantic frame for 
speed. Over time, changes in lifestyle and culture have changed the semantic meaning of the 
frame. This time line will help automobile designers understand the markers that influenced 
the evolution of the automobile, and act as a tool to predict the future of car design. 

1 Introduction 
Using selected well-known automakers, we’ve mapped 

the influence of new technology, lifestyle and culture on 
automobile design starting from 1885 through present 
day. These influences have shaped automobile design 
since manufacturing began. This timeline will help 
automobile designers understand the markers that 
influenced the evolution of the automobile, and act as a 
tool to predict the future of car design.  

We have identified seven eras to date. Beginning with 
the horseless carriage, automobile design has been 
driven by the attempt to create a semantic frame for 
speed. The apex of this arc was reached with the missile 
designs of the 1950’s. Changes in lifestyle and culture 
have changed the semantic meaning of the frame over 
time. History has brought us full circle today as designers 
assign the semantic frame of animals to bio-designing 
techniques. 

 In the beginning, all vehicles looked basically the 
same. In 1885, the new motorized vehicles did not have a 
body or shell. The first car was essentially an engine, 
three wheels and a frame. All of the mechanics were 
exposed for easy access. Inventors were more concerned 
about function rather than form. Getting the machine to 
work properly was the first priority. Design aesthetics 
came later. The first typewriters, electric shavers, sewing 
machines and airplanes had no outer shell. Figure 1 
compares the original forms of these early machines with 
later versions. Products like cameras and submarines did 
have a shell. But then again, a submarine without a hull is 
simply missing the point of deep sea diving. 

 

Fig.1 Early product development [10] 

2 Evolution of the Automobile 
The seven eras in chronological order are: Invention 

era, Innovation era, Manufacturing era, Capsule era, 
Classic era, Integration era and Modern era. Each era is 
earmarked by a particular style or design aesthetic. The 
particular aesthetic was influenced by a number of factors 
including fashion, makeup, hairstyles, art and architecture, 
popular culture and movies. This period in history 
witnessed a shift away from the horse carriage to the 
Model T Ford. Automobile semantics followed an arc of 
speed and power reaching its zenith in the 1960’s at the 
height of the missile era in U.S. politics. In the modern 
age, designers have come full circle using organic forms, 
animals and bio-designing as the semantic frame. 
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2.1 Invention era 

This era began with the invention of the Benz car in 
1885 and continued roughly ten years with the 
introduction of Henry Ford’s first automobile. Before Benz 
introduced his motorized wagon, vehicles capable of 
human transport were mainly steam-powered. [1] The 
Benz car was the first car to use a gas powered internal 
combustion engine. This new horseless carriage had a 
powerful allure, but it confused people. Most found it a 
strange eccentricity that a carriage could move without a 
horse.  

Karl Benz produced industrial machines and static gas 
engines. The success of the company gave Karl Benz the 
opportunity to indulge in his old passion for designing 
horseless carriages. He wanted to create an automobile 
that would run entirely on it’s own power. This would not 
be simply another motorized stagecoach or horse 
carriage. Using the same technology that was in his 
beloved bicycle, he introduced the Benz Patent 
Motorwagen in 1885. It featured wire wheels (unlike the 
wooden ones on carriages) [2,3] and a four-stroke engine 
of Benz’ own design. It incorporated a very advanced coil 
ignition and evaporative cooling system rather than a 
radiator. Power was transmitted by means of two roller 
chains to the rear axle. [4] 

 

Fig.2 Invention era [10] 

2.2 Innovation era 

After 1896, automobiles changed radically from those 
in previous years. Throughout the Innovation era, 
widespread car use was still uncommon and the 
automobile was seen as more of a novelty than a 
genuinely useful device.  

 

 

Fig.3 Innovation Era [10] 

The horse and carriage was the reliable method of 
transportation, but automobiles sparked people’s 
imaginations. Automobile designers knew that the 

carriage’s form, which had a relationship to the horse, was 
not appropriate for their new automobiles.  

The new cars reflected other changes in society. The 
new industrialists were quickly replacing the old familiar 
ways with a fast-paced lifestyle. As the automobile 
evolved, it epitomized speed and freedom. Henry Ford 
was the first to bring his innovative designs to the New 
World. Ford’s automobiles were different from the other 
cars of the day. His new mass production methods and 
quality materials set his cars apart. The price of Ford’s car 
was higher than other vehicles. This only added to the 
allure. 

2.3 Manufacturing era 

The Manufacturing era lasted from roughly 1908 
through 1914, the beginning of World War I. Before 1908, 
designers favored the ornate Edwardian architecture and 
it was the preferred architectural style. This new industrial 
era reflected simpler, more affordable automobiles. 
Automotive technology developed rapidly due in part to 
hundreds of small manufacturers competing to gain the 
world's attention. Key developments included the electric 
ignition system, independent suspension and four-wheel 
brakes. [5,7]. Transmissions and throttle controls were 
widely adopted, allowing a variety of cruising speeds. 

 

 Fig.4 Manufacturing Era [10] 

With the high price of the car it was still only the 
hobbyist and enthusiast who could afford one. It was not a 
reality for most people. Henry Ford, the father of modern 
assembly lines, revolutionized the industry when he 
established the Ford Motor Company in the U.S in 1903. 
Ford had a global vision, with consumerism as the key to 
peace. [6] One of the first adopters of mass production 
techniques, he introduced the automobile to the ordinary 
man. He is credited with using the assembly line to make 
large numbers of inexpensive automobiles coupled with 
high wages for his workers. Ford vowed to build a great 
car at a great price. His commitment to lowering costs led 
to many technical and business innovations. Ford 
introduced the Model T in October 1908 at the affordable 
price of $950. The year, 1908 was significant, marking the 
point when the majority of automobile sales shifted from 
the hobbyist and enthusiast to the average user. 

2.4 Capsule era 

Between 1920 and 1930 designers closed the body of 
the car. When designing a car interior, the value and 
semantic meaning can be manipulated by opening or 
closing the space. Simply changing the way the space is 
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divided can change the emotional expression of the 
space for the consumer. [7] The new closed body 
accentuated by curved glass and privacy had intrinsic 
value for the consumer.  

 
Fig.5 The Capsule era [10]  

2.5 The Classic era 

The Classic era began with the Great Depression in 
1930 and ended around 1940 shortly before World War II. 

 
Fig.6  The Classic era [10] 

The cars of this period were less rectangular and 
industrial. The new automobiles were sleek and beautiful. 
The new technology allowed designers to create luxurious 
aerodynamic cars with big curves and deep arches. The 
new salon/sedan body style was made for cruising and 
even incorporated a trunk or boot at the rear for storage.  

Automobile designers modelled their forms on 
airplanes and trains because these objects semantically 
carry the meaning of speed. Applying the airplane’s 
semantic frame to a car assured the automaker that its 
jalopies would look fast even if, in fact, that was not the 
case. The wheels, lights and fenders hugged the body 
and articulated the safety and strength of the frame. Tires 
were wider and thicker than in the Capsule era adding to 

the solidity of the vehicles The old open-top runabouts, 
phaetons, and touring cars were phased out by the end of 
the Classic era as wings, running boards, and headlights 
were gradually integrated into the body of the car. 
Integrated fenders and fully closed bodies began to 
dominate sales. 

2.6 Integration era 

Automobile design finally emerged from the shadows of 
World War II in 1949. This was the year that United States 
carmakers, General Motors, Oldsmobile and Cadillac 
introduced modern one-piece auto bodies. The Integration 
era joined all the parts of the car to make a shell very 
similar to the modern car body we know today. On the 
technology front, the biggest developments of this era 
focused on safety in the design of automobiles. 

 

Fig.7 The Integration era [10] 

Cadillac was the first company to successfully borrow 
the semantic frame of the V2 missile and apply it to its 
cars. (Fig. 8) Cadillac’s 1959 Cyclone is a prime example 
of the application of the semantic frame of a missile to an 
automobile.  In the late 1960’s General Motors, Chrysler, 
and Ford tried to market radical small cars, like the GM A-
bodies, but had little success. In America, performance 
became the prime focus of marketing, exemplified by 
pony cars and muscle cars like the Ford Mustang and the 
Plymouth Barracuda. Third world countries entered the 
automobile race in the late 1950’s. Indian and Iranian car 
design has been traced from 1959 onwards (Fig.12.) The 
first Indian automobile produced in 1958 was similar to 
Germany’s 1953 Opel Capitan, shown in Fig.12. The first 
Iranian car introduced in 1968 (in the modern era) was 
similar to American cars designed ten years earlier, 
shown in blue, in Fig.12. Both, in fact, were designed by 
UK designers.  
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Fig.8  Effect of the missile on Cadillacs [10] 

2.7 The Modern era 

The Modern era began around 1968 and continues to 
the present day. Designers today take into account not 
only the functionality, but also consumer’s emotional 
reactions to their automobiles. Designers are well aware 
of how to create the feeling of speed, but the feeling of 
speed is not the only expression the consumer is looking 
for. The semantic frame of the car is changing once 
again. Designers have recognized the potential to appeal 
to the consumer’s personal desires and tastes using all 
areas of an automobile.  

 

 
Fig.9  The Modern era [10] 

Automobile designers no longer only borrow semantic 
meaning from planes and missiles. Today, they are 
looking at more organic, bionic forms to mirror. Car 
Designers study the bio mimicry of animals and insects 
and indirectly insert the animal’s semantic frame into the 
look and feel of the car. It’s not necessary to use the 
animal’s literal form. The meaning is implied. [8] 

Body styles have changed in the Modern era. Three 
types dominate today's market: the hatchback, the 
minivan, and the sport utility vehicle. All are relatively 
recent concepts, spurred by an aging, active generation 
who love to be on the road. 

3 Discussion 
In previous years, automobile styles were affected by 

safety, culture, market conditions, art movements and 
technology. Improvements in manufacturing and methods 
increasingly allowed designers to design with fewer 
limitations. Technological gains in other disciplines like 
train and airplane design benefited automobile design by 
providing a semantic frame for the look and feel of the car. 
In previous eras we saw the semantic frame of the 
airplane (Fig. 10) and missile (Fig. 8) used in car designs. 
There were two creative schools of thought regarding 
semantic frames. The first school promoted the use of the 
old familiar product forms like the horse carriage as a 
frame for the first automobile. The second school 
promoted new creative forms to represent the changes in 
society. 

The latter school, exemplified by the designs of Marco 
Ricotti, have influenced product designs in other 
disciplines. Ricotti’s design of the Alfa Romeo in 1914 still 
influences present day airplanes. [9] Vittorio Jano 
borrowed the form from the 1932 Fairchild J2K (Fig.10) 
and used it in the 1935 Lancia Astura. The Lancia Astura, 
in turn, influenced baby carriage designs in 1950.  

 
Fig.10  Effect of automobiles on other products [10] 

Evolving lifestyle and culture have changed the 
semantic frame in automobiles. In the Integration era, 
American car companies divided designs into men’s and 
women’s cars. Designers heavily borrowed from fashion, 
makeup, color trends and personal products. (Fig.11) 
Makeup and eyeglass fashion had an effect on 1959 
Chevrolets as shown in Figure 11. In an effort to reach 
separate markets, automakers introduced cars that 
matched the design of the high fashion model’s dress and 
makeup pictured in their advertisements. (Fig. 11) 

Fig.11 Life style [10] 
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 In 2003, the Ford Motor Company produced the 
Streetka, the most feminine car in automobile history. 
(Fig. 11) When the Streetka was launched, Ford said 80% 
of the buying public would be female. In 2003, 1% of men 
bought this car, launched by Kylie Minogue (a well-known 
American singer). A special pink version of the car was 
used to promote the movie, Thunderbirds and a dress to 
match was made and sold at a charity auction.  

 
Fig.12  The evolution of the automobile 

Here, you can see the ability of European and 
American designers in three periods: 

European designers were innovative and pioneered 
before 1936 and after 1965. 

Two parts of car evolution were revealed in this time 
line, which demonstrated U.S. ingenuity and innovation 
(between 1936 and 1965),  

 

Branch 1: from America to 

Europe. (Fig. 12_pink line) 

Car No.(#1-#100) Country/date 

#38               (US 1936)  

#41          (UK 1940)  

#44          (Italy 1947)  

Branch 2: from America to 

Europe. (Fig. 12 yellow line) 

Car No. (#1-#100) Country/date 

#43      (US 1940)  

#48      (US 1947)  

#51      (UK 1953) 

#55      (France 1958)  

#60      (Italy 1965)  

4 Conclusions 
Automobile designers have been adapting the 

semantic frame of their cars ever since they affixed the 
first engine to a horseless carriage. The automobile and 
its frame have evolved over time, reflecting the changing 
culture and lifestyle of the times. The Invention era was 
concerned with building an engine that could propel a 
carriage. In the Integration era it was very important for 
the automobile to express speed. Once the form was 
established, the Manufacturing era saw the industrialist 
become proficient at mass production.  In the Capsule era 
designers began to pay more attention to creating a body 
and interior space. The integration era paved the way to 
the uni-body designs we see on today’s vehicles. Current 
modern design theory is looking at the bigger picture to 

design cars for individuals. Auto designers today use all 
parts of the car to express a personalized semantic frame 
for individual lifestyles. Speed is not the only feeling 
designers are trying to convey in their automobiles. We 
are moving into a time of more awareness of 
environmental factors and cars that reflect a gentler 
lifestyle and aesthetic.  
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Abstract 

The main objective of this research is to show the development of a new horizontal blind and 
to emphasize the interaction between: 

 -The geometry and 
- The different area of science 

This project emphasised the importance of geometry in the design of prototypes for specific 
applications. 
In this study, geometry, physics and mechanics were intertwined, which culminated in a final 
design. 
Here, it was concluded, after the design stage, that the collection support in a slat blind with 
horizontal rolling needed an Archimedes spiral, where the route of the spiral is along the slat 
thickness, with as many turns as the width of the rolling element allows.   
At first, this approach seemed geometrically simple; however, there are other geometrical 
considerations: the rolling system must be automatic, the traction mode should be in parallel 
and the speed of the motor drive must be linear despite the variable, peripheral speed that 
occurs when the blinds are being rolled. 
Therefore, the objective was to not only highlight the final results, but also to demonstrate the 
importance of the geometry in the design of mechanical devices. 
The justification for the final geometry is a consequence of the premises stated in a previous 
study, which examined possible solutions based on the assumptions of a properly functioning 
system operating at an industrial level. 
These assumptions, defined along with the geometric considerations and the technical 
features, resulted in the final design. 
We define the geometric design and the technology characteristics that allow its manufacture. 

 

1 Introduction 
 

Rolling or vertical folding doors are typically installed 
when a space is small or the ceiling is low. However, 
these types of doors require ceiling space. Thus, to 
optimize the interior space, an improved solution is 
needed. 

Installing vertical rolling blinds results in a misuse of 
usable height where the entrance is located, which is 
where the design dimensions are limited. This lack of 
space may lead to problems, particularly when items are 
too large to enter, which is the case for many industrial 
products. 

An optimized height solution could be obtained through 
lateral bending or coiling near the entrance, which would 
thus impose a horizontal rolling mechanism. 

The objective of this study was to design a generic 
system of horizontal rolling doors to geometrically suit any 
type of entrance, where space is optimized and ease of 
installation and system security are also taken into 
account. This study resulted in the presentation of a 
patent. With this work we want to demonstrate how 
Graphic Expression is used to develop a mechanical 
design. We don’t intend to show the total design, but how 
graphic expression supports the different phases of the 
design. 

 
 
 

1.1 Work Methodology  

 
The following were the basic engineering design stages 

for this project: 
 
- Problem statement and a list of the demands required by 
the design solution were created. 
- Preliminary ideas were generated. 
- Initial basic design 
- design analysis 
- To find a definitive solution. 

1.2 Identifying the problem using the initial 
specifications 

 
The main contribution of the design is a solution for the 

existing problems in specific buildings (old buildings that 
cannot be renewed, protected building with lack of space 
and with no possibility of extension). 

In the market there are different systems (90% of the 
available solutions are vertical doors(Rolling Doors, 
Sectional Overhead Doors, Offset Fold-Up Doors, Fold-Up 
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Doors, Fully Internal Glide-Up Doors, Tilt-Up Jamb Fitting, 
Tilt-Up Track Fitting, Vertical Lift Doors), and the 
horizontal solutions are for non-heavy doors or small 
spaces (Sliding Doors), mainly applied to blinds for 
windows. This solution is mainly proposed for 
automatized system of doors (heavy doors). 

The final system design had to meet the following 
requirements: 

1. Minimisation of the equipment space and the blinds 
at the sides of the entrance. 
 2. Development of a generic mechanical system that 

can easily adapt to any room with space constraints, 
where special attention is given to avoid any vertical 
space occupation. 

3. Inclusion of a safety interlocks and release system 
in case of failure or lack of energy. 

4. Development of system that is easy and convenient 
to operate. 

 

1.3 Adapted design and Idea Analysis 

In the following section we will present only a few 
drawing of the obtained design, to show how specific 
graphic constructions (tangent between circumferences, 
trajectory of a point on a plane, polygons spirals…) are 
used in the graphic description of the final design. 
Therefore it is necessary that our students acquire these 
basic know ledges. 

The figures are not delimited because the available 
space for the figures is not enough to delimit properly. 
And this is only an example to show how basic concepts 
of graphic expression are available for design. 

 After several initial approaches, it was concluded that 
the best way to minimise the vertical space was to first set 
a minimum constraint for the distance along the top of the 
ceiling. After minimising the vertical space and analysing 
different systems, we decided to adopt a design with two 
guided trails on the floor and the ceiling, such that the 
following designs were included: 

 
1. For the blind to properly function, the pull-down handle 
should spread force evenly, which requires its design to 
contain two cylinders on both sides of the housed entry. 
This design consists of one rolling cylinder and one joint 
axis, which, through an upper (ceiling) and lower (floor) 
string, would provide support at the point where the blind 
would move as a curtain, where both rolling and unrolling 
would always occur on the same side. 

 
2. In one of the side cylinders, a motor motion system 
was incorporated with the necessary security elements. 
 
3. Protection trays were placed in the upper and lower 
portions at the lowest possible height.  

 

1.4 Design Stage: Application of Engineering 
Geometry 

 
Obviating the solution that was obtained, knowledge 

regarding the geometry and application of a product is 
both as necessary and important as in a nuclear 
engineering design. 

 
Any potential solutions are based on geometric 

approaches. In the present case, we simplified the 
presentation of the final design, where their geometry and 

mechanics were the fundamental basis of the obtained 
solution for certain parts. 

An off-clutch system was also developed to ensure that 
the designed blind could be unlocked when a fault or 
power failure locks the system (an outside lever system 
with articulated rods, which slid along a chain and 
released the tractor chain sprocket). 

 In summary, engineering research was performed that 
developed a system solution that enabled the horizontal 
rolling of blinds. Furthermore, the industrial manufacturing 
of the design was taken into account. 

For a better understanding of our solution, a general 
illustration of the device is attached (figure 1 and 2). 

 
 

 
 

 
 

Figure 1. General Scheme. External view. 
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Figure 2. General Scheme. Internal view. 
 

1.5 Searching for design solutions  

In this phase we carry out a initial basic design through 
drawing different parts of the final solution using sketches. 

 
We emphasize: 
1. Platform for the horizontal rolling of the blinds, which 

consists of an Archimedes spiral originating from the inner 
diameter, where the slats roll in at the first turn (polygons 
were circumscribed between the width of the slats) (figure 
3). 
 
 

 

 
Figure 3. Platform for the horizontal rolling 

 
 
 

 
2. Design of the drag head with the transmission chain 
between the motor axis and the pulling axis, where the 
diameter ratio allows the blind to move with uniform 
velocity (tangent to the two circumferences of different 
sizes) (figure 4) 

 
3. The wall pulling mechanism support was designed 

such that the rotating mechanism occupies a minimal 
space (circumferences tangent to a plane) (figure 5). 

 
 

 
 
 

Figure 4. drag head 
 



16

I. Sentanta et al. Rolling System for Horizontal doors 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

 

 
 

Figure 5. Support 
 
4. Design of a rigid lever, which acts on its pivot shift 
on its axis power head (trajectory of a point on a plane) 
(figure 6). 

 

 

 
Figure 6. Clutch lever 

 
 
 

5. Design of the support wheel, which allows each slat 
to roll through the template of the horizontal axis, serving 
as a support (volumetric bull with a given diameter). The 
outer circumference and the diameter of the circle, which 
forms a ring, must be defined so that its insertion into the 
set does not exceed the upper enclosure, which to meet 
the design conditions, should be minimised to optimise 
the height of the entry hole. In addition, the width of the 
set must be at most, the width of the slat (figure 7). 

 
 

 

 
 
 
 
 

 

 
 

 Figure 7. Support wheel,  
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6. Design of the support template design, which links 
each slat to the wheel support using a flat, triangular 
figure with rounded corners such that it fits within the slat 
for support and does not exceed the height of the 
supported wheel (circumferences tangent to two 
intersected, straight lines). 

 
 
 
 
 

 

 
 
 
 
 
 
 
 
 

 

Figure 8. support template design. 
 
 
 
 
 
 
 
 
 
 
 

 
7. Design of the bracket, which disengages the motor 

system, consisting of a hollow, octagonal prism (part of 
the pulley to be operated). 
 

 

 
 

Figure 9. Bracket 
 
 
 

2 Conclusions 
 
In this study, a mechanical device was developed 

through the synergy created by a work team, where 
creativity, innovation and knowledge of materials, power 
tools and available technologies were taken into account. 
This project development highlighted the importance of 
sharing knowledge between the various branches of 
mechanical engineering. 

In addition to consulting with companies in the 
particular sector to cultivate solution ideas, innovation 
should be emphasised in product design (production 
engineering).  

For example, there were no new components in the 
designed system; however, its new design resulted in an 
improved product, which was only achieved through the 
cooperation and coordination of ideas between people. 

Therefore, we must insist that college engineering 
students know the basic concepts, particularly the 
underlying ideas behind the concepts so that their 
capacity for analysis and synthesis can be developed. 

This insistence would encourage a creative mind that is 
capable of suggesting, analysing and criticising potential 
solutions to problems and issues in engineering.  

We are improving the design with small motorized shaft 
available in the market. 
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Abstract 

Purpose: 
The present work is a study of a street stall, which offers the public newspapers, 

magazines and books, as well as sweets, crisps, etc, and which has a very reduced space 
at its disposal for keeping and arranging goods. 

Method: 
 We will apply the design for maximums and minimums based on percentiles. With these 
facts it was possible to model a stall with the CATIA system which has an ergonomic 
analysis module for the intended objectives. 

Result: 
The solution reduces muscular tension provoked by inadecuate positions. 

Discussion & Conclusion: 
This implied a completely new distribution of the space inside the stall   

1 Introduction 
The present work is a study of a street stall which offers 

the public newspapers, magazines and books, as well 
as sweets, crisps and diverse groceries of this kind, and 
which has a reduced space at its disposal for keeping 
and arranging goods. 

In this context we will apply the design for maximums and 
minimums [3] based on percentiles, according to what 
corresponds, and in this way observe the ergonomic 
differences between the percentiles economically used 
for the design of extremes: percentile 5 and 95. 

The first step has been the analysis of the current 
situation, for the purpose of which a survey was done of 
the owners of an average stall in order to discover the 
ergonomic problems which appear due to design. 

Thus, with the aim of modelling the stall through a design-
aided system, measures, photographs and videos were 
taken about the tasks done by the labourer inside the 
stall. 

With these facts it was possible to model a stall with 
CATIA system[2], which has an ergonomic analysis 
module for the intended objectives. Likewise, through 
the RULA [1] method, about postural analysis, which is 
integrated within CATIA, it is possible to value the 
different positions adopted by the stall-labourer, in order 
to know those which may cause discomforts or lesions 
and avoid them by means of proposing the new design 
of the systems that provoke them [5].. 

Next, having carried out the analysis, we looked for a 
viable solution that solved the points at issue shown by 
the RULA analysis and the observation practised. This 
implied a completely new distribution of the space inside 
the stall. A system has been designed for the storing of 
small goods (sweets or chewing-gums, among others) 
which solves the problems of reaching caused by the 
height excess or for being too low[10]. The labourer legs 

location zone has also received a special treatment 
since it is a zone that had reaching problems where, 
through a series of raising and retractile platforms, the 
space available has been optimized, distributing it 
between the storage of goods and the space necessary 
for placing the legs. 

Finally, we prepared a new ergonomic study applied to 
the solution proposed, leaving the conflictive points 
within acceptable margins according to the stated by 
RULA analysis.  

2 Security rules at work 
A work environment adapted to the worker does not affect 

only his health, but it will also affect his productivity [6]. It 
is widely known that those environments that causes 
dissatisfaction, pain or discomfort in the worker, will 
cause a decrease in efficiency and in the quality of the 
product or the service. Ergonomics gives solution to 
those work conditions which cause health disorders in 
the worker. These disorders can be of several kinds [5]: 
hearing ones, nervous ones, psychological ones, or as 
in the case that concerns us, skeletal muscle ones.  

Likewise, as a work consequence, we can consider 
temporary, normal yet unavoidable, or chronic disorders, 
which interfere with activities, or remain daily and must 
not be considered an acceptable work consequence. 

In view of the subsequent ergonomic analysis, we will 
focus on skeletal muscle disorders. These disorders are 
recognised as an important work health problem, and 
can affect mainly to:  

 
-  Tendons. 
-  Nerves. 
-  Ligaments. 
-  Muscles. 
-  Cartilages. 
-  Joints. 
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-  Spinal discs. 
The main causes of these affections are [3] [9] [10]:  
 
-  Repeated efforts. 
-  Swift movements. 
-  Great force. 
-  Contact stress. 
-  Extreme positions. 
-  Vibration. 
-  Cold. 

2.1 Integrated ergonomic programme. 

Given the complex nature of skeletal muscle disorders, 
there is not such a model that adjusts to all possible 
cases for the purpose of tackling the decrease in their 
incidence and seriousness. 

Faced with the diseases caused by repeated movements 
or efforts, we recommend carrying out an integrated 
ergonomic programme [8] consisting of: 

- Evaluate the tasks under suspicion of possible risk 
factors.  

-  Recognise the problem. 
-  Identify and evaluate the causes. 
-  Seek possible solutions. 
-  Involve well-informed workers as active participants. 
- Take care of the health of the workers with skeletal 

muscle disorders [5]. 

2.2 Control measures 

It will be necessary to carry out a surveillance and 
evaluation of the medical and health information, for 
which purpose engineering and administration controls 
will be performed. 

The goal of engineering controls is to eliminate or to 
reduce risk factors at work, whereas the aim of 
administrative control consists of lessening the risk 
reducing the time of exposure. 

 
Engineering controls: 
- Work engineering methods: eliminate unnecessary 

efforts and movements [4]: 
-Time study. 
-Movements analysis. 
-Mechanical help: to eliminate or reduce the efforts 

required for manipulating tools, objects, etc. 
-Tools design and selection: reduce the force required, 

the time of handling, and improve positions. 
-Maintenance and Quality Control Programme: reduce 

unnecessary forces and efforts linked to unuseful work. 
 
Administrative controls[3] [9]: 
-Work guidelines allowing workers to take breaks or 

extend them as necessary and at least once an hour. 
-Redistribute tasks (rotate, share out): a worker must not 

perform large task requests during a whole day. 

2.3 Position ergonomics principles: working 
area location  

A correct height of the hand-working zone facilitates work 
efficiency and reduces tiredness [6].. The majority of 
work operations are better performed near the elbow 
level.  

If the working surface is too high, the neck and shoulders 
become rigid and painful, since the arms must be kept 
elevated. This occurs both in a standing position and in 
a sitting position. If the working surface is too low, it is 

easy for pain to appear in the low part of the back, since 
the work is done with the body bent forwards [10]. This 
becomes a serious matter when standing. Sitting down 
for a long time, a work height too low causes aches in 
the shoulders and the back. How can these situations 
be corrected? How can these situations be corrected? 
[9] 

1. For sitting workers, the working surface height should 
be at the elbow level approximately. When downward 
forces are applied, the working surface height should be 
slightly under the elbow level. If a keyboard is used, the 
height at which the fingers work should be at the elbow 
level, or slightly under it. 

2. An exception must be made with the precision work 
while sitting. In this case, the object can be somewhat 
upper the elbows so that it allows the worker to see fine 
details. In this case an armrest must be provided. 

3. For standing workers, their hands should be somewhat 
under the elbows. For tasks requiring exactness, the 
elbow level can be the most suitable. In light tasks of 
assembly or packing of many objects, the hand level 
should be around 10-15 cm under the elbows. An even 
lower height is the most appropriate when an important 
force is required, so that the body weight can be used. 
Nonetheless, a too low work height should be avoided, 
which may cause pain at the lowest part of the back. 

4. Where possible, use an adjustable work table, for 
instance, a raising table with a hydraulic device for 
raising or lowering it [11]. 

5. Use under the tables, work surfaces or elements, a 
wooden platform, or a similar flat structure, in order to 
raise the hands working position. Make use of platforms 
under the feet or of the chairs to lower the real work 
height in relation to the elbow level. These adjustments 
are very effective. 

6. Place the tools and controls used frequently in the 
prominent area for the hand movement (at the elbow 
level, between 15 and 40 cm in front of the body, and no 
more than 40 cm towards the sides). 

7. Place all the materials frequently used inside this 
prominent area or at its border. When the materials are 
supplied in boxes or buckets, or in pallets or shelves, 
they should be placed in an easy reaching area around 
the elbow level. 

8. In similar job positions, arrange the tools, controls, 
materials and other elements layout in such a way that 
they are all well combined. For example, when different 
kinds of materials are collected at the same time, or 
some after the others, place them inside the same area 
in different containers. Standardize the placement of all 
these elements taking into account the workers 
opinions. 

9. If it was suitable, divide the surface of the work table 
into areas for the different tasks, so that the operations 
are done in sequence. These guidelines will be the ones 
applied in the stall work ergonomic study which 
concerns us, naturally those which are relevant, taking 
into account that the previous are general guidelines to 
be put into practice in this particular case. 

2.4 Design principles 

When it comes to doing the design or the modification of a 
work position, it must be taken into account if it Hill be 
used by just one person or by more. In the first case, the 
specific anthropometry of the person who will be in it Hill 
be taken into account, and in the second case, it will 
have to be designed considering the anthropometry of a 
group of individuals, which can be performed in several 
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ways according to the cases. We will confront thus 
before the following possibilities [3]:: 

 
Design for the extremes. 
Design for an adjustable interval. 
Design for the average. 
Design based on the use of percentiles. 

2.4.1 Design for the extremes 

It is taken into account the size of the person in worse 
conditions for the use of the system which is being 
designed.[3] 

For a better understanding we will make use of two 
examples: 

a) Location of a front panel to be used by hand for a 
determined number of people. 

- The person with the lowest arm reach will mark the 
distance to the panel. 

- If we design for the minimum, everybody will reach. 
b) People passing doors height: 
- The tallest will be the ones who will hit their forehead if 

the design does not consider them. 
- It is necessary to design for the maximum. 

2.4.2 Design for an adjustable interval 

This is the best type of design, since in principle everyone 
will be able to adapt the design to their own size [3]. 
Seat height for a determined number of people: 

 
- Lower limit for one with the lowest popliteal height. 
- Upper limit for one with the highest popliteal height. 

 
Everybody could adjust the seat height to their 

necessities. 

2.4.3 Design for the average 

This is another criterion for tackling certain types of 
design; to be used when there is no knowledge about 
the people who will be using the system in study or the 
number of individuals [3]. 

For example: Teaching classroom bench seat height. 
We will calculate the average popliteal height of a certain 

population, either through tables already published, or 
through one obtained by an anthropometric study of that 
kind of population.  

Nonetheless, if the average is used, there will be people 
whose feet will be hanging, and others whose knees will 
be too high. 

2.4.4 Design based in the use of percentiles 

When we design using percentiles to select certain 
system measures, we take into account almost all the 
population that will use that system. It is a method that 
combines the design for maximums and minimums with 
a selection of the population which leaves out of those 
designs a very small percentage, but which makes that 
design to have a reasonable manufacturing price [3] ] 
[9] [11]. 

The question we ask ourselves in these cases is, for 
example: how high should submarine cabin doors be for 
a 95% of the population not having any access 
problems? As space is limited in a submarine, it must 
be adjusted in this way. 

When the population is very large, it is impossible to 
measure every person. A representative sample of the 
population is selected, which will be larger or smaller 

according to the desired error. Anthropometrical data 
tends to a normal distribution. The sample measures are 
taken and the average (X) and the standard deviation 
(s) are calculated statistically from each dimension of 
the population.  

In the same manner we can calculate the most used 
percentiles in anthropometric design, which normally are 
5% and 95% for minimums and maximums respectively. 
It is also normal to find 10% and 90% and even 1% and 
99%. 

According to the couple of percentiles selected, that 
assures us that in the first case for example, the chosen 
design can be used by those whose measures are 
between 5% and 95%; thus leaving out of comfortable 
use 10% of the population. 

 

                       

Fig. 1- 5%,50% and 95% percentiles from men and women. 

3 Data acquisition process 
To perform the task which concerns us, we studied a stall 

from the city of Valladolid, precisely for putting into 
practice the design based on percentiles and thus 
observing the differences as far as ergonomics is 
concerned between percentile 5 and 95. 

The first step was conducting a survey of the owners of 
these stalls in order to discover the ergonomic problems 
of those on account of the design. 

Next, we took measures, photographs, and videos of the 
tasks performed by the worker inside the stall. 

This allowed us to model the stall with the program CATIA 
v5 [2], with its modelling and ergonomic study modules. 
With the photos and videos taken, we obtained part of 
the necessary information for performing the ergonomic 
study. 

Next, [7] with the data obtained, we looked for a viable 
solution which would solve the conflictive points. We 
performed a new ergonomic study with the solution 
given. 

We verified that the main problems of the worker are the 
ones caused by the limited room available in the stall, 
that’s to say, the room distribution for goods storage and 
consequently the bad positions which are made 
compulsory in order to reach some goods which may be 
either too high or too low. It also happens frequently that 
the person must stand up repeatedly, with the problems 
which the bad positions adopted in a small interval of 
time entail [10]. 

Summarizin precisely the problems found: 
 
• Goods storage 
• Very forced positions for high reaching. 
• Standing up repeatedly off the seat. 
• Lack of space to manage. 

4 RULA evaluation method [1] 
The continued or repeated adoption of painful positions 

while working generates tiredness, and in the long run 
can cause disorders in the skeletal muscle system. This 
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static or postural weight is one of the factors to be taken 
into account in the evaluation of the work conditions, 
and its reduction is one of the essential steps to adopt 
within job improvements. 

RULA method (Rapid Upper Limb Assessment) was 
developed at the University of Nottingham in 1993 
(Institute for Occupational Ergonomics) in order to 
evaluate workers exposition to risk factors which may 
cause disorders in the body parts subjected to tension 
[1]. 

RULA evaluates concrete positions; those implying a 
greater postural weight must be evaluated. The method 
application begins with the observation of the worker’s 
activity for several working cycles. From this 
observation we must select the most significant tasks 
and positions, either for its length, or for presenting 
beforehand a greater postural weight. These will be the 
positions evaluated. 

RULA divides the body into two groups: 
Group A, including upper limbs (arms, forearms and 

wrists). 
Group B, covering the legs, the trunk and the neck. 
By means of the tables associated to the method, a 

marking is assigned to each corporal zone (legs, wrists, 
arms, trunk…) for, according to those markings, 
assigning values to each group A and B. 

The code for the marking assignation to the limbs is the 
measuring of the angles forming the worker’s body 
parts. The method assigns for each limb the angle 
measuring form. 

Subsequently, the global markings of the groups A and B 
are modified according to the type of muscular activity 
performed, as well as to the force applied while the task 
is being performed. Finally, we obtain the final marking 
from those modified global values. 

The final value given by the RULA method is proportional 
to the risk entailed by the task performance, so that 
higher values indicate a greater risk of appearance of 
skeletal muscle injuries. 

There are tables for the manual application of the RULA 
method, but in this case we will do it through the CATIA 
program in its ergonomic analysis module, which will 
provide us with the results of the studied positions with 
the modelled figures with the proposed percentiles, and 
all this around the stall modelled with the data obtained 
from reality. 

5 RULA ergonomic study[2][1] 
Next we will study the critical cases detected while 

observing the job done by the stall worker. The most 
difficult positions for ergonomic study are those in which 
the objects are placed further from the arm reach or in 
the most inaccessible spots, which require crouching 
down or stretching. These are: 

 
Case 1) Crouching down at the window area. 
Case 2) Taking object from a shelf. 
Case 3) Stretched. 
Case 4) Using the cash register. 
Case 5) Exchanging money or goods. 
 
In all cases the person must be studied from both sides of 

the body, that is, from the left and from the right. 
Moreover, it is necessary to determine the efforts for 
men and women, since both sexes do not have 
equivalent measures; and finally verifications must be 
done for two extreme percentiles, such as 5% and 95%. 

In the first place, we have modelled the stall, obtaining the 
configuration represented in figure 2. 

5.1 Crouching down at the window area. 

Man percentile 95: Next we can observe a man belonging 
to percentile 95 at the position crouched and the result 
of the RULA analysis: 

 

  

Fig. 2 Man P 95%, crouching down at the window area. 

 

 

Fig. 3 Man and woman P 95%, crouching down at the window 
area. Right side. 

 

Fig. 4 Man and woman P 95%, crouching down at the window 
area. Left side. 

The result indicates us that both in the right side of the 
body and in the left one, the trunk and the neck are in a 
harmful position which is necessary to correct as far as 
it is possible. The most affected areas are the neck and 
the trunk. 

In the case of the man and woman of percentile 5% we 
obtain identical results in this position; necessity of 
correcting conditions in the neck and the trunk. 
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5.2 Taking object from a shelf. 

     

Fig. 5 Man and woman taking object from a shelf. 

We will now observe a case similar to the previous one, 
the worker crouches down to take an object from a 
shelf. 

 

 

Fig. 6 Man and woman P 95%, taking object from shelf. Right 
side. 

 

Fig. 7 Man and woman P 95%, taking object from shelf. Left 
side. 

In the case of percentile 5% both in man and woman and 
in both sides of the body, left and right, the result is 
better. The item “Neck, Trunk and Legs” is obtained in 
yellow. Nevertheless, the assessment of the square 
“Score” is also 4 in yellow, meaning that it is not at its 
best and it is necessary to intervene to avoid those 
tensions. 

5.3 Stretched 

  

Fig. 8 Man and woman P 5%, stretched. 

In this case we will study firstly percentile 5% for being in 
worse conditions to reach objects from a high place. 

 

 

Fig.9 Man P 5%, stretched. Left side. 

 

 

Fig.10 Man P 5%, stretched. Right side. 

As we can observe, the raised arm is the one showing 
problems due to the effort required to reach the tin. The 
arm which rests does not have any problem. 

In the results which we can observe next, we can 
appreciate how in the case of the woman the same 
problems appear than in the man’s case, but also the 
reach is smaller. 

Following we can see the reaching area of each of them, 
and the correspondent ergonomic study. 



24

Roberto Prádanos et al. Ergonomic design of a stall 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

 

 

 

Fig. 11 Man and woman percentile 5% reach,  

stretched. 

 

Fig.12 Woman P 5%, stretched. Left side. 

 

 

Fig.13 Woman P 5%, stretched. Right side. 

For percentile 95% results are repeated as in percentile 
5%, so there is the same need to intervene to avoid 
tensions detected mainly in the raising arm. The only 
difference is that people with percentile 95% have 
greater reach. 

5.4 Using the cash register. 

The following case studied is the one where the model 
uses the cash register, since it is one of the most 
frequent movements. It will be studied for men and 
women, and for both percentiles 95% and 5%. 

 
 

    

Fig.14 Man and woman P 5%, using the cash register. 

 

 

Fig.15 Man and woman P 5%, using the cash register. Right 
side. 

 

 

Fig.16 Man-woman P 5%, using the cash register. Leftt side 
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In the case of the woman with the percentile 5% exactly 
the same results are repeated than with the man. 

    

Fig.17 Man and woman P 95%, using the cash register. 

If we observe simultaneously figures 18 and 21, the 
people with percentile 5% have their forearm raised, 
whereas in the ones with percentile 95% the forearm 
descends. 

 

 

Fig.18 Man P 95%, using the cash register. Right side. 

 

 

Fig.19 Man P 95%, using the cash register. Left side. 

Again, the results of the RULA analysis for women are the 
same of the men’s with percentile 95%. 

Although individually both wrists are in tension, globally 
we merely find problems in the left one. As a conclusion 
to the results set, we can say that the greatest problems 
are in the crouching position for percentile 95%, and in 
the stretching position of percentile 5%, which also adds 
to the scarce reach towards objects at a certain height. 

5.5 Exchanging money or goods. 

The last case to be studied is the exchange of money and 
goods between the worker and the client. 

   

Fig.20 Man and woman P 5%, exchanging money or goods. 

 

Fig.21 Man P 5% and women P95%, exchanging money or 
goods. Right side. 

 

Fig.22 Man and women P 5% and 95%, exchanging money or 
goods. Left side. 
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Fig.23 Woman percentile 5% and men P95%, exchanging 
money or goods. Right side. 

This case of exchanging of money and goods implies the 
worst situation due to the tension in the forearm. 

6 Proposed solution 
We propose solving mainly the two worst situations, 

which are the one of crouching and the one of 
stretching. 

The goods which are placed in low positions require being 
raised at the moment of their obtaining; therefore, to 
eliminate this problem, we propose a good storage with 
buckets, that is, perfectly valid for small merchandise 
such as sugary smacks, sweets, and chips bags. The 
buckets must be moved with the hand; that way 
whatever needs to be taken will always be at the 
adequate height, the most comfortable one. 

In figure 25 we show a basic proposal of the solution 
adopted. 

 

 

Fig.24 Raising and extraction system. 

 

Fig.25 Buckets system. 

The other critical situation is when the person must crouch 
down. To avoid this situation, in the low part of the stall 
counter we propose a rising and movement mechanism 
as in the one of figure 24, in which the platform rises 
with electrical engines in the vertical guides, and it is 
extracted horizontally by the horizontal guides. 

6.1 RULA analysis of the solution adopted 

   

Fig.26 Man and woman taking goods. 

 

Fig.27 Man and woman P5% and P95% taking goods. Left 
side. 
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If we observe figures 27 and 28 [2] [7], in both cases we 
have eliminated the situations with high tension, since in 
all cases and in both sexes the goods can be obtained 
in a vertical position. The left side presents a global 
assessment of 2 (green colour) and the right one a 
value of 3 (yellow colour). 

 

 

Fig.28 Man and woman P 5% and P95% taking goods. Right 
side. 

 

   

Fig.29 Man and woman taking goods. 

 

 

Fig.30 Man and woman taking goods under the counter. 
Right side. 

 

Fig.31 Man and woman P 5% and P95% taking goods under 
the counter. Left side. 

7 Conclusion 
As we can confirm in the RULA [1] analysis of the solution 

proposed, the most important tensions detected (red 
colour) in the forearm, the trunk, the neck and the item 
“Neck, Trunk and Legs” have disappeared or have been 
reduced to a small value of 2 or 3 (yellow colour) [2]. 

The technical solution of the basic solution proposed is 
manageable in a technical study, and probably it will not 
be difficult to project, where even the buckets with a flat 
performance (trays) may be used to store papers, 
magazines and books. This would help in organising 
practically the whole of the goods. 
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Abstract 

The design of packaging is a determining factor when choosing consumer 
packaged goods, particularly those considered to be impulse purchase products. In 
these cases it is useful to have a precise idea of which is the most suitable design 
for the image and values that the brands aim to convey. 

Most of the research conducted in this field focuses on the sensorial aspects 
transmitted by packaging without delving into the experiences associated with the 
perception or consumption of the product.  

The investigation presented in this article aims to analyse the influence of the 
form and colour of the packaging on the perception of potential consumers. For this 
purpose a questionnaire was designed with 29 areas that analyse both sensorial 
and experiential levels, relating them to the predisposition to buy a product. 

Some 400 people were interviewed and presented with 9 different proposals for 
chewing gum packaging. The designs were devised through combining three 
different forms and colours that were rendered through 3D modelling. 

 

1 Introduction 
 

In 2009 over 19.000 new consumer packaged goods 
(CPGs) were launched worldwide. Such fierce 
competition among CPGs brands has led companies to 
adopt packaging designs with communication strategies 
that are increasingly innovative and surprising. This is 
why the value brands place on product image through 
packaging has become a key element in differentiating 
products and in forming their image of quality. 

Packaging design brings together beauty, creativity, 
inventiveness and technology. Moreover, it is an 
interdisciplinary task. Yet how much do feelings and 
associated experiences come into play when we choose 
a product? Up to what point do we allow ourselves to be 
enticed by visual appeal? 

Brands are so concerned with the appearance of their 
products that packaging is being re-designed in ever-
shorter timespans in order to increase their power of 
persuasion and to obtain visibility on the most important 
display shelves. Similarly, examples can often be found 
ofproducts with seasonal packaging, or limited edition 
products with packaging created by upmarket designers.  

 

 
 
 

 
 
 

Model 1. Evian limited editions designed by 
Jean Paul Gaultier and Issey Miyake 

 
In these examples the product packaging becomes 

almost as well-known as the contents. As George[1]  
(2005)states, 'in some areas the packaging is the same as 
the product'.  

The communication of CPGs must be attractive and 
effective enough to hold the consumer's attention. 
Therefore, interest in the communication strategies used 
in product packaging is evinced in several research 
projects dealing with various aspects of the 
communication of packaging design. Back in the 1950s, 
Banks, S. [2] (1950)studied 'The measurement of the 
effect of a new packaging material upon preference and 
sales', suggesting how these aspects could influence 
consumer purchasing choices. Likewise, Pieters and 
Warlop[3] (1999) make reference to the examination of 
visual attention during brand choice.  

Other research has focused on analysing the influence 
exerted by elements in the packaging communication, 
such as the attentional effects of incorporating a picture or 
illustration of the product on the packaging of the product 
[4] (Underwood et al., 2001); brand image perceived by 
the consumer [5] (Ribeiro et al., 2008); studies measuring 
the impact of relative package appearance on consumer 
attention, categorisation and evaluation [6] (Garber et al., 
2000; [7]Plasschaert, 1995; [8]Schoorsman et al., 1997); 
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the influence of package shape and colour on consumer 
expectations [9] (Ares and Deliza, 2009); packaging size 
and shape [10] (Wansink, 1996);  research measuring the 
impact of package size on consumer usage [11] 
(Raghubir, P. and Greenleaf, E.A., 2006); studies of the 
communicative role of packaging [12] (Nancarrow et al., 
1998); the relationships between products and sensory 
analysis and packaging attributes [13] (J.M. Murray, C.M. 
Delahunty, 2000). They found that descriptive analysis 
could successfully characterise and discriminate between 
products on the basis of the attributes of their packaging. 
Bo Rundh[14] (2009) points out the factors that affect 
different actors with respect to the packaging design 
process and also suggests a design process model.  

All this research has contributed important data on 
very specific communicative aspects in the perception of 
products and the influence of their shapes, colours, label 
imagery, material perception, etc. However, none of these 
studies takes an overall view of the various experiential 
levels of the product perceived through packaging design, 
and how to obtain a packaging design that most closely 
reflects a product's attributes and the experiential levels 
that a brand wishes to transmit. The experiential level of a 
product is understood as the experience associated with 
how it is perceived during and after consumption. 

The way for a product to arouse interest is linked to a 
set of expectations, desires and experiences that the 
consumer perceives through the design. In this case, the 
aim is for the product to provide higher levels of 
satisfaction.Thanks to their packaging, CPGs have 
become catalysts for new experiences, sensations and 
emotions. The product is much more than its contents 
and becomes what it is able to make you feel and 
experience[15] (Serrano, 2009 et al.).  

In some categories, such as chewing gum and sweets, 
unplanned purchases may reach 85% [16] (Meyer, 1988). 
We therefore decided to focus our research on the 
perception of the experiential levels of a product with a 
high probability of impulse buying: chewing gum. Our 
study was based on a detailed analysis on the way men 
and women perceive different experiential levels for three 
different designs of chewing gum packaging. These three 
designs were rendered in 3D and each given three colour 
variations – graduated cool colours (green/blue), 
graduated warm colours (yellow/red), and a scale of greys 
(light grey/black) – making a total of different nine models. 

Since what the consumer perceives through product 
packaging does not always match the attributes that 
brands aim to communicate, this research aimed to 
devise a simple and useful methodology for marketing 
departments and designers which gives information on 
potential consumers' evaluation of product packaging 
designs.   

To find out the relationship between design elements 
and the experiential perception of products, we devised a 
four-stage methodology in order to obtain the Knowledge 
of the Experiential Levels of the Product (KELP) as 
perceived by consumers: 1 - the design of a product 
attributes test carried out by a panel of experts and 
including various experiential levels. 2 - the rendering of 
packaging alternatives for use by design teams and brand 
marketing departments so that they are effective when 
choosing the most suitable design alternative. 3 - the 
assessment of alternatives by a sample of potential 
product users/consumers. 4 - an analysis of the results 
obtained.  

The participation of users/consumers in some 
decision-making processes in product design is becoming 
increasingly popular. Why not therefore allow end 

consumers to have a say in packaging design and 
evaluate the experiential association perceived through 
different design proposals? The data obtained would 
provide the brand with key information. 

1.1. Frame of reference  
Strong competition between CPGs brands means 

packaging design is being studied more and more, 
leading to design proposals that awaken the senses, stir 
emotions and new experiences when consuming the 
product. This strategic positioning comes from experiential 
marketing [17](Lenderman, 2008), proposing a type of 
message that is more relevant and memorable, as it 
appeals to consumers', users' or customers' emotional 
sides, and is able to generate new experiences for them. 
This idea of providing experiences is applied from the 
promotion of the product through advertising, to the 
moment of buying and consuming the product, thanks to 
its packaging. The aim is to give consumers an "extra" 
experience, which is memorable and seeks to ensure 
brand loyalty. A product's added value is the experience 
that it is able to transmit. 

Yet how are product characteristics linked to this 
experience? And how does the experiential level relate to 
the consumption conditions of the product? Product, 
advertising and packaging generate a single message 
based on a specific experience which aims to endure 
beyond the moment of purchase and consumption of the 
product or service. Advertising also plays an important 
role as it must reinforce the associated experience. 

In this case, the approach to packaging design must 
encompass and reflect the way of perceiving these 
experiences associated with consumption as clearly as 
possible. How can we decide which type of experience is 
most suitable for a specific segment of consumers? In 
order to find out the true perception of consumers, 
research must be conducted to find out how a specific 
consumption situation can be enriched, and which design 
elements effectively link the consumption of a product to a 
specific experience. 

For this investigation, a list of 13 attributes was drawn 
up. These were taken from various chewing gum 
advertising campaigns in direct competition with each 
other. The aim was to discover how the packaging and 
colour variables conditioned the types of sensations and 
experiences associated with the nine models in order to 
determine the packaging model that brings the most 
intense experiential levels together. The list of 13 
attributes was chosen by a committee of experts by 
analysing different chewing gum advertising campaigns 
and was drawn from a preliminary list of 26 attributes.  

Naturally, not all consumers are equally sensitive to 
certain stimuli, but the task was to find those capable of 
arousing similar experiential levels among the highest 
number of potential consumers. Product aesthetics would 
therefore be key. Another issue to be examined was 
whether there was a type of experience that fits in better 
with a specific product. The success factor and anything 
to do with hedonism and pleasure would be experiential 
levels that could easily fit in with a large number of CPGs. 
Other experiential levels, such as those linked to sex and 
attraction, are also easy to associate with specific 
products. Some products try to take those experiences to 
maximum levels. 

Today, experiential levels linked to caring for the 
environment are having a strong impact on consumers. 
Veri is one of the brands using recycled PET for all its 1.5 
litre containers. Each bottle of water uses 25% PET. This 
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is substantially reducing the company's environmental 
footprint by lessening the consumption of non-renewable 
resources, minimising waste and reducing CO² 
emissions. A growing number of consumers are sensitive 
to this type of positioning and there is a clear experience 
associated with caring for the environment. 
 
 
 
 
 
 
 
 
 
 

Model 2. 1.5 litre bottles of Veri water 
 
 

The use of experiential levels on a product through 
packaging design will enable deeper interaction between 
the brand and consumer, providing the latter with much 
more than a product. Thus, a transformation in the way 
certain products are consumed can be observed. 

If packaging designers are aware of these resources 
when making designs, they can set up a new dialogue 
with the consumer, who will take away a new relationship 
with the product and enjoy it more. Enhancing experiential 
levels associated with product consumption creates a 
new horizon for experiences, which is definitely steering 
pioneering brands towards a new type of differentiation 
for their products. Yet again, packaging design shows that 
they are receptive of the most innovaive trends in design 
by introducing new values in the design of their products. 
Naturally, some types of products are more susceptible to 
impulse buying than others.  This is why the importance 
of the "experience" level in the decision to purchase is 
increasing, since there are more brands opting to use 
these strategies of attraction. Thus, brand positioning sets 
the tone for the message sent out by the product. From 
then on, the designer must be able to assimilate this 
positioning to effectively reflect the chosen strategy 
through design.  

Several examples are given below of products in 
which the strength of these lures rests on enhancing new 
experiencesassociated with their consumption and which, 
until only a short time ago, used a much lower level of 
interaction with the consumer. The more consumers feel 
the strength of the experience promoted by the product, 
the more vulnerable they are to its attractive effect. 
 
Products with a high experiential level: 

The packaging of the Kandoo brand offers a new 
way of consuming. Going beyond its function as a 
container, the games box design of the packaging acts as 
a catalyst to transform the experience of using it into 
something more fun. Its bright, contrasting colours and 
rounded shape invite children to use the wipes with the 
same smile and spirit as displayed by the Kandoo 
mascot. 
 
 
 
 
 
 

Model 3. Kandoo wipes 
 

Combining different levels of the icon register, such as 
photographs with drawings, has renewed the language of 
graphics used in the packaging design of this lemonade 
bottle. Added to this is the sense of humour which 
describes a truly refreshing experience. 
 
 
 
 
 
 
 
 
 

 
Model 4. Minute Maid Lemonade 

 
Alessi was one of the designers chosen to contribute to 

the design of CPGs with a high emotive content, 
proposing a carefree product, very different from the usual 
presentation formats.  Proposing experiences of use that 
are fun and where the action is carried out by the 
container, is undoubtedly a complete novelty. 
 
 
 
 
 
 
 

Model 5. Bref WC, designed by Alessi 
 

Products with a medium experiential level: 
Many products are attractive to consumers 

because they communicate their benefits through visual 
metaphors relating the consumption of the product with 
experiences of personal care and well-being, such as the 
following examples: 
 
 
 
 
 
 
 
 
 
 

Models 6, 7 and 8 
Scottex toilet roll, Vivesoy pineapple and soya drink, and 

Carrefour creamy yoghurt 
 

Low experiential level: 
As mentioned earlier, some consumers are not 

susceptible to being lured by this type of experiential 
resource because their needs focus on finding the most 
competitive price. Generally, hard discount or own brand 
products opt to leave the experiential levels in the 
background. 
 
 
 
 
 
 
 

Models 9, 10 and 11 
Auchan brand "best buy" ground coffee, Carrefour 

anchovies and Auchan brand "best buy" hazelnuts 
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2 Methodology 
 

The methodology proposed is detailed below. It aims 
to find out the perception of the experiential levels of a 
sample of potential consumers shown new virtual designs 
for chewing gum packaging. 

1st stage: Preliminary design of the text in relation to 
the attributes that the brand wishes to transmit, to be 
completed by a sample of consumers. In this case, as we 
were seeking to determine the experiential association 
present in the nine models suggested, the list of attributes 
did not match a previous strategy set out by a company. 
The list of 13 attributes was selected by a committee of 
experts from a preliminary list of 26.   

2nd stage:  3D modelling of the design, using 
software (3D Studio Max, in this case) of the alternative 
designs to be evaluated. Three of the nine different 
formats for chewing gum were chosen at this stage. Of 
the three formats (blister pack, paper-wrapped tablets and 
slim pack), one was a recently launched, more innovative 
format.  Each format was rendered in cool and warm 
colours, and a scale of greys.  

3rd stage: Evaluating the test on a significant 
number of potential product consumers. Some 390 
secondary, sixth-form and university students (190 girls 
and 200 boys) aged between 16 and 23 took part in the 
study. The nine design alternatives were presented to 
each student, printed on plastic-coated A3 paper, 
together with the experiential level test. Each student was 
given approximately 12 minutes to complete the test. 
Those taking part in the survey were told that they had to 
fill in the score for each design spontaneously. On 
finishing the test, each participant was given a packet of 
chewing gum to say thank you, (courtesy of Wrigley 
Spain). 

Before the test, the participating centres carried out a 
preliminary test on ten subjects in order to determine the 
time needed to complete the 13 questions and to 
understand the attributes to be analysed. 
4th stage: Data analysis and decision making.The design 
of the test with the 13 experiential attributes and the 
willingness to buy to be evaluated, together with the nine 
designs proposed for chewing gum packaging was 
presented (fig.1). 

These are the 13 experiential attributes to be 
evaluated:healthy, dynamic, sophisticated, fun, explosive, 
sensual, elegant, mysterious, successful, innovative, wild, 
attractive and rebellious. 
 

3 Results 
 

The Individual differences model [18, 19] (Horan, 
1969; Carrol& Chang, 1970) was used toanalyse the data 
obtained. This model is used to find out the similarities 
ordissimilarities between a set of stimuli (nine chewing 
gum packet designs, in this case)and a set of attributes, 
and to analyse the preferences of the subjects surveyed. 
Thismethod, also called INDSCAL, is based on 
multidimensional scaling [20] (Schiffmanet al.1981). It 
allows the creation of a consensus space showing the 
dissimilarities among thepacks of chewing gum when 
chosen by individuals (in this case the differences in the 
two dimensions vary between -1,5 and +1,5), and it 
shows the weighting thateach individual gave to the 

dimensions obtained in the consensus space. 
Theweightings reflect the importance that individuals 
attach to the dimensions of thestimulus space. While one 
person may perceive one of the dimensions as being 
moreimportant than another, another person may have 
the opposite response. 

Euclidean distance was chosen as the measure of 
similarity, and S-Stressas the adjustment and 
dimensioning measurement. 

The vector model [21] (Davison, 1984) was used to 
interpret the dimensions of preferencein each attribute 
evaluated. This model helps to interpret the dimensions 
ofthe space of similarities using the attributes making up 
the similarities between thestimuli. In addition, the 
attribute-vector is displayed as a line in the space 
representingthe chewing gum packs on which the 
projection of each stimulus corresponds with thedegree of 
attributes possessed by the stimulus. If the attribute in 
question is stronglyrelated to the stimulus space, then the 
stimulus projections will coincide very closelywith the 
attribute value and the correlation between the projection 
and the attributevalue will be quite high. When two 
attributes lie in the same direction, this alsoindicates a 
high correlation between the two. This model allowed the 
chewing gumpacks to be ordered in each of the attributes 
evaluated by the subjects. It also made itpossible to 
determine which attributes present a high correlation in 
the evaluation of thestimuli. Information was also included 
on individuals' willingness to buy.The data was processed 
using SPSS (version 18). 

It can be seen how the analysis of attributes relating 
to the experiential level transmitted by the nine packaging 
designs for chewing gum shows a difference in the two 
dimensions (fig.2). The adjustment measure is 0.08. 
Dimension 1 is defined by attributes referring to bold 
experiences, very often found in adolescent attitudes (fun, 
dynamic, attractive, rebellious, mysterious), whereas 
dimension 2 is defined by attributes relating to innovative 
experiences (innovative, sophisticated), less in tune with 
the lifestyles of young people. The attribute "elegant" 
relates to both dimensions equally. Dimension 1 
differentiates designs by colour and dimension 2 by 
shape. Design 8 was seen as daring and innovative; on 
the other hand, design 1 received the lowest scores in 
these attributes. An analysis of the weightings of each 
individual shows that most of them value dimension 1 
more highly (51.9%), and 8.1% prefer dimension 2. Some 
40% gave similar scores to both dimensions. 

For the attributes in dimension 1, warm colours are 
closely related to an impression of youth, while the scale 
of greys relate to the experiential levels of elegant and 
mysterious (fig. 2). 

Regarding dimension 2, the slim pack format relates 
most closely to innovation. 

In relation to willingness to buy (fig. 3), willingness to 
buy sharescharacteristics with both dimensions, although 
it is more closely related to dimension I. 

If the projections of the designs are made on the 
direction indicated by willingness to buy (Figure 3), it can 
be seen that the order of preference is 8, 9, 5, 7, 6, 4, 2, 
3,1. Additionally this figure shows that colour is a 
component that exerts greater force and is more 
influential than the shape of the packaging. 

The most highly rated packaging was model 8, as it 
includes warm colours and the packet was seen as the 
most innovative. 

 
Design proposals evaluated 
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Fig. 3 Willingness to buy 

4 Conclusion 
 

Strong competition among CPG brands has led 
companies to adopt packaging designs with 
communication strategies that are increasingly innovative 
and surprising. This means that the value brands place on 
product image through packaging has become a key 
factor in differentiating products and their image of quality.  
Because of heavy competition among brands, the 
packaging designs of CPGs require much effort from 
interdisciplinary work teams consisting of designers and 
marketing experts.   

Simple methods involving virtual 3D-modelled 
packaging prototypes for use by marketing departments 
and design teams, and the participation of 
users/consumers in evaluating design alternatives are an 
opportunity to find out users' perceptions of different 
alternatives, thus obtaining a higher success rate in the 
final product launch. 

The search for new experiential values 
associated with product consumption transmitted through 
packaging design provides a differentiating element 
which, if used effectively, will position brands at the 
forefront. 

Warm colours are closely related to an 
impression of youth and are linked to experiences seen 
as positive among adolescents, relating to things that are 
fun, dynamic, attractive, wild, rebellious and explosive. On 
the other hand, shades of grey relate to experiential levels 
of elegance and mystery. 

Providing new approaches to packaging design gives 
a more innovative character to products and product 
consumption. This shows the importance of visual impact, 
since in many cases a new packaging design can be the 
deciding factor in product purchase. 
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Abstract 

There are an estimated 1.19 million wheelchair users in Spain. People use wheelchairs for a 
variety of reasons, the most common one is paralysis from spinal cord injuries. Current 
estimates indicate there are around 504.000 people alive in Spain with spinal cord injuries. 
Among other reasons for using wheelchairs are: fatigue from multiple sclerosis, muscle 
weakness from muscular dystrophy, lower limb spasticity from cerebral palsy, and missing 
limbs due to amputation. People who use wheelchairs may encounter a variety of obstacles 
at their workstations depending on their limitations. Some possible accommodations could be 
adjustable height desk or table for a person who cannot work comfortably at an existing desk, 
accessible filing system or office supplies, and frequently used materials on most accessible 
shelves or drawers for a person who cannot reach upper and lower shelves and drawers. 
This paper presents the graphical design of a workstation for wheelchair users, in this case, 
technical, anthropometric, ergonomic, aesthetics and scientists aspects have been analyzed. 
The design of composite structure conduct to explicit safety constraints applied to office 
furniture requirements kept continuously current and updated as part of innovation. Finally, 
results are showed in a three-dimensional model. 
 

1 Introduction 
 Since the beginning of the century, the awareness of 
society towards the employment disabled becomes a 
reality. Due to this fact, the need to adapt the workspace 
to people with limited mobility arises. In most cases, this 
required adaption of workspaces is made provisionally 
and based on conventional furniture in such a way that 
some part of the dimensional limitations or mobility of 
these individuals is not corrected yet. Therefore, it is 
believed desirable to design special furniture that 
matches the real needs of these users. 

1.1 Legal framework 

 
 Law 31/1995 of 8 November on the Prevention of 
Occupational Risks (LPRL), which entered into effect 
three months after its publication on February 10, 1996, 
aims to promote safety and health of workers through 
measures and development activities necessary for the 
prevention of occupational hazards. In this Law shall be 
emitted a series of rights and obligations of the employer 
and the employee. To properly comply with this Act, the 
implementation of the entire manufacturing work derived 
from that project must follow in a clear-cut way all the 
items listed in it.  
Furthermore, while designing the station office, criteria to 
minimize the risks to which the future worker is exposed 
by the use of the designed furniture will be considered, in 
order to ensure the integrity of workers' health.  
- The Law clearly states the role of the National 

Institute for Occupational Safety and Health at Work, 
as a guarantee of improved safety and health at 
work, so does the expertise in the development of 
legal rules. Compliance or monitoring the displayed 
parameters in the documents produced by the 
already mentioned organism on every different field, 

ensure to reduce many of the risks that may exist in 
the workplace.  

 
The documents prepared by the INSHT, in this case the 
Prevention Technical Notes (NTP) of ergonomics in the 
office area, will be useful for the final design of the post, 
since that will ensure proper matching between user and 
furniture, making it an easy task and reducing risk, 
consequently, complying the law.  
In this regard it should be noted for reference  
- NTP 232 display screens (VDT): postural fatigue.  
- NTP 490 Disabled workers: job design.  
- NTP 242 Ergonomics: ergonomic analysis of work 

spaces in offices.  
- NTP 602 The ergonomic design of workstation with 

display screen: the team.  
All these technical provisions are based on strict 
compliance of the regulation reflected in the 
corresponding Royal Decrees, which develop and clarify 
the law mentioned above:  
- RD 486-1997 workplaces.  
- RD 488-1997 Display screens.  

On the other hand, it is necessary to mention the RD 
1801-2003, on general safety of the products, whose 
compliance passes through the application of technical 
standards in force. 

1.2 Context 

 The modern office furniture has a number of defining 
characteristics: flexibility, comfort (ergonomic), 
functionality and aesthetic quality (minimalism). These 
requirements arise from the needs that must be covered 
in today's office. That is to say, flexibility to overcome the 
multitude of tasks and different workers; ergonomics, to 
ensure that the worker can perform its function 
comfortably avoiding any injury; functional, to perform 
tasks correctly; and aesthetically making the environment 
pleasant and so does work indirectly.  
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Fig. 1 Office furniture. 

The appearance of the furniture is undoubtedly affected 
by the characteristics of the office or company, fig.1. A 
clear example is the optimization of office space, which 
has led manufacturers to design modular positions for 
subsequent coupling among them, consequently 
achieving the sought space saving. Thus, the "islands" of 
posts are a very common image in the office nowadays 
and they are a feature of this type of furniture.  
On the other hand, modern office furniture is usually 
mainly metallic. The use of profiling is widespread and it 
gives the cause to perform essential furnishings with a 
minimal use of material. By this way, the structure is 
integrated into the set, creating aesthetic products really 
significant.  
Analyzing the production of these companies it is showed 
that there are several types of configurations of furniture, 
mainly due to the various functions performed in the 
same, and above all, the intensive use of the computer or 
not.  
The type of office furniture is influenced by the 
characteristics of one's job, trying first one to meet the 
needs of the job. Thus it is possible to find specific 
furniture:  
- Reception, it combines a variety of surfaces to 

promote operability and functionality.  
- Customer, it has large areas to receive visits and the 

use of computers.  
- Commercial management, usually arranged in the 

form of islands or groups promoting communication. 
It is mainly focused on computer use.  

- Management, large work surface for computer work 
and other tasks.  

- Call center, designed for exclusive use of computers 
and telephones so they are small in size.  

- Administrative management, large size for computer, 
telephone and other administrative tasks. Modular 
composition.  

- Director’s office, designed to hold meetings in the 
post itself.  

 
- Some projects involved are: DEMIUSIR: 

Development of computer furniture for a wheelchair 
user (PROMI) ADAPTOFI: Adapted from office 
ergonomics to workers with problems of seated (IBV-
COCEMFE) ADAPREC: Ergonomic Adjustment 
industrial jobs (IBV-CEAPAT), Development of office 
furniture for disabled users (HODEMA-IBV). 

2 Ergonomic study 
This section will initially consider ergonomic risks involved 
in office work and subsequently applied to wheelchair 
users.  
Criteria for adaptation or ultimate achievement of a post in 
accordance with the needs of such users are:  
- Limitations of scope in sagittal plane  
- Limitations of scope in vertical plane  
- User lateral mobility (obstacles)  
- Mobility front of the user (obstacles)  
- The existence of inefficient or awkward postures, 

which involves risks.  
 

2.1 Musculoskeletal Problems 

The Biomechanics Institute of Valencia (IBV) in its 
publication "Recommendations for the design and 
selection of office furniture" presents a national survey, 
which states that 24% of respondents say the neck-
shoulder is the most affected part of the body, 19% eyes, 
15% lumbar, head 9% and 7% of the dorsal area, see tab. 
1. 
 

Zone %  1rst ill % 2nd ill No problems 
Head 9 3 82 
Eyes 19 14 61 
Neck-
shoulder 

24 10 63 

Dorsal 7 9 82 
Lumbar 15 7 71 
Abdomen 0 0 100 
Legs 1,5 1 94,4 
Right arm 0 1,5 98 
Left arm 0 0,5 99 
Right hand 0,5 0 99 
Left arm 0 0 99,5 

Tab. 1 Musculoskeletal Problems. 

Thus, musculoskeletal problems associated with office 
work, particularly in the computing tasks, are due to the 
following factors: restricted mobility associated with 
sedentary work. Poor posture, associated both with the 
seating (no back support, posture with his back very 
bent), and the position of the head-neck (bending or 
twisting of the neck to write or look at the screen, 
respectively) and the position of the arms and wrists while 
typing (arms without support, lack of space to support the 
wrist, ulnar deviation of hands typing).  
On the other hand, the sitting position can cause other 
problems to circulation (numbness in the legs) due to 
pressure from the seat in the thighs and hamstrings and 
poor mobility of the legs (this question is to design their 
own chairs wheels).  
Finally, we will emphasize back problems, and that over 
80% of the population has an episode of this kind 
throughout his life. Poor posture and inappropriate 
furniture can cause this situation.  
This pain is one of the most common causes of 
absenteeism. For example, it is estimated that 16% of 
U.S. casualties are caused by this trouble. Most decisive 
factors in the diseases of this type are: duplication of effort 
(not very pronounced), uncomfortable postures which 
overload muscles, physical inactivity, stress and 
dissatisfaction. 
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2.2 Environmental conditions  

In this section you can distinguish those related to lighting 
and noise. 

2.2.1 Lighting 

The most common problem in today's office is related to 
the appearance of reflections on computer screens, 
associated with the presence of direct light sources, both 
natural (windows) and artificial. It is necessary to analyze 
the distribution of light sources in relation to job to avoid 
such problems, fig.2.  
 

 
Fig. 2 Light effects 

2.2.2 Noise 

Standard noise levels in an office are often well below 
those needed to cause health problems. The main 
problem is associated with discomfort and interference 
that occur to concentrate at work or to have a 
conversation. In this way, conversations taking places 
around us are the most influencial source of noise. 

2.3 Psychosocial Issues  

INSHT recommendations in this regard are aimed at 
preventing the following situations: 
- Overload or underload situations. 
- The repeatability that can lead to monotony and 

dissatisfaction. 
- The improper pressure of time. 
- The social isolation that prevent social contact in the 

workplace: 

2.4 Specific risks and limitations of wheelchair 
users 

- The most common mismatch between the tasks and 
skills are mainly subject to the following aspects: 

- Physical 
- Dimensional (scope and gaps) 
- Sensory 

3 Specifications  
One of the main points of any design process is the 
establishment of specifications, since it is when the 
requirements of the final product are set out. In order to 
specify the design parameters in the studied case, some 
preliminary issues will be considered, such as:  
- Anthropometric data of wheelchair users  
- Size of the wheelchair 
- Restrictions on mobility and range 

- Restrictions imposed by the rules 

3.1 Anthropometric data  

Design can be influenced by two different types of human 
body dimensions;  
- Static dimensions, measurements of the head, torso 

and limbs in Standard positions.  
- Dynamic dimensions, which are measurements taken 

in working position during the movements.  
The CEAPAT, Center for Personal Autonomy and 
Technical Aids in the technical guide in building 
accessibility and IBV, Institute of Biomechanics of 
Valencia collected anthropometric data of the Spanish 
population in a wheelchair, the dimensions are eloquent 
and serve to guide in establishing specifications.  
In Tables 2 and 3 show dimensional analysis work 
undertaken by the Polytechnic University of Valencia 
(UPV) to 99 wheelchair users. 
 

Variables Mean S P5 P95 
Weigth 65,1 13,1 43,7 86,6 
Heigth 168,9 10,6 151,5 183,6 
Waist 91,8 10,9 73,9 109,6 
Head-to-ground 
height 

124,3 7,6 111,9 136,8 

Head-seat height 77,8 9,5 62,2 93,4 
Eye-ground height 112,3 7,3 100,3 124,4 
Eye-seat height 65,9 9,3 50,6 81,2 
Shoulder-ground 
height 

97,9 6,8 86,9 109 

Shoulder-seat 
height 

51,5 8,7 37,2 65,8 

Elbow-floor height 69,1 4,8 61,2 77 
Elbow-seat height 22,6 6,8 11,4 33,8 
knees -floor height 63 4,5 55,6 70,4 
Span 158,7 14,8 134,5 182,9 
Wide shoulder 44,6 4,6 37 52,1 
Wide hips 36,6 4,8 28,7 44,5 

Tab 2. Anthropometric data male wheelchair users. Kg and 

cm units. 

Variables Mean S P5 P95 
Weigth 57,4 11,1 39,3 75,5 
Heigth 162,2 9,1 147,3 177,1 
Waist 85,5 10,5 68,4 102,6 
Head-to-ground 
height 

120,5 7 109,1 131,9 

Head-seat height 73,9 8,4 60,1 87,7 
Eye-ground height 109,4 6,8 98,3 120,5 
Eye-seat height 62,8 8,2 49,3 76,3 
Shoulder-ground 
height 

94,6 5,9 85 104,1 

Shoulder-seat 
height 

47,9 7,5 35,6 60,2 

Elbow-floor height 68,2 4,8 62,1 76,1 
Elbow-seat height 21,5 6,1 11,5 31,5 
knees -floor height 62,6 5,3 54 71,2 
Span 152,6 10,3 135,6 169,5 
Wide shoulder 41,7 3,9 35,2 48,1 
Wide hips 35,9 4,1 29,1 42,7 
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Tabla 3. Anthropometric data female wheelchair users. Kg 

and cm units. 

3.2 Wheelchair measurements 

The real importance of the wheelchair is on the limitations 
of movement that the user may suffer and on the 
limitations of range, uncomfortable postures and 
ineffective job performance. 
The dimensions of the most relevant wheelchairs and 
some of the relationships between these and certain 
design aspects are specified in Figure 3.  
 

 
Fig.3 Measures of the wheelchairs  
 
To produce a correct longitudinal displacement, it is 
necessary that the width between two obstacles which 
have to pass the user is at least 91 cm or 81 cm. provided 
that width not longer more than 61 cm. So that there will 
be no problems with his arms drive. The minimum 
diameter for a full rotation is 153 cm, see fig. 4. 
 

  
Fig. 4 Longitudinal and transverse size. 

3.3 Mobility and range constraints 

 
In matters of range it is combined the features of the 
vehicle with the users themselves, being necessary to 
know previously the dimensional static characteristics.  
Constraints will condition the design of shelves and 
storage units.Refering to that, there are a series of charts, 
prepared by APRODIS (Association for the Development 
of Persons with Disabilities), which will be useful to 
understand the baseline design. 
 

 

 

Fig. 5 Range schemes  

4 Design 
The main objective of this phase is to get the job 
according to the premises established in the 
specifications. 
The current jobs tend to minimize the overall volume, and 
to integrate into itselfs as many items as possible to make 
the development of different tasks easier to users. This 
integration should be achieved with greater clarity, since 
the user is more limited in their movements. 
It should be tried to have in the same position, regular file 
system for different user types of auxiliary storage 
systems, such as trays and briefcase, also adjustable in 
range, heigh adjustable surface for working in a 
comfortable way, etc. 
At the same time, the structure should be as simple as 
possible and with minimum volume, to procure the user 
enough space to move freely in the post. This last aspect 
is the most important, so that the free space under the 
dash becomes a priority. This is intended by the "vertical 
growth" of the workstation, at which top are contained all 
the elements. The versatility of the post must be due to a 
simple, modular and adjustable structural design. In this 
respect, it is pointed out the concept of metal sections 
included in this idea, which is based on orthogonal profiles 
with guides on all sides, to introduce structural elements. 
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Fig. 6 Photorealistic image of the furniture designed 

The initial layout is based on an area where it is 
concentrated most of the structural efforts (pillars on the 
left) and a single column on the right, giving it enough 
space to the user to move easily. Stability on the base left 
single pillar is produced by small square brackets, 
dimensioned according to mechanical and anthropometric 
criteria in such a way that it ensures the quiet of the place 
before efforts, and doese not restrict user mobility. 

4.1 Structural elements 

The structure of the designed workstation is totally 
metallic. The items that make up are the profiles or pillars, 
beams and brackets. The asymmetric configuration is 
mainly due to specific design needs. The left side of the 
office table, destinated to accommodate the drive drawers 
and storage, provides total rigidity. It is composed by four  
profiles connected by means of six beams (four 
longitudinal and two transverse). From this group, it 
comes out a longitudinal bar that ends in a unique profile 
located approximately 1400 mm of this group. The 
function of the beam is to provide rigidity in the horizontal 
plane, the pillar, and therefore the entire board is 
supported by the brackets, fig. 7.  
To mitigate the tendency to roll, two legs (the same 
angles, as discussed below) are arranged in the bottom of 
the profile in order to give consistency to the overall 
position. These brackets hold the board, being anchored 
to the profiles. That is why it is important to confer rigidity 
to the post by the stringer. 
 

 

Fig. 7 Structur 

Furthermore, the width of a standard board is around 25 
mm, and the screw hole of the bracket is placed 35 mm 
from the joint surface with the board, to the established 
heights for work, it shall be deducted the approximate 60 
mm. In this sense, if the minimum recommended height 
for computer use is 660 mm, combining the height of 
elbows P5, 640 would be a good initial height, so the first 
hole can be located at 580 mm. Setting the ranges of 30 
mm (the maximum recommended is 32 mm), and setting 
from 670 mm, shorter intervals to achieve better 
regulation, the average is 750 mm at the last hole, giving 
coverage to the P95, also under the criteria field study.  
The height intended to set the board are:  
580 - 610 - 640 - 670 - 690 - 710 - 730 - 750  
The wiring canalization will be carried out in the post by 
plastic channel.  
For the design of the brackets, due to its pure structural 
function, it is necessary to address the mechanical 
requirements. So, the critical reference force is 750 N, as 
it is the requirement for the board. This mechanical 
question get surpassed choosing a metallic material such 

as aluminum or steel safeguards (forwards you will find 
the development of the material selection and 
characteristics). One way well studied will also help to 
support the efforts required.  
The Requirements Compliance gets over rules in the 
sizing of furniture (part of the UNE 527, 1023, and 
14,073). 
 

 

Fig. 8 Squares measures  

Figure 8 shows the profile of a hypothetical table, with set 
dimensions (750mm in height and depth of the work 
surface). The red lines represent the heights of the P95 
for the knees and the armrests of wheelchairs.  

4.2  The board  

The board has been designed under OFITA criteria. So 
that it will be mixed with adjustable height and with an 
asymmetric configuration.  
The depth of this in the computer area will be 
approximately 800mm, deeper than the "administrative" 
one which will be around 750mm. See fig 9. 
 

 

Fig. 9 Image board  

4.3 Optional Hand 

The extra table is an optional element designed to 
increase work surface or to change character set. It is 
designed under lateral coverage criteria and requirements 
of rotation. The squares are small and attach bolts to 
support the same main board. Verification has been made 
of rotation unobstructed. 
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Fig. 10 Optional Hand 

4.4 Accessible filing system 

Affecting the lateral range width it was taken into account 
extraction determined under scope, with enough volume 
for folders and sliding rails anchored, see fig. 11. 
 

   

Fig. 11 Picture of storage furniture 

4.5 Drawers 

The drawers are adapted to the trading system by means 
of binding to two sheets, formed by sliding to three 
heights. The fixing of the sheet to the rails (top and 
bottom) allows a front access opening (300mm free).  
 

 

Fig. 12 Drawers 

Finally, we must take into account the trim and covering. 

5 Review  
On the one hand this section describes the pure aesthetic 
analysis and on the other hand ergonomic simulation. 

5.1 Aesthetic analysis  

The color range of the stand is based on neutral and 
subtle (wood, grayscale ...) tones which were chosen 
based on environmental criteria. The colors are used to 
convey a sense of elegance, quality, tranquility and sepsis 
that will help the user to concentrate on the task (mental 
function). Organic forms present in the object produce 
spontaneity and lightness. The geometric shapes of the 
profiles give a sense of softness, ductility and dynamism. 
The textures are smooth and soft. Moreover, the 
juxtaposition of volumes that are generated in response to 
the drawer to the storage unit, the partition and computer 
placed and on the other hand, the sense of minimalism or 
potential volume of the structure. The lighting is intrinsic to 
the object in aluminous elements, which emphasize the 
lightness of all, while matte surfaces, it provide plasticity.   

5.2 Ergonomic Analysis 

Simulation has been performed with different situations, 
one of which corresponds to a 95 percentile male user, by 
applying the method ERGODIS, it emphasizes the data 
shown in table 4. 
 

 Distance (mm) 
Head-floor 1409 
Elbow-floor 746 
Size 1713 
Knees-floor 680 
Heigth of table 770 

Tab 4. Data for P95 male. 

5.2.1 Range analysis 

In the analysis of scope it is easy to assume that the 
position is comfortable.  
The main factors are: increased shoulder flexion (80 °), 
lateral separation average (70 degrees), mild wrist flexion 
(15 º) and very slight turn of this one (5 °), combined with 
a slight twist of the elbow (50 °). The frequency of 
performance is medium. The load is medium-low due to 
the steel ball bearings, low friction and weight of the unit. 
 

 

Fig. 13 User-wide simulation 

5.2.2 Rating of moves and turns 

The wheelchair comes with no problem in the workstation, 
it does not affect the extra table. 
Other important constraint of space under the table is that 
imposed by the brackets which support the main board. 
This question is trivial in the case of two teams that are 
arranged in diagonal, on the main board, since for its 
design was considered the maximum height on two levels 
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deep. So that there will not be intersection there. 
However, to enhance the flexural strength of the board it 
was required to establish a large square on one side of 0 
°, so that these restrictions are violated. 
 

  

 

Fig. 14 Rotation analysis  

6 Conclusion 
The assessment of adaptation has produced extremely 
satisfactory values, however, there are two positions that 
could be improved or at least they are worthy of 
consideration. Aside from that, it means that the space 
allocated under table is extremely broad in order to an 
end user was able to move without any restriction. 
On the other hand, the surface is large enough to be able 
to distribute work based on the needs at any time, so that 
issues of scope and management of the computer, or 
side table are in the background because with a simple 
change of the workplace is mitigated any difficulty. In 
addition, this,what may seem an excuse to justify this, it is 
reinforced if we look at the technical notes regarding 
prevention and ergonomics rules, which recommends 
workspace enough to change positions throughout the 
day so as not to fall into the "sedentary. " However, 
planning a modular electrical adaptation solves the 
problems which could be considered while handling the 
computer, or enlightenment, etc in an aesthetic and 
integrated way. 
Dealing with imbalances appeared, we can say in 
defense of the design firm, they pass the to background 
when you consider that: 
On the one hand, the place has enough storage space to 
house the documents needed for work (and drawer 
storage unit.) Therefore, the need of more storage space 
is in subject to saturate the headspace completely. 
Another interesting issue is that the drawer has the 
opportunity to have an intermediate box, so if you need a 
hanging file folders, simply move the module down to the 
middle position of the sheet, solving the problems of 
range. 
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Abstract 

Purpose: 
Authors have developed a new comfort evaluation criterion that improves the International 
Standard Evaluation criteria like OCRA, RULA, etc. adding new information coming from bio-
mechanical parameters opportunely weighted. Authors wants to show how this method, 
originally developed for Industrial application, can be easily applied in most of postural 
comfort evaluations and how it can be used, for example, in movie-theatres’ design. 

Method: 
Developed criterion has been applied in order to evaluate not only the seat-comfort (the 
viewer’s comfort when seated) but also the viewer’s comfort during the screening of a movie; 
viewer postural comfort is heavily affected by the relative position (distance and angle) 
between the seat and the big-screen: developed method can take that into account! 

Result: 
Output of this work is a Design Method for mapping the movie theatre’s seats taking into 

account the postural comfort matter. 

Discussion & Conclusion: 
This work allows to show how the developed method is easy to use and how important the 
preventive ergonomic evaluation is in all fields of engineering design.  

1 Introduction 
Design activity of a movie-theatre, like the design of 

each kind of public-entertainment facility, shows a lot of 
troubles regarding facility safety, dimensioning of way-out 
systems in case of fire/earthquake, fire prevention 
systems, protection facilities for acoustic control and, last 
but not least, comfort and ergonomics issues. Comfort 
factors can be classified in two classes: postural ones and 
visual ones. 

Experience and common sense give us several 
information about comfort matter in movie-theatres 
enjoying. It seems easy to answer to questions like: “Is 
the seat comfortable?” – “Have you a good sight of the 
movie?” Everyone can answer to those questions but, in 
design phase, movie theatre designers need to use an 
objective tool to evaluate the visual and postural comfort 
level for each seat. 

In order to take into account the postural comfort level, 
we’ve developed a new method to evaluate human 
comfort [16]; our comfort evaluation criteria starts from 
human ergonomic analysis and extends ISO 11228 [6] 
analysis for comfort evaluation. The method is based on 
the analysis of human body positions in which, using ISO 
11228 criterion, we reach a good ergonomic level but not 
a good level of comfort. This method has been explained 
in the fourth paragraph. 

The final purpose of our study is a new evaluation 
method of postural/visual comfort [1] [2] for each facility 

that provides a high number of seats for public-
entertainment (like movie-theatres). 

For that kind of facilities we can state some 
considerations: 

- Each of us, when going to movie-theatre, wants to be 
seated not too far from or too close to the screen in 
order to not have sights problems. 

- Each of us prefers to be seated in the centre of the 
cinema-hall in order to not be forced to rotate the head 
for a better viewing and hearing. 

Using these easy criteria for choosing the seat, it 
seems easy to identify the worst seats’ locations and 
avoid them. 

We imagine that the worst seats are the first row’s ones 
and the extremely side ones; in those seats neck and 
shoulders need to rotate too much in order to allow the 
eyes to have a good sight [3] [4]. At the same time central 
first-row seats’ occupants have a very narrow visual cone 
because of their relative position towards screen height; 
this position forces the viewer to move continuously his 
head in order to focus not only the screen centre but also 
other parts of the screen for following movies’ scenes. 

 

2 Test-case  
Our comfort evaluation method has been applied to the 

comfort analysis of C-hall of a new movie-theatre in 
Castellamare di Stabia (Naples). This hall has a capacity 
of 252 seats. The following geometrical data are needed 
to perform comfort analysis: 
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- Distance between two consecutive rows; 
- Distance between two adjoining armchairs; 
- Distance between each armchair and the geometric 

centre of the screen; 
- Dimensions and shape of each armchair (supposed to 

be equal each others); 
- Height, Width and position of the screen. 
In the following figures you can see two design sheets 

of the C-hall with several dimensions reported. 
As you can see, the C-Hall of this movie-theatre is not 

symmetric. 
 

 

Fig. 1 Horizontal section at the height of projection cabin 
 

 

Fig. 2 Longitudinal section of C-hall. 

 

 

Fig. 3 “Evolutionseat-1” armchair model. 

3  Identification of main parameters 
For designing the theatre and evaluating the seats’ 

comfort we will use two different 2-dimensional Cartesian 
coordinate systems. Let’s fix the Cartesian axes’ origin of 
the system XY in the lowest left corner of the movie-
theatre (that, as you can imagine, has a slight slope – see 
fig.1) and the Cartesian axes’ origin of the system YZ in 
the lowest right part of the selected longitudinal section; in 
figg. 1 and 2 both systems are highlighted in blue color. 
XY and YZ systems have been used like reference planes 
for determining several geometric parameters. 

Geometric parameters are used for comfort analysis 
because they allow us to calculate lateral neck-rotation 
angle and frontal neck-flexion value for each seated 
movie-watcher [3] [4] [10]. In our comfort evaluation 
method it’s possible to connect each angle’s value (both 
for flexion and for rotation) with a comfort index. 

The centre of the theatre screen will be considered like 
the point on which the eyes of each watcher set his sight 
on. When a seat-occupant sets his sight on the screen he 
is naturally able to capture an image with a field of view of 
about 200°; only a little part of this “captured image” is 
brought into focus and can be followed without problems: 
this part is generally defined as optical cone and often is 
too small to allow to an occupant of the first row to bring 
into focus the entire screen! Our study doesn’t take into 
account the head/eye movement, due to scene following 
action, that all screen-closer watchers are forced to do. 

Screen and seats have been positioned in the theatre 
hall like the external designers asked. In figures 1,2 you 
can see the results of the method used for numbering all 
armchairs (in magenta color): the chairs closer to screen 
are numbered with row “a” while the more distant are 
numbered with row “n”; each row is numbered from 1 to 
21, from the left to the right.  

F11xy states for the armchair number 11 of the row “F” 
whose coordinates are brought on XY Plane. 

For each occupant we used his H-Point for configuring 
his position on the chair; because of the particular shape 
of the seat and of the splat, we fix the H-point of the 
occupant (represented using a manikin) in the lowest 
point of the seat at a Z-Distance from the floor equal to 
mm.360,00. The software DELMIAtm has been used to 
settle the manikin on the armchair; the used manikin is 
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representative of the anthropometric model of the 50th 
percentile European male (French male). 

 
In the first postural analysis only the following 

parameters have been taken into account [2] [13] [14]: 
- Distance between the point of view (in the middle of 

the eyes) and the H-Point: mm.820,00; 
- Distance between the higher point of the head and the 

H-Point: mm.932,00; 
- Distance between the acromion and the H-Point: 

mm.620,00; 
 

 

Fig. 4 Measures and geometric Characteristics of human 

model 

Using these parameters, all distances (in meters) and 
angles (rotation/frontal bending in degree) have been 
calculated for each seat in the hall, by defining the 
segment that connect the geometric centre of the screen 
“S” with the three defined points (top of the head, middle 
of eyes, H-Point). 

 

4 Comfort Evaluation method 
After geometrical positioning, each chair in the hall can 

be identified by a couple of values referred to the 
occupant neck: lateral rotation angle and frontal bending 
value [1] [2] [15]; these two values are needed to 
calculate the comfort index of the armchair when 
occupant is viewing a movie.  

Needed values have been calculated using our new 
comfort evaluation criterion [16]. This criterion is based on 
the extension of ISO 11228 [6] in the Articular Motion 
Range in which human body reaches a good level of 
ergonomic values but it is not in comfort. The method is 
based on the elaboration of a wide data set coming from 
experimental tests. 

In [16] we’ve described the tests used to evaluate 
ergonomic values and comfort values of several human 
body articular joints around their natural rest position; rest 
position has been taken as the maximum comfort value’s 
position for each joint and several tests have been made 
to evaluate comfort curves for position around rest 
position (deviation expressed generally in degree).  

Human neck is one of the joints that has been studied 
in our experimental work. 

 

 

Fig. 5 Frontal flexion approximated curve 

 

 

Fig. 6 Lateral rotation approximated curve. 

In the first time the neck has been tested in lateral 
rotation and in frontal flexion, in independently mode; this 
testing phase allowed us to elaborate the mean comfort 
curves around the rest position (mean made among more 
than one hundred test-case different each-other). Those 
curves are represented in figures 5 and 6.   

In our real application two different and independent 
comfort indexes, each for one of those angles, have been 
calculated and then they have been coupled using an 
ergonomic criterion. 

Differently from what one can imagine, It happens that 
comfort indexes are not equal each other when the angle 
has the same value but opposite sign. It’s demonstrated 
that different values of comfort are felt by humans when 
turning the neck on the right or on the left side. 

 
 

5 Results 
In order to make the results’ analysis easy to be 

understood we’ve shown it using 3D graphs  
Dealing with comfort and discomfort seems to be 

useless because those two concepts are complementary 
each other. 

Our first comfort evaluation method [16] gave a value 
to “postural and visual comfort”; when past results have 
been shown to designers, they always ask to us to see 
discomfort iso-curves (designers need to know where the 
seats have not to be placed!!!), so we’ve presented our 
results using both kind of curves. 

In fig. 7 we’ve defined a bi-dimensional domain whose 
axes represent columns (colonne) and rows (file) in the 
theatre hall. Columns are numbered from n.1 to n.21 while 
rows are numbered form row A to row N. Z-Axis 
represents the comfort value due to frontal-flexion of the 
neck; its range varies to from 0 to 10 (the best comfort 
evaluation). The blue “S” letter stands for screen centre 
position. The graph in fig.7 shows that central seats suffer 
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for a lower comfort level; comfort value in the first rows is 
between 6 and 6.5. When putting the viewer away from 
screen, his comfort value grows sharply in the first rows, 
then linearly in the central rows and, in the last rows, 
becomes almost constant. The first rows’ big gradient is 
due to the neck model used in our evaluation method: this 
model takes into account the real flexibility of the human 
neck so that for higher flexion angle the neck cannot flex 
itself and a viewer needs to flex chest or shoulders.  

In the back-central part of the hall the comfort value is 
almost constant because neck flexion is in a good comfort 
range and finally last rows reach the higher value of 
comfort for frontal flexion. Obtained results seem to match 
perfectly the experimental results coming from each of us 
experience: if you don’t have shortsightedness problems 
you always prefer to buy tickets for last rows seats 
because your neck frontal flexion will be minimized! 

 

 

Fig. 7 Frontal Flexion Comfort evaluation represented by a 

3D Surface. 

 
In fig. 8 we show the 3D surface representing the 

comfort evaluation for neck lateral rotation. We clearly 
see that, for each row, comfort value decreases when 
going from central seats to side ones. But, while in the 
last rows the horizontal decrease gradient is very low, in 
the first row this decrease is very marked. 

 It’s very important to highlight that, as waited, values 
distribution along seats of a single row is not symmetric 
towards screen-centre. In fact, our evaluation method [16] 
follows the experimental evidence that suggest a different 
comfort values for the same rotation in the opposite side 
(a 15° left-rotation has a different comfort value towards a 
15° right rotation). This behavior causes the best comfort 
values in the last row, for seats numbered from 6 to 11. 

Going from last row to the central ones, side seats’ 
comfort value begins to decrease because the distance 
between viewer and screen-centre diminishes and, 
consequently, the neck rotation angle increases. This 
behavior is as more evident as more the viewer stays 
close to the screen. 

Analyzing fig.8 you can see that several first row seats 
in left and right sides have a comfort value equal to 0. It 
happens because our evaluation method, as told before, 
takes into account the real human neck behavior: if a 
human neck overrides 45° lateral rotation, it can causes 
itself several damages to vertebral arteries [11] [12]; in 
our method this angle (45°) represents the maximum 
allowed rotation angle over which the comfort is equal to 
0 because a viewer is forced to rotate shoulders and 
chest. 

 

 

Fig. 8 Lateral rotation Comfort evaluation represented by a 

3D Surface. 

 

Fig. 9 Global comfort evaluation represented by a 3D 

Surface. 

In fig. 9 we show the comfort final value function; it has 
been obtained adding results shown in fig. 7 and 8, in 
order to discriminate the weight of each factor: let’s 
analyze them! As expected the most comfortably seats 
are the ones numbered from 6 to 10 in the last row 
because in those seats lateral rotation and frontal flexion 
are minimized. If we go away from the last row versus 
central row, also in side seat, we can observe that there’s 
no high decrease of the comfort: it can be explained with 
the compensation of lateral and frontal angles (if the 
viewer moves himself in the last rows from the centre to 
the side, the lateral rotation increases but, because of 
increasing of distance, the frontal flexion decreases) so 
that the rows between the last and the central show circa 
the same comfort values.  

Let’s observe that the frontal flexion increase, going 
away from central seat to side seat, is more evident in the 
close-screen seats than in the others. 

The common sense of feel suggest us that the most 
uncomfortably seats are the side seats in the first rows. 
Our study demonstrates that! 

In fig. 10, such as described before, discomfort 
surfaces are shown for frontal flexion, lateral rotation and 
for the whole comfort value. 
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Fig. 10 Discomfort representations for neck in a movie 

theatre. 

 

6 Conclusion 
As shown in results before reported, our comfort 

evaluation criterion allows to determine several indexes, 
easy to be used, by which comfort analyses for each 
facility that provides a high number of seat for public –
entertainment (like movie-theatres) can be fulfilled. Our 
study demonstrates how the common sense of 
understanding and feel the comfort, when seated in a 
movie theatre, is comparable with our results: obtained 
results perfectly match the experimental ones coming 
from common sense of judge when buying a ticket to go 
to movie-theatre! 

 

 

Fig. 11 Function representation for comfort variation due to 

neck frontal flexion. 

Another proof of what said can be obtained by building 
a mathematical function on the spatial domain defined by 
the theatre hall. In this domain comfort curves have been 
represented (fig. 11 to 13) like function of X-Y distance 
between points and screen-centre. The analyzed range 
for neck frontal flexion and lateral rotation is limited to 0-
15 meters values and used function for interpolating data 
is a parametric cubic surface. 

 
 

 

Fig. 12 Function representation for comfort variation due to 

neck lateral rotation. 

Using the same criteria we can obtain the global 
comfort function whose values are expressed in function 
of distance from the screen. 

 

 

Fig. 13 Function representation for global comfort variation. 

Last shown results are the Iso-Comfort curves, in figg. 
14, 15 and 16. These curves allow to identify seats for 
which a defined comfort level is fulfilled. The used unit of 
measure can vary in a range from value 0 to value 20, 
obtained like simple sum of two indexes’ values described 
in this paper. 

 
 

 

Fig. 14 Iso-comfort Curves for frontal flexion. 
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Fig. 15 Iso-comfort Curves for lateral rotation. 

 

 

Fig. 16 Iso-comfort Curves for global comfort value. 

 
Iso-comfort curves give more accurate information 

about discomfort due to frontal flexion and lateral rotation 
of the neck. It’s interesting to observe that the shape of 
the iso-comfort curves replicates the shape of growing 
occupied seats during the ticket buying. 

Our method can manage a high level of detail in 
comparing postures each others: the clearest example of 
this level of detail is the possibility to have different 
comfort values for two adjoining armchair. In our test-case 
the postural parameters used for evaluating the comfort 
have been chosen in subjective way and their number 
has been reduced in order to easily verify the capabilities 
and the affordability of our method. In real comfort 
evaluation a lot of parameters have to be taken into 
account. These parameters involve both postural and 
visual comfort and have to take into account several other 
parameters like interaction between deformable seat and 
human legs or asymmetry in perception of comfort during 
neck/shoulder rotation (due to mores and environments 
factors). More studies can be faced and the whole 
comfort can be evaluated always using our criterion. 

Finally we can say that the developed method allows 
to make objective comfort-analyses, giving a few indexes 
very easy to use in graphic post processing and 
numerical/statistical elaborations. Obtainable results are 
comparable with common experience. 
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Fig. 17 New layouts: with a reduced number of seats (left) 

and with the same seats (right). 

The first and the second layout are designed in the 
same C-hall area (Fig. 19). The third one (Fig. 20) is a 
new design proposal for the best whole comfort. 

 

 

Fig. 18 A new design proposal for improving viewers’ 

comfort. 

References 
[1] Marco Sestri, “ Definizione e validazione di un 
modello di valutazione dell’ergonomia e del comfort”, Tesi 
di Laurea Magistrale in Ingegneria Meccanica, A.A. 2009-
2010. 
[2] - Alessandro Apostolico, “Studio sull’influenza dei 
parametri posturali nella valutazione dell’ergonomia e del 
comfort”, Tesi di Laurea Magistrale in Ingegneria 
Meccanica, A.A. 2009-2010. 
[3] - Alberto Ranavolo, “Analisi cinematica del 
movimento”, newsletter n.1 del Marzo 2009 della Società 
Italiana di Analisi del Movimento (SIMM). 
[4] - G. Giordano - Lanza, “Anatomia funzionale del 
corpo umano” , 1991. Editore: Ferraro, ISBN: 
8872710138. 
[5] - D.Lgs. 81/2008, l'art. 15, lett. d). 
[6] - ISO 11228-1, 11228-2, 11228-3, metodi NIOSH, 
SNOOK e CIRIELLO ed OCRA. 
[7] - Lynn McAtamney and E. Nigel Corlet, “RULA: a 
survey method for the investigation of work-related upper 
limb disorders”, Applied Ergonomics 24(2) (1993), pagg. 
91-99. 
[8] - Sue Hignett, Lynn McAtamney, “Rapid Entire Body 
Assessment (REBA)”, Applied Ergonomics 31 (2000), 
pagg. 201-205. 
[9] - Dohyung Kee, Waldermar Karwowski, “LUBA: an 
assessment technique for postural loading on the upper 



48

Cappetti et al. New comfort evaluation criteria 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

body based on joint motion discomfort and maximum 
holding time”, Applied Ergonomics 32 (2001), pagg. 357-
366. 
[10] - Lantz. CA, Chen J., Buch D., “Clinical validity and 
stability of active and passive cervical range of motion 
with regard to total and unilateral uniplanar motion”, Spine 
(Phila Pa 1976). 1999 Jun 1;24(11):1082-9. 
[11] - American Medical Association, “Guide to the 
Evaluation of Permanent Impairment”, 3a edizione, AMA, 
Chicago IL, 1988. 
[12] - Jon C. Thompson, “Netter’s Concise Atlas of 
Orthopaedic Anatomy”, Saunders, 1a edizione, (2001). 
[13] - Family Practice Notebook, URL 
http://www.fpnotebook.com/ . 
[14] - American Academy of Orthopaedics Surgeons, 
“Joint Motions Methods of Measuring and Recording”, 
AAOS, Chicago, (1965). 
[15] - Boone DC, Azen SP, “Normal range of motion in 
male subjects”, J. Bone Joint Surg Am. 61, pagg. 756-
779. 
[16] Apostolico A., Cappetti N., D’Oria C., Naddeo A., 
Sestri M., Range of Rest Position for human upper joints, 
Applied Ergonomics (Elsevier Science) – paper in 
publishing. 
[17] Fondacaro Giuseppe, Mechanical Engineering 
Degree thesis on “Applicazione di un modello di 
valutazione dell’ergonomia e del comfort ad un locale 
destinato al pubblico spettacolo”. 
 



49

  

 

 

Proceedings of the IMProVe 2011 

International conference on Innovative Methods in Product Design 

June 15th – 17th, 2011, Venice, Italy 

 

Synthetic 

Anna Maria Manferdini (a), Elena Manferdini (b) 
(a) Faculty of Architecture, University of Bologna, Italy - am.manferdini@unibo.it 
 (b) SCI-Arc Southern California Institute of Architecture, Los Angeles, USA - info@ateliermanferdini.com  

Article Information 

Keywords: 
micro-scale observations,  
3d scanning, 
hyper-realism, 
uncanny effects, 
synthetic material. 
 

Corresponding author: 
Anna Maria Manferdini 
Tel.: +39.0547.338311 
Fax.: +39.0547.338307 
e-mail: am.manferdini@unibo.it 
Address: 55 Cavalcavia Street, 
47023 Cesena, Italy 

Abstract 

Purpose: 
The aim of this paper is to show the results of a research whose aim is to investigate the 
potential of architectural surfaces to produce hyper-realistic effects through the invention of 
new breeds of artificial matter, using Nature and the observation of its micro-scale details as 
a field of investigation which is instrumental in analyzing and understanding its structure and 
behaviour. 

Method: 
The research started from the digital three-dimensional acquisition of case studies drawn 
from plant and animal kingdom that were chosen as significant in terms of shape complexity 
and of the levels of detail of their geometry. Physical 3D models have been built using 
artificial materials with the purpose to extend the potential of digital surfaces and experience 
new visual and tactile effects. Modulation of texture, relief and colours derived from 3D 
scanned materials were the primary design sources. CNC machines combined with various 
techniques of tooling, laser etching, casting, vacuum forming, painting, and finishing were 
employed to fabricate physical model of the digital 3d acquisitions. The research provided a 
continuous transition from digital reality to the physical one: through the whole process, both 
analogical and digital procedures were used as agents of comprehension and design 
innovation. 

Result: 
One of the challenges of this research was to test the possibilities of enlarging the 
dimensions of micro-scale details acquired using 3d laser scanners, without losing geometric 
detail. During the digital manipulation process, the quality of 3d models has constantly been 
compared to the required level of details provided by magnification of 2d images. In order to 
supply the lack of information due to laser scanner accuracy and resolution, reality-based 
models have been implemented using 3d modelling packages that allow adding the third 
dimension to 2d images. This improvement added hyper-realistic effects to digital models, 
with evident drawback upon the possibility of managing huge data sets, so that decimation 
procedures became necessary to overcome this aspect. In order to create new visual and 
tactile repertoire of synthetic materials, many different manufacturing methodologies and 
procedures have been tested, each one highlighting different characteristics and critical 
aspects. 

Discussion & Conclusion: 
Although many technologies and methodologies to acquire and manipulate accurate 3d 
models are actually available and widespread, nowadays the best way to build reality-based 
3D models that contain a pre-defined level of detail is still a combination of different modeling 
techniques. In fact, as a single technique is not yet able to give satisfactory results in all 
situations, concerning high geometric accuracy, portability, flexibility as well as hyper-realism, 
so that image-based and range-based techniques are generally combined to fully exploit the 
intrinsic potentialities of each approach.   

1 Introduction 
Architects have been taught that materials have a “true 

nature” and they should be used accordingly to these 
physical properties [1].  

Recently we witnessed an interest in materials not only 
as “true matter”, but also as a new breed where 
geometry, texture, coloration, tooling and finish are able 
to provoke new sensations. These artificial materials can 
be described as “synthetic” because they are the outcome 
of various qualities that are not necessarily true to the 
physical property of a specific matter, but they are the 
combination of multiple stratification, whether by design or 

by natural processes. Because of the recent 
developments in digital technologies and manufacturing,  

 
nowadays the haptic and visual aspects of materials 
clearly dominate the architectural discussion [2, 3, 4, 5], 
moving away from any prescriptive approach or 
predetermined outcome, releasing any moral judgment 
about the right way to use materials. In addition, since 
digital processes became sophisticated in hiding their 
procedures, the boundary between real and artificial has 
become even more blurred. 
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2 Purposes 
The aim of this paper is to show the results of a 

research held in order to investigate the potential of 
architectural surfaces to produce hyper-realistic effects 
through the invention of new breeds of artificial matter, 
using microscopic details derived from Nature as point of 
departure. 

Nature has been chosen as an interesting field of 
investigation because of some peculiar characteristics. In 
particular, the observation of its micro-scale details is 
instrumental in analyzing reality, understanding its 
behaviour and let us access to new repertoires of images 
and 3d shapes.  

Historically Nature has often provided case studies 
upon which scientific research has conducted 
investigations supported by the use of tools that enabled 
observations from inconceivable points of view and 
different scales. A rich production of illustrations that 
described and classified reality is the testimony of these 
researches and advancements.  

Scientists have always used representation codes as 
knowledge mean, as well as for communication aims; 
they have always built models, drawn diagrams and 
illustrations in order to test their intuitions, as well as to 
communicate the lessons learned during their 
experiments.  

Moreover, scientific comprehension has always 
required multiple scales of representation and various 
degrees of accuracy. In the XVI century, for example, the 
use of more effective instruments such as, for example, 
the optical microscope, revealed the extraordinary 
complexity of the micro-structure of matter, while in recent 
days, science reached what is invisible to the naked eyes, 
looked through matter up to the atomic scale. 

Similarly to what happened five centuries ago, today 
digital technology allows to investigate reality and 
communicate it in a completely new way. Recently, the 
use of tools and procedures to acquire reality in forms of 
3d digital models allows managing information that 
reproduce spatial characteristics of 3d shapes and hold 
different levels of complexities. 

In this context, the present paper aims at showing the 
results of investigations on the potential of digital 
technologies in acquiring real data derived from Nature, 
manipulate them in a digital environment and create new 
visual and tactile repertoire of synthetic materials. 

3 Research methodology 
The research started from the digital 3-dimensional 

acquisition of case studies drawn from plant and animal 
kingdom that were chosen as significant in terms of shape 
complexity and of the levels of detail of their geometry. 

Our purpose was to use digital technologies to enlarge 
micro-scale details and therefore allow to directly 
experience these magnifications through the senses, 
without losing detail. In addition, these case studies have 
offered us the possibility to test the performances of digital 
technologies in acquiring small scale 3d shapes and 
physically reproduce them using digital procedures. 

In order to directly derive accurate and detailed 3d 
information from reality, two different triangulation laser 
scanners were tested and the derived data have been 
analyzed in order to compare them with the original ones 
and with our pre-defined communication aims. 

 
In particular, we used Konica Minolta Vivid 900 and 

NextEngine Desktop 3D scanners, whose main 
characteristics are: 

 
Minolta Vivid 900, tele lens (f=25 mm), distance 60 cm, 

fine mode: 
 
accuracy: x=± 0.22 mm; y=± 0.16 mm; z=± 0.10 mm 
resolution: x=y=0.174 mm; z=0.052 mm 
 
NextEngine Desktop 3D scanner, macro mode: 
 
accuracy: 0.127 mm 
resolution: 400 dpi  
 
When survey technologies didn’t allow to acquire the 

pre-defined level of detail, information have been 
implemented using different tools and methodologies. For 
example, in case studies that have very small details and 
volatile characteristics, such as feathers, the enlargement 
purposes haven’t been fulfilled using only laser scanners 
because their performances were lower than minimum 
dimensions of micro-scale details in terms of accuracy 
and resolution. 

Figs 1, 2 and 3 show the meshes derived from some 
vegetables and feathers and the limitations of laser 
scanners in acquiring the pre-defined level of detail. 

In those cases the surveyed 3d models have been 
implemented using high definition 2d images and 3d 
modelling packages such as Autodesk® Maya® [6] and 
Pixologic® ZBrush® [7]. Through those software, the 
scanned three-dimensional surfaces have been enriched 
through micro-irregularities generated by the software that 
used 2d magnification photos as inputs and translated 
radiometric information into 3d geometry. Within this 
process, micro-geometry has been rebuilt assuming 
lighting and colour as parameters to define reliefs and 
convexities, integrating the digital reconstruction where 
laser scanner failed. 
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Fig. 1 Images of the acquisition phase. Left, survey of the geometry of a cabbage using the Konica Minolta Vivid 900 

triangulation laser scanner; right, acquisition of a kiwano using the NextEngine Desktop 3D scanner. In both cases, the 

acquired geometry has been supplied with micro-scale details derived from high definition 2d images. 
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Fig. 2 Top, polygonal model of a kiwano derived from laser scanner. Center and bottom, the 3d model has been enriched 

through micro-irregularities generated by the software through the use of high definition 2d photos in order to add hyper-

realistic details to geometry (credits: Jesus Banuelos, Kristen George, Anthony Lagunay, Elisabeth Neigert).  



53

Anna Maria Manferdini and Elena Manferdini Synthetic 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

 

Fig. 3 Top, polygonal model of a feather derived from laser scanner. Left, the volatile elements near the border of the feather 

haven’t been detected by laser scanner; right, tessellation of the mesh is not adequate to the pre-defined level of detail. 

Bottom, the same 3d model has been enriched through micro-irregularities generated by the software that used 2d 

magnification photos as inputs and translated radiometric information into 3d geometry. The varied model with augmented 

relief supplies the resolution of laser scanner and adds dynamism to the model (credits: Yu-Hsuan Lu, Tiantian Sun). 
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Assuming that observation can be considered as a 
multisensory approach to reality, the research has 
investigated the possibility to sensory experience 
mutations developed in a digital environment using both 
sight and touch. The research provided a continuous 
transition from digital three-dimensional reality to the 
physical one in order to analyze data and compare them 
with the pre-defined purposes.  

Through the whole process, both analogical and digital 
procedures were used as agents of comprehension as 
well as design innovation. 

Within the transition from physical reality to a digitally 
manipulated one, multisensory checks represented an 

essential experience towards knowledge purposes. 
Physical 3D models have therefore been built using 
synthetic matter and procedures in order to extend the 
potential of 3D surfaces and experience new visual and 
tactile effects.  

Figs 4 and 5 show some phases of the fabrication 
process. 

Modulation of texture, relief and colours derived from 
3D scanned materials were the primary design sources. 
CNC machines combined with various techniques of 
tooling, laser etching, casting, vacuum forming, painting 
and finishing were employed to fabricate physical models 
of digital 3-dimensional acquisitions. 

 

 

Fig. 4 Fabrication of the physical panel derived from a pineapple.  A, milled mold for vacuum forming; B, vacuum forming; C, D 

rubber casting; E, final model (credits: Dong Jun Park, Nanao Shimizu). 

 

Fig. 5 Fabrication of the physical panel of a brassica oleracea linne. The foam model was created using a CNC milling 

machine. A, rough cuts; B, finish cut. This panel was then vacuum-formed in order to create the mold (C, D) that was used to 

pour the resin (E) for the production of the final panel (F). All these phases usually involve the loss of definition due to 

physical imperfection and limitations of the adopted tools. In order to supply this loss of information, the digital model had 

therefore been deeply detailed before its fabrication (credits: Lisa Diaz, Pil Hyun Hwang).
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Fig. 6 shows the pipeline of our methodology.  
The workflow was organized into different phases, each 
one scheduling continuous checks of the correspondence 
between the quality of the acquired information and the 
pre-defined level of detail. 
 

 

Fig. 6 The pipeline of our methodology. 

During the entire process, the surveyed 3d data 
required its implementation through the use of 2d graphic 
procedures each time that range sensors showed lacks of 
precision and density and when the translation and 
optimization of 3d surfaces for CNC fabrication highlighted 
loss of details (i.e. during the translation of polygonal 
surfaces into NURBS). 

Evident drawbacks of these implementations were the 
increasing of information and the consequent limitation in 
the management of huge amount of data. In order to 
overcome these restrictions and face the problem of the 
reduction of complexity of geometry without losing the 
required level of detail, different decimation procedures 
and algorithms have been tested.  

During last 40 years, scientific research has developed 
different algorithms aimed at reducing redundant data and 
meanwhile preserve significant information within 3d 
models [8].  

Actually, the algorithms that have been integrated in 
some of the most widespread modeling packages reduce 
the complexity of models accordingly to the visual 
importance of objects and to the location of the point of 
view. 

Within the present research, in order to reduce 
redundancy of data in semi-planar surfaces and 
meanwhile preserve sharp edges and 3d irregularities, 
non isotropic decimation procedures have been 
investigated. In particular, we used the Edge Collapse 
Decimation algorithm that is available in MeshLab [9] and 
the Decimation Master® [10] plug-in that is integrated 
within Pixologic® ZBrush®. 

In some cases, the automatic recognition of 
singularities using decimation algorithms didn’t provide 
the required results, so that surface irregularities and 
hyper-realistic effects have been emphasized in order not 
to lose information during the decimation process.  

4 Innovation and conclusion 
This research has been an interesting occasion to 

evaluate the potential of digital technologies to acquire 
small scale details of complex 3d shapes, manage the 
derived 3d surfaces and turn them into physical models 
using manufacturing procedures.  

Our methodology was organized into different phases, 
within which planned evaluations of the quality of the 
acquired information were constantly compared to our 
pre-defined purposes. 

Within the entire process, the addition of 3d information 
in order to overcome the lack of precision and density of 
information surveyed using range scanners was not a 
secondary challenge, that we faced by combining reality-
based acquisitions and reliefs built using high definition 2d 
images as inputs. 

Although many technologies and methodologies to 
acquire and manipulate accurate 3d models are actually 
available and widespread, nowadays the best way to build 
reality-based 3D models that contain a pre-defined level 
of detail is still a combination of different modelling 
techniques. In fact, as a single technique is not yet able to 
give satisfactory results in all situations, concerning high 
geometric accuracy, portability, flexibility as well as hyper-
realism, so that image-based and range-based techniques 
are generally combined to fully exploit the intrinsic 
potentialities of each approach. 
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Fig. 7 Left, 3D model of corn from triangulation laser scanner. Right, deformation of the scanned shape and creation of a 

different morphology. The image shows the transition from the original scanned surface - bottom right corner - to the modified 

shape - top left corner (credits: Sona Gevorkyan, Magdalena Zeller). 
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Fig. 8 Manipulation of the 3D model of a feather of ostrich. The detail of the model has been augmented using Pixologic® 

ZBrush® tools that allowed to accentuate characteristics of the feather like fineness, fluttering and branching (credits: Yu-

Hsuan Lu, Tiantian Sun). 

 

Fig. 9 Physical panel derived from the 3D model of the feather of an ostrich. The intricacy of its micro-scale details has been 

re-built using different processes. In particular, MDF has been first milled in order to create main depth. This phase was 

followed by laser etching of the surface to reproduce the fineness and delicacy of the same geometry at alternate scales 

(credits: Amber Bartosh, Kristofer Leese). 
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Fig. 10 Physical panel derived from the 3D model of the feather of an ostrich. The use of translucent matter and the overlay of 

different manufacture (CNC milling and laser etching) highlights the lightness of the feather through visual depth (credits: 

Amber Bartosh, Kristofer Leese). 

 

Fig. 11. Digital model derived from an octopus. A, photograph of a detail; B, mesh acquired using laser scanner. The original 

surface has different and varying rigidities and textures. In C, the manipulation of the original surface had the goal to highlight 

these different qualities (credits: Nina Handelman, Louis Polidori). 
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Fig. 12. Digital model of an oyster shell. A, photograph; B, ZBrush model. C, D, the manipulated model was created pivoting 

around the contrast between smooth and rough surfaces of shellfish and shell. C, detail of the manipulated model (credits: 

Christopher Day, Joshua Moratto). 
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Abstract 

Purpose: 

This work aims at validating a new statistical index (Weighted Pressure Comfort Loss, 
WPCL) for seat comfort assessment. The validation is carried out by deepening the 
relationship between subjective comfort evaluations and objective measures of seat comfort 
and comparing, from an engineering standpoint, the new index with the pressure peak which 
is currently one of the most used indexes for seat comfort assessment.  

Method: 

In the experimental phase, 22 experimenters evaluated four office chairs, by using different 
evaluation scales and methods (rating, ranking, comfort degree). The subjective comfort 
perceptions were collected through questionnaires. At the same time, several objective 
parameters related to seat comfort were measured by using a capacitive mat. In order to 
select the objective comfort measures which are significantly associated to the perceived 
comfort, a logistic regression model was adopted. 

Result: 
The logistic regression model selected the peak pressure as a significant predictor of 

perceived comfort whereas, the hypothesis of absence of correlation between the perceived 
comfort and the WPCL index cannot be rejected. However, from an engineering standpoint, 
the final seat rating evidences substantial coherence of peak pressure and WPCL index, 
showing not redundant results useful to design team for seat comfort improvement. Since 
results were strongly influenced by experimental conditions and anthropometric variability of 
the experimenters, further investigations should be carried out. On the basis of the first 
experiments, a refinement of the index and new test conditions could be investigated. 

1 Introduction 
Specialized literature does not provide a universally 

recognized definition of comfort, nevertheless in recent 
years, the assumption that comfort and discomfort are two 
distinct entities [1] is winning broad respect. In their 
studies, Zhang and Helander [2] show that sitting 
discomfort is related to the biomechanical factors 
associated to the interaction with the seat over time, 
whereas comfort reflects a perception of instantaneous 
well-being perceived by the user. Zhang [3] pointed out 
that poor biomechanics may turn comfort into discomfort 
even though good biomechanics is not a necessary and 
sufficient condition for comfort. In other words, good 
biomechanics can avoid discomfort and thus it can be 
assumed as a prerequisite for comfort. Being complex 
concepts, comfort and discomfort are difficult to measure 
and interpret [4]. A great deal of research has been done 
to face the problem of sitting comfort/discomfort 
assessment and several subjective and objective methods 
have been developed [5]-[9]. Typically comfort assessment 
is realized on the basis of subjective evaluations or 
postural analysis. Subjective evaluations are collected by 
surveying potential seat users who are asked to express 
their feelings of comfort/discomfort with the seat and/or 
compare, in terms of perceived comfort/discomfort, 
different seats belonging to the same class [10][11]. 

Postural analysis is realized by measuring one or more 
objective parameters, such as [12]: 
- the pattern of muscle activation measured through 

electromyography (EMG) [13]. 
- the stress acting on the spine measured through 

pressure transducer and radio waves [13]  
- the postural angles [14] obtained using contact or non 

contact (like photogrammetric) techniques in real 
experiments or using virtual manikins in virtual 
experiments [15]  

- the body–seat interface pressure measured through 
capacitative mats.  

Anyway, subjective and objective methods are not 
alternative since they complement each others.  

The exclusive use of subjective evaluations can be 
misleading for several reasons: 
- when attention focuses on particular elements of the 

seat, the response variability is reduced, but the 
interaction with other neglected features can be a 
noise factor [13] 

- users could not be able to synthesize a subjective 
perception in a numeric or semantic evaluation 
causing a partial loss of information [11]. 

- the perceived differences of ergonomic features are 
often small and the results from comparisons of 
different seat concepts are rarely significant;  

- the human body is very adaptive and not sensitive to 
distinguish variations in seats; 
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- subjective evaluations are costly and time-consuming 
[16]; 

- subjective evaluations are rarely applicable early in 
the design process [4]. 

On the other hand, the exclusive use of objective 
measures for comfort assessment, highlights the following 
criticisms: 
- normally, the information provided by objective 

criteria are complement but not substitute of 
subjective evaluations related to user’s perception of 
comfort; 

- the construction of quantitative measures for comfort 
assessment cannot disregard from noises often 
overlooked, such as anthropometric variability. 

In this perspective, a great deal of research has been 
performed to find objective measures for predicting seat 
comfort perception [17]. Research has shown that one of 
the main factors that affect seat comfort is seat-interface 
pressure distribution [18]. Moreover, pressure distribution 
is the objective measure with the clearest correlation with 
the subjective evaluation methods[4][8]. Human-seat 
interface pressures have a spread field of application, 
indeed they have been measured to improve the comfort 
of office chairs [19], car seats [12], motorcycles saddles 
[20] and others vehicles seats [21], as well as to pursue 
product innovation in Kansei Ergonomics [22]. In particular, 
in office chair design pressure maps have been used to 
qualitatively verify the effectiveness on seat comfort of 
product features like, e.g., cushion shape and materials 
[23]-[25] through correlation studies with the subjective 
user perceptions. Nevertheless the widespread use of 
pressure maps, just few authors [26][27] have proposed 
synthetic indexes for the related multidimensional data, 
collected by performing real or virtual experiments 
involving a selected sample of potential users. 
Furthermore, little effort has been made to highlight the 
usefulness of these pressure measures for specific 
purposes defined by designers (e.g. Design for a Target 
and Design for All). 

In order to provide a tool that can be easily used by 
designers Lanzotti et al. [26][27] proposed the Weighted 
Pressure Comfort Loss (WPCL) a postural comfort index 
based on comfort loss due to uneven seat-interface 
pressure distribution. In this paper the WPCL index is 
statistically validated by assessing how its results correlate 
with comfort perception expressed in short-term 
experimental sessions. The experiments were planned by 
using robust design approach, taking into account the 
noise related to the anthropometric variability of the 
experimenters. 

2 Identification of the goals of seat 
comfort assessment 

The results presented in this paper are part of a wider 
and long-standing research activity carried on at the 
Department of Aerospace Engineering of University of 
Naples Federico II and aimed at developing simple and 
repeatable procedures useful to design teams for the 
development of more comfortable seats. To this aim, the 
first research step is the definition of simple quantitative 
seat comfort measures. These measures can be 
expressed into synthetic indexes that objectively meets 
two fundamental requirements: 
- the index must be representative of user perceptions 

and it must be a valid surrogate of information 
obtained through questionnaires, until now 
extensively used in this field of study; 

- the index must be an usable and interpretable 
indicator that supports the designer in his design 
choices.  

Further, the second research step is to apply a robust 
design approach to validate these indexes and to identify 
and choose optimal levels for seat features (like materials 
and shapes) that improve contact between the human 
body and the part of a chair on which one’s weight rests 
directly (the seat). The focus of this paper is on the 
validation of a new comfort index. The proposed validation 
procedure consists of four phases: 
- Experimental setup design 
- Definition of the objective and subjective 

measurement methods 
- Comfort index definition and validation 
- Experimental results elaboration  

In the first phase, the experimental setup was defined in 
terms of control factors and noise factors by using robust 
design approach. 

In the second phase, the experimenters, during short-
term static sessions, evaluated the comfort of some office 
chairs expressing their judgments on three different scales 
(rating, ranking, comfort degree). Simultaneously, a 
capacitive mat allowed to capture the pressure distribution 
on seat interface. In this way, for each experimenter, 
subjective and objective measurements were collected. 

In the third phase, the best objective predictors for 
perceived comfort were selected and validated by adopting 
the ordinal logistic regression (OLR). This statistical 
technique was applied in order to investigate the nature of 
relationships between the objective measurements, 
obtained from pressure maps and perceived comfort 
(subjective measurements). So the validation of WPCL 
index starts with the correlation analysis between objective 
and subjective measurements.  

In the fourth phase, the validation follows an engineering 
approach based on the comparison of design choices 
strictly linked to the adoption of objective indexes. Even if 
the experimental set up is simple and just linked to one 
design factor, experimental results were analyzed and 
interpreted in order to verify if and how indexes can 
condition and help to improve seat design. 

2.1 Previous study 

In previous works [26][27], the authors proposed the 
index WPCL based on the human-seat interface pressures 
measured over a bidimensional pressure map obtained by 
discretizing the whole contact surface between the human 
body and the seat in a finite number, (N), of equal-area 
cells. When the user j is seated, nj (with nj £ N) cells are 
activated by the effective contact between the human body 
and the seat. The pressure value reported in 
correspondence of any activated cell is always positive. 
The formulation of the WPCL index is coherent with the 
assumption, supported by literature, that the uniformity of 
pressure distribution increases the level of perceived 
comfort [8][25]. Coherently with these assumption, for each 
user, a target value x0j was defined as the mean pressure 
over the whole contact area (eq. 1).  

                            
å
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                        (1) 

where: 
- PSj indicate the overall pressure impressed by the j-th 

user on the seat , 
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- nj is the number of activated cells in the pressure 
map for the j-th user,  

- xij is the pressure value measured by the i-th cell 
when the j-th user is seated. 

For each user and for each cell of the map it is possible 
to identify a pressure comfort loss based on a “Nominal is 
the Best” (NB) loss function, standardized with respect to 
the nominal pressure. Starting from the (1), for the j-th user 
the Pressure Comfort Loss Index over the activated cells 
of the contact surface is defined as:  

                      
æ ö
ç ÷ç ÷
è ø

2

ij 0j
ij ij ij
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x -x
PCL (x )=k

x
                   (2) 

where kij is a coefficient that for each cell measures the 
loss corresponding to the maximum accepted deviation 
from the target.  

Starting from eq. 2, assuming the hypotheses that the 
loss coefficient kij is the same for all the cells and the loss 
is additive, for the user j, the Pressure Comfort Loss index 
over the activated cells of the contact surface is: 
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being x  the vector on the nj pressure variables xij. 

Additional information on kj calculation are reported in the 
Appendix (eq. A1). The final formulation of the index takes 
into account the need to design for a specific target 
population through the introduction of a parameter θ 
related to the composition of the sample in terms of sex 
(eq. 4): 

 

            ( )q q q= + -f mWPCL( ) WPCL WPCL1       (4) 

with: 
- WPCLf comfort loss function for the female population 

obtained by appropriately summing all the PCLj of 
female population. 

- WPCLm comfort loss function for the male population 
obtained by appropriately summing all the PCLj over 
the male population. 

-  

2.2 Laboratory and devices 

The experiments were performed at the Department of 
Aerospace Engineering (DIAS) of the University of Naples 
Federico II. A room, suitably cleared of furnishings, was 
chosen as scenario for the experiments. In order to collect 
data on pressure distribution impressed by participants on 
the seats the Novel Pliance mat by Novel was used fig.1. 
The mat is made of flexible material, characterized by 
16×16 sensors uniformly distributed on its surface. The 
sensors send the sampled electric signals to the pliance 
box for converting them into digital data. Then, a dedicated 
software processes the data and displays them on the 
screen as a pressure map (fig.1). The map is a scheme of 
the mat; it is a matrix of 256 cells (24,5 mm x 24,5 mm) 
respectively corresponding to the 16×16 sensors. Each 
cell is characterized by a number (pressure value in kPa) 
and a colour (pressure range). 

 

 
Number of sensors 16x16 (256) 

Data transmission Bluetooth 

Pressure kPa 

Sensors capacitive 

Fig. 1 Equipment and related output. 

 
Thanks to its flexible structure the mat is a minimally 

invasive instrument, which does not interfere with user 
perception of seat comfort. Several examples of application 
involving these devices in comfort assessment are 
reported in [12][32]. 

3 Experimental setup design 
The experiments were carefully planned to reduce noise 

in the evaluation of the comfort of sitting [26]. In particular, 
five office chairs were tested, assessing the effect of the 
design parameter softness on perceived comfort. Tested 
chairs, have a five-point base, a backrest and armrests and 
they differ from each other for shape and materials. The 
chairs are named with fantasy names (tab. 1) so as to 
avoid any conditioning of the brand name or the model 
name on the evaluation. 

 
Denomination Chairs 
OC  Oslo Chair 
MC  Madrid Chair 
CC  Chicago Chair 
TC  Tourin Chair 

Tab. 1 Tested chairs. 

3.1 Definition of the control factor  

The characteristic softness (S) was considered as a 
qualitative ordinal variable with four levels (from 0 to 3), in 
order of decreasing rigidity of the seat. In particular, each 
seat was representative of this control factor’s level (tab. 2) 

 
Control Factor 
Softness 

(S) 
0 1 2 3 

Chair OC MC CC TC 
Tab. 2 Control Factors. 

3.2 Definition of the noise factor  

The noise factor taken into account was the 
anthropometric variability of experimenters (weight) 
stratified by sex. The random variable (r.v.) weight of the 
Italian female population and the r.v. weight of the Italian 
male population are both normally distributed, with 
parameters [27] reported in tab.3. 

 
Variable pdf μ (kg) σ (kg) 
Female Normal 58 9,48 
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weight 
Male  
Weight 

Normal 75 10,05 

Tab. 3 Parameters of the Normal r.v. weight (kg) for 
Italian females and males. 

 
The r.v. weight of the whole Italian population can be 

modeled as a mixture of two normal distributions, whose 
probability density function (pdf) is [28]: 

 
 f mf ( ) f ( ) fq q q= × + - ×1                        (5) 

where: 
- q is the mix coefficient representative of the 

proportion of females in the target population; 
- ff  is the pdf of the r.v. weight of females; 

- mf  is the pdf of the r.v. weight of males; 

3.3 Experimenters 

The experimental phase involved 22 experimenters, 
including 8 females (F) and 14 males (M). Anthropometric 
data collected from the experimenters included stature and 
weight. Statistics regarding these variables are reported in 
tab. 3. 

 
Sex N  Mean St. Dev Min Max 

F 8 stature 164,3 7,5 153,0 178,0 
weight 67,2 13,3 52,8 96,1 

M 14 stature 181,6 8,3 170,0 198,0 
weight 79,4 9,3 64,4 93,0 

Tab. 4 Anthropometric characteristics of experimenters. 
 
The experimental sample is representative of the 

reference populations reported in tab. 3. Indeed, the sub-
sample consisting of only women, covers the range from 
29th to 99th percentile of the female weight distribution 
(μ=58; σ=9,48), while the sub-sample of the men covers the 
range from the 14th to the 96th percentile of the male 
weight distribution (μ=75; σ=10,05). Further details on 
experimenters, tested chairs and experimental setup are in 
[26]. 

3.4 Experimental protocol 

More specifically, experimenters tested the seats in four 
short-term static experimental sessions. During the test, 
they were asked to read a text on VDT. According to [29], 
who demonstrates the invariance of global comfort rating 
over time, the duration of each experimental session was 5 
minutes. In order to avoid the noise due to the sequence of 
the tested seats, the order of the test was randomized for 
each experimenter. Furthermore, all experimenters were 
blindfolded before and after each experimental session, to 
avoid that visual impact with the chair could affect their 
comfort perceptions [10]. 

4 Definition of the objective and 
subjective measurement methods 

During the experimental session, for each experimenter, 
two types of data were recorded for each chair: objective 
data, obtained from pressure maps and subjective data, 
collected by questionnaires (tab 5). Once design factor, 
noise factor and responses are defined, the classical cross 
array showed in tab. 6 was used to plan the experiments. 

4.1 Objective measures 

With reference to objective data, obtained from pressure 
maps, many parameters were recorded: the maximum 
pressure (peak pressure) and the minimum pressure for 
each map, the sum of pressure values over all activated 
cells (overall pressure) and the mean of pressure values 
over all activated cells (mean pressure). Moreover, the 
total area (map area) and the weight on the mat (download 
weight), were measured. Finally, known the pressures of 
individual cells, it was possible to calculate the index PCL 
for each user and for each seat, using the equation 3. 

 
Type Label Source 
 
 

Objective 

Peak pressure [N/cm2] Pressure maps 
Min pressure [N/cm2] Pressure maps 
Overall pressure [N/cm2] Pressure maps 
Mean pressure [N/cm2] Pressure maps 
Maps area [cm2] Pressure maps 
Download weight [N] Pressure maps 
PCL Calculated from 

pressure data 
 

Subjective 
Comfort rating Questionnaire 
Comfort ranking Questionnaire 
Comfort degree Questionnaire 

Tab. 5 Typology and sources of recorded data. 
 
 

4.2 Subjective measures 

After the test, each user expressed his/her subjective 
perception of comfort using three evaluation scales (rating, 
ranking, comfort degree) and the data were collected by 
questionnaires. For the rating evaluation the Borg CR10 
scale [30],[31] modified by Kyung et al [32] was used. 
Rating scores ranged from 0 (no comfort) to 10 (extreme 
comfort). Every experimenter gave also a ranking of the 
chairs based on the perceived seat comfort. Finally, the 
third scale measured the user agreement with the 
statement "the seat is comfortable" using a four-point 
semantic scale : "I do not agree at all" (NA), “I scarcely 
agree" (SA), “I fairly agree" (FA), “I absolutely agree"(AA). 

5 Comfort indexes definition and 
validation 

The last step of the presented validation framework was 
the identification of good objective predictors for perceived 
comfort. From a statistical standpoint the nature of 

  Noise factor Weight 
  Female Male 

TES
T 

S E1 Ei E8 E1 Ej E14 

I 0 
 
  

.
.. 
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.. 

 

II 1 
 
  

... 
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III 2 
 
  

..
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IV 3 
 
  

..
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..
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Tab. 6 Cross array. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
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dependencies between perceived seat comfort and seat 
pressure variables, collected in the experimental phase, 
was analysed through a logistic regression model. More 
specifically, in order to identify a robust response function 
to use in the regression model, an association analysis 
was performed on the three evaluation scales. Then an 
ordinal logistic regression was performed to detect the 
significant dependencies, if any, of perceived comfort from 
anthropometric variables (i.e. sex, weight, stature) and 
pressure variables (full model). Finally, starting from 
parameters that were significant in the full model, a new 
ordinal logistic regression model was re- fitted to deepen 
the nature of dependencies previously identified.  

5.1 Choice of a robust evaluation scale for 
perceived comfort 

Few studies in literature have dealt with the validation of 
subjective scales for comfort assessment, although this 
aspect strongly affects the achieved results. In order to 
verify the consistency of the subjective data collected, the 
three evaluation scales adopted to collect the perceived 
comfort judgment were analyzed to verify their level of 
association. All three adopted scales are ordinal and 
polytomous. According to [34] the Goodman and Kruskall's 
index was applied to all possible combinations of binary 
association: 
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                            (6) 

where: 
- S is the total number of pairs of responses on 

different evaluation scales which verify the condition 
i>i’ and j>j’ or both i<i’ and j<j’ 

- D is the total number of pairs of responses on 
different evaluation scales which verify the condition 
i>i’ and j<j’ or both i<i’ and j>j’ 

Results obtained, summarized in tab. 7, show a 
substantial consistency of the three scale. The minimum 
value calculated (between ranking and rating, equal to 
0,653) reveals, however, a medium-high level of 
association between the scales. It is evident that the 
responses given on the scale “comfort degree” were highly 
associated with the other ones. So the comfort degree was 
selected as a good proxy of perceived comfort and set as 
response function in the adopted logistic regression model. 

 

 
Comfort 
degree 

Rating Ranking 

Comfort degree 1,000 0,984 0,860 
Rating 0,984 1,000 0,653 

Ranking 0,860 0,653 1,000 
Tab. 7 Results for the association analysis on the 

evaluation scales. 

5.2 Logistic Regression model 

According to both experimental data and results 
achieved in previous phases of the validation procedure, 
the full model of logistic regression was built. This model 
included all variables that were assumed explicative for the 
response function “comfort degree”. Comfort degree was 
an ordinal response function with four ordered levels : "I do 
not agree at all " (NA), "I scarcely agree "(SA) " I fairly 
agree "(FA)" I absolutely agree "(AA). The list and 
classification of variables in the full model is reported in 
tab. 8: Quantitative variables are described in par. 4.2. 
Qualitative variables of the model were: 

- Sex, that is a dichotomous variable (0=female, 
1=male) 

- Softness is a polytomous variable with four modalities 
(0, 1, 2, 3). 

Type Name 
 
 
 
Quantitative 

Peak pressure [N/cm2] 
Mean pressure [N/cm2] 
Maps area [cm2] 
Download weight [N] 
PCL 
Rate stature/weight of users 

Qualitative Sex 
Softness 

Tab. 8 Full-model variables. 
 
The baseline logit model [35] was used to identify 

significant relationships between the response comfort 
degree and the explicative variables in tab. 5. The 
generalized linear predictor equation was: 

b b= + '

k k i k
ĝ( x ) x

0
                       (7) 

where: 

- 
k

ĝ(x) is the generalized linear predictor  with K=4 

(index of the logits); 

- '

ix are all model variables reported in table 5; 

- βk are the parameters of the model. 
The significance of all parameters βk was tested by 

using a stepwise backward elimination algorithm, that 
verified the null hypothesis that the model parameters  are 
equal to 0. The results showed that the null hypothesis 
should be rejected with the conclusion that at least two 
parameters were significant in the model (PCL, peak 
pressure). Based on these results, the model could be re-
fit. Then the ordinal logistic regression model (OLR) was 
applied [35][36] by using the comfort degree as a response 
function and  peak and PCL as model variables. Based on 
the proportional odds approach, the model compares, for 
each ordinal level of the response function, the probability 
of an equal or smaller response function Y£ k, with the 
probability of a larger response Y>k. The model output is 
reported in tab. 9. The results indicate that peak pressure 
significantly affects perceived comfort. 

 

Pred Coeff 
SE 
Coeff 

z-val p-val OR 
95

%CI 
Lower 

95
% CI 
Upper 

Const -6,49 1,29 -5,02  0,00    

Const -3,83 0,79 -4,85 0,00    

Const -0,05 0,66 -0,07  0,94    

Peak   2,93 0,79 3,71 0,00 18,79 3,99 88,46 

PCL -0,02 0,01 -1,68 0,09 0,98 0,95 1,00 

Tab. 9 Ordinal logistic regression table. 
 

The positive coefficient of 2,93 for peak is the estimated 
change in the logit of the cumulative comfort degree 
probability when a set of levels is compared with the others 
covariates, whereas PCL held constant. Because the p-
value for estimated coefficient is close to 0, there is 
evidence to conclude that peak has a significant effect 
upon comfort degree. The odds ratio value is greater than 
one (18,79), this indicates that high peak pressures values 
tend to be associated with low values of comfort degree. 
The p-value indicates that there is no evidence to conclude 
that the PCL affects the comfort degree. The value of the 
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odds ratio is approximately equal to 1, this indicates the 
independence between PCL and comfort degree. 

6 Experimental results elaboration 
The last step of the proposed framework was aimed at 

the validation of the index from an engineering point of 
view. Mean values of peak and WPCL for the four chairs 
were compared to verify the consistency of information 
provided by these indexes. Furthermore, the analysis of 
the pressure maps related to the worst values of peak and 
WPCL, allowed the identification of chair characteristics 
which were critical to improve seat comfort. Given the 
value of k (see Appendix), it is possible to calculate the 
index WPCL from PCL for a mixed population. For the 
analyzed sample, it was θ =0.36 and (1-θ) = 0.64 (36% 
females and 64% males). The results, assuming WPCL as 
a response function, are shown in tab. 10, for female, 
mixed and male population. 

 

Level 3, corresponding to the highest level of cushion 
softness, was the best one in terms of WPCL, whereas 
levels 0 and 1 got the worst results, with comparable 
values of WPCL (fig.2).  

 
Fig. 2 Mean effects assuming WPCL as  

response function for a mixed population. 
 
Level 3 seems to be also the most robust one against 

changes in the composition of the reference sample (fig.3). 
A minor change in the slope of mean effects diagram, in 
fact, indicates a minor change in WPCL index over 
different composition of the sample. The mean effects 
diagrams for the other levels highlight slightly higher 
slopes. However, whatever is the softness level, the index 
WPCL is greater for males than females, since it is 
influenced by the distribution of body weight. 

 
Fig. 3 WPCL Index for different sample compositions. 

The same analysis was carried out, assuming the peak 
pressure as a response function. As shown in fig. 4, the 
lowest values of peak pressure were recorded for level 3. 
Level 2 got comparable performance, whereas level 0 and 
1 once again resulted to be the worst ones. 

 
Fig. 4 Mean effects assuming peak pressure as  

response function for a mixed population. 
 
The diagrams of pressure peaks for different sample 

compositions (Fig. 5) confirmed that level 3 is the best one, 
since it presents the lowest peak pressure values for any 
mix of the population. However, it is evident that, in this 
case, level 2 is more robust against the anthropometric 
variability induced by sex, as evidenced by the lower slope 
of the mean effects diagram; once again, levels 0 and 1 got 
the worst performance. Assuming that the sample were 
composed exclusively of women (θ = 0), level 0 would be 
better than level 1. However, level 0 seems to be less 
robust against anthropometric variability induced by the 
composition of the sample, as the highest slope of its main 
effects diagram highlights.  

 Response 
  F Mix M 

TEST S WPCLf WPCL WPCLm 
I 0 0,74 0,987 1,125 
II 1 0,699 0,949 1,09 
III 2 0,395 0,609 0,729 
IV 3 0,213 0,342 0,415 
 Tab. 10 Results from using WPCL as a response 

function. 
 

  Response 
  F Mix M 

TEST S peakf peak peakm 
I 0 1,425 2,284 2,767 
II 1 1,488 1,936 2,189 
III 2 0,908 1,112 1,227 
IV 3 0,688 0,946 1,092 
 Tab. 11 Results from using peak pressure as a 

response function. 
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Fig. 5 Peak pressure for different sample compositions. 

 
The ranking of chairs shows substantial coherence of 

the results provided by peak pressure and PCL.  
With regard to level 3 (i.e. seat TC), the minimum 

values of these indexes are related, for each sub-sample, 
to the same pressure map and thus identify the same 
experimenter (fig.6).  

This coherency in results does not mean that peak 
pressure and PCL provide the same information.  

 
 
 Female Male 

Min 
PCL and 
peak 
pressure  
Map 

 

Experimenter 1 

 

Experimenter 18 

 
Fig. 6 Pressure maps related to minimum values of PCL  

and peak pressure for the seat TC. 
 
For instance, fig. 7 show the pressure maps related to 

the maximum values of peak pressure and PCL for level 0 
(i.e. seat OC), which resulted to be the worst one in terms 
of perceived comfort.  

 
 Female Male 
 Experimenter 5 Experimenter 17 

Maximum 
PCL 
Maps 

  
 Experimenter 16-  Experimenter 21 
 

 
Maximum 
Peak 
pressure 
maps 

  
Fig. 7 Pressure maps related to maximum values of PCL  

and peak pressure for the seat OC. 
 
The joint analysis of these indexes allows to obtain 

important information for the improvement of the seat. 
Based on selected maps it is possible to highlight main 

issues in improving the design of tested chairs. By 

integrating the information provided on sensitive areas by 
maximum peak pressure and PCL, it is possible to improve 
the seat in terms of comfort loss. More specifically, it is 
important to identify and analyze the most stressed areas, 
in order to reduce load on bony prominences of the pelvis, 
taking into account anatomical differences related to the 
sex of the experimenter [37]. As shown in fig. 6, in fact, the 
pelvis of women are developed more in width, while in men 
the sacral and iliac bone is thicker and heavier, generating 
localized peaks of greater magnitude. The analysis of 
pressure maps stratified by sex help to take into account 
variability and redesign the seat’s shape and materials. To 
mitigate the peak loads at the ischial tuberosities, for 
different anthropometric percentiles, an insertion of 
material could be expected (e.g., polyurethane foam of 
assigned density) to reduce significantly the discomfort 
caused by body compression on the seat. 

7 Conclusions 
The purpose of this work was the validation of an index 

for seat comfort assessment, which could be a valuable 
support in the design phase. More specifically, the WPCL 
index proposed in a previous work, was compared with 
both objective and subjective parameters obtained in 
experimental tests planned to compare office chairs. 

From the statistical standpoint, relationships between 
perceived comfort and objective parameters were 
investigated through a logistic regression model, assuming 
as a response function the subjective measure of users’ 
comfort perception (comfort degree). Among others 
objective measures, OLR identifies peak pressure and PCL 
as the two parameters that are significantly associated to 
perceived comfort. The results revealed that comfort 
degree strongly depends on peak pressure, whereas there 
is no statistical evidence of dependence on WPCL. The 
assumption that the high pressure values are predictors of 
comfort is unsatisfactory. In fact, the peak pressure can be 
a useful parameter for the designer, only if integrated by 
information about the position of the peak itself [8]. 

On the other hand, the failure to identify significant 
correlation between WPCL index and comfort degree, must 
be deepened. It could be that subjective evaluation in a 
short-time session is more related to instantaneous stimuli 
like the peak pressure. This means that the opinions of 
users may be misleading and therefore not suitable in an 
analysis like the one proposed in this paper. Further 
investigation will concern the following critical issues: 
- a refinement of the index so as to take into account 

variations between neighbouring cells of a pressure 
map instead of single values; 

- An in-depth study of the most significant 
anthropometric variables is necessary in order to 
improve the robustness of the seats over different 
types of users (design for all). 

- From an engineering standpoint, the index WPCL 
and the peak pressure, got consistent results with 
regard to softness, providing not redundant 
information that could help designers to improve chair 
design, taking into account different sensitive areas of 
the seat. 
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Appendix: kj definition 
The calculation of kj was made on the basis of pressure 

maps data, assuming that the maximum value of the ratio, 
expressed in formula (eq. A1) was the maximum tolerable 
by the user. More specific only maps which had a comfort 
degree score equal to 4 (completely comfortable) were 
selected. Identified the maximum of this ratio, the value of 
kj (one for all the maps) was calculated as its reciprocal. 
More specifically, the resulting kj value was equal to 0.10. 
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Abstract 

In the paper, a virtual acoustic environment interface for sound source localization training is 
presented. It is shown that, by means of a 3D virtual environment and 3D sound sources, the 
subject is able to interact and learn to localize virtual sound sources. This can constitute the 
basis of a potential navigation device able to be used in the future by blind people.  
   Many different interfaces have been developed for sound source localization; however, 
there are no virtual interfaces where the user can learn to localize spatial sound sources with 
great precision, through interactive virtual environments and stereo headphones. During 
these last decades, researchers worked hardly in the development of virtual auditory spaces. 
The idea of a virtual acoustic space is based on the fact that the acoustic sounds, which are 
presented to the listener through headphones, are perceived by him as coming from the free 
field. This phenomenon is also known as sound source lateralization. Since its beginnings, 
the development of virtual sounds has been mainly based on the linear system analysis in the 
frequency domain, with the Fourier Transform, named Head Related Transfer Function 
(HRTF). The sounds reproduced by headphones appear to be originated within the head. 
Due to the human hearing system, humans are able to externalize the head-originated 
sounds as if they were coming from the surrounding environment.   

1 Introduction 
With the development of new technologies and 

introduction of computers in the experimental trials, the 
demand of developing new and wearable Graphical User 
Interfaces as well as new evaluation methods 
continuously increases [1]. Thanks to the use of Graphical 
User Interfaces and software packages during the 
experimental trials, psychoacoustic experiments have led 
to better and more precise results in terms of analysis and 
representation. The present paper describes the 
development of a simple Graphical User Interface (GUI) 
for acoustical experiments, which enables the subjects to 
visually interpret the location of the virtual sounds [2]. 
Usually each psychoacoustic experiment has its own GUI 
and software, but some experiments use software 
packages enabling the researcher to set up a large 
variety of experiments under a common platform.  

It is well known that humans have abilities to perceive 
the surrounding environment through the vision and the 
hearing [3]. But what happens when one of these human 
senses is lost? When humans lose their vision, then they 
are not able to perceive their surrounding, are not able to 
communicate or travel without help, they lose their 
independence [4].  In this case, it becomes necessary to 
make use of other senses such as hearing or feeling. The 
same situation happens when the objective is to learn to 
localize virtual sounds. All normal hearing people may 
perceive when a car or machine is getting near or will hit 
him. They can also perceive with certain precision the 
direction and distance of the noise or surrounding sounds. 
But are humans able to perceive with great precision 
(about centimetres) the position of a virtual sound? This 
task is difficult; a long training period is necessary so that 

the human gets used to the sound, associating it to a 
special spatial position. This paper describes the 
application of the GUI in the experiments for virtual sound 
source localization through headphones. An important 
factor in the design of a graphical interface for acoustical 
experiments is the resolution of the image, its precision 
and accuracy. Other important factor is the accuracy of 
sound reproduction. This factor depends on the selected 
software, which must deliver and process virtual sounds 
without modifying sound features, so that users can obtain 
a clear externalized sound. Another consideration in the 
design and use of a graphical interface for the acoustic 
experiments is the method employed for spatial sound 
reproduction, which must imply a simple solution for 
representing the sound scene and answer method. To 
find and represent the sound centre and region, in the 
paper, cells are used. This method was previously used in 
order to eliminate some problems related to sound 
localization accuracy. The interface can be used for 
testing adults and children abilities. The interface was 
developed at the Research Centre in Graphic Technology 
at the Universitat Politecnica de Valencia based upon 
software Macromedia Flash 8.0.  

 

2 Design of the virtual acoustic 
environment interface 

After defining the process and the requirements of the 
study, the process of designing the virtual acoustic 
environment interface can be divided into 5 steps: step 1: 
sound generation; step 2: definition and design of the 
experimental procedure; step 3: running experiment; step  
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Fig. 2 Running experiment interface. 

 
 
4: results presentation and step 5: analysis of the 

collected responses.  
 

2.1 Interface design  

 A virtual acoustic environment interface is designed to 
provide a simple and intuitive tool for representing the 
sounds both in azimuth and in depth. The interface allows 
the user to perceive spatial judgements. At the same 
time, the interface is designed to be easy to be used. The 
actual virtual acoustic interface is capable of performing 
two sets of experiments: first, the anechoic sound 
experiments and, second, experiments with reverberation. 
Each set of experiments is based on three, in which three 
different sounds are used: wood, bongo and delta sound. 

 

 

Fig. 1. Data introduction window. 

 
 

The experimental interface consists of three interfaces: 
data introduction, running experiment and results 
presentation. Data introduction window (see Fig.1), allows 
to introduce subject details, to select experimental mode 
(anechoic sounds or with reverberation), the type of sound 
or the number of delivered sounds. Also the interface is 
designed for two types of experiments: training 
experiment and localization experiment. When selecting 
training experiment, the user is able to see the position of 
the listened sound. That is, when a sound is reproduced 
by the system, then the cell with the coordinates of the 
sound is coloured in green. In this way, the user is able to 
hear the sound and associate it with a location in the 
space.   

In case of the localization experiment, the user listens 
the sound through the headphones, clicking on the cell of 
the interface in which he thinks that the delivered sound is 
located.  

The running experimental interface includes a data 
presentation block and a graphical image of the 
environment (Fig.2). In the data presentation section, the 
coordinates of the mouse are presented at the upper left 
hand as well as a button for sound repetition and a 
window informing on the number of the remaining sounds. 
In the column in the middle, the accuracy results 
regarding the location of the precedent sound are shown. 
Finally, in the column on the right hand the coordinates 
selected are specified both in azimuth and in distance.  

The Graphical image of the environment represents a 
horizontal plane of the frontal view, where the small circle 
represents the human eyes. The distance is presented in 
17 divisions between 0,5m and 5m increasing in an 
exponential way and 26 divisions in azimuth between 55º 
at the left side and 55º at the right side of the human ears. 
Each division has 5º in azimuth. In this way, the 
environment is divided in cells.  

Finally, results presentation interface is based on a 
table, in which sound localization accuracy in azimuth, 
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distance and mean accuracy is presented in three 
columns for each individual trial.   

  

2.2 Sound 

Two different sounds are firstly recorded in order to 
represent real sounds. These sounds come from 
everyday life objects made from impacted wooden and 
bongo beam. A delta sound is generated with Adobe 
Audition software. Then, each sound is simplified based 
on additive synthesis techniques to resize these recorded 
sounds at a 44,1kHz sampling frequency and sound level 
of 72dB. All sounds are recorded and generated for both 
anechoic and with reverberation environments, by using 
binaural cues. Finally, each sound is convolved with a 
non-individual Head-Related Transfer Function (HRTF) 
using (1) (See Fig.3) [5].  
 
                          y(n)=x(n)*h(n)                                  (1)
  

 
where x(n) represents the sound with n samples and 

h(n) represents the Head-Related Transfer Function of n 
samples.  

 
 
 
 
 
 
 
 
 

Fig. 3 Convolution representation of two sequences. 

 
The non-individual HRTF’s are generated with the 

CATT Acoustic application, which represents a computer 
model for room acoustic generation, convolution, 
auralization, etc. [6.]. In order to generate the HRTFs the 
Maximum Length Binary Sequences MLBS was applied 
and later cross correlation method was used between the 
system answer and MLBS input.   

Each sound was processed using Matlab and saved as 
a Microsoft “.wav” file sampled at 44.1 kHz with 16-bit 
resolution. 

 
 

3 Experimental procedure 
 
After the sound has been created and the experimental 

procedure has been defined, subjects can perform the 
experiment. The users were seated in front of a computer 
where a graphical user interface is presented as in Fig.1.  

Stimuli were presented through SENNHEISER HD201 
headphones connected to a laptop using the experimental 
program developed in Flash 8.0. The program allows the 
reproduction of qualitative sounds. The subjects 
interacted with the experiment using the GUI represented 
in Fig.2.  

This experiment was carried out in a conventional 
laboratory where external noises, such as human speech, 
traffic on the street, equipment noises, etc... are present.  

The experiment is divided in two parts: the anechoic 
material sounds and material sounds with reverberation. 

Each part consisted of the three aforementioned sounds: 
wood, bongo and delta sounds. 

In each test, the user listened a train of sounds in a 
specific spatial position, randomly selected by the 
program; he should estimate their position according to 
his perception. After the user had selected the response, 
the next train of sounds was reproduced. Each test was 
based on a set of ten sounds reproduced at different 
positions. The method employed was based on the forced 
selection; this is, the sounds are presented to the listener 
in different locations and the listener is required to answer 
whether the sound appears at the left, right, centre, near 
or far, by clicking on one cell of the user interface. Even if 
he does not know, he is required to provide an answer. In 
the experiment the duration of the sound was not taken 
into account. Participants could repeat the sound as many 
times as they wanted by pressing the repetition button. 
Then the listener responded by clicking with the mouse on 
one of the cells of the interface. The volume control was 
constant for all subjects. There was no feedback. A typical 
run lasted 5-8 min, depending on the listener. 

 All listeners performed one trial for each six types of 
sound consecutively. Initially, the listeners performed the 
experiments for each of the three types of sound 
individually for the anechoic environment and, later, for 
the reverberation environment. Provided that the program 
delivered only one material sound type per trial, it was 
assumed that this method did not affect participants’ 
response. The sounds were delivered one by one in a 
randomized order for each stimuli and trial. After hearing 
the sound through the headphones, the listeners were 
asked to click on the cell from where they considered that 
the sound was coming from. Before answering, the 
subjects were allowed to repeat the stimulus as many 
times as they need by pressing the Repeat Sound button.  

 

4 Results  
For a better analysis of the results, the program 

specifies for each response, the azimuth, distance, mean 
azimuth and mean distance and gives the average 
accuracy for sound position, saving all these data into a 
‘.txt’ file. The obtained results are analysed offline. The 
results are presented for each sound and trial. 

  
 

Value, 
% 

anechoic reverberation 

WOOD BONGO DELTA WOOD BONGO DELTA 

Max. 97,1 96,6 95 96,7 95,4 94,9 

Mean  89,87 93,38 88,61 91,63 92,83 91,11 
Min. 71,5 88,4 80,5 83 87,7 83,1 

Mean 
sd. 

8,8 3,1 5,8 4 2,5 3,5 

Tab. 1 Mean and minimum values in percentage for all three 
rounds for 1) anechoic and 2) with reverberation sounds. 

 
Tab.1 presents subject results for 1) anechoic sounds 

and 2) sounds with reverberation, for wood, bongo and 
delta sounds. In Tab.1 it can be observed that localization 
accuracy of all sounds is higher than 70%, and maximum 
standard deviation (N-1) on localization is 8.8% for wood 
anechoic sound, which is indeed a very low deviation.  

The development of the experiments showed that the 
GUI plays an important role in virtual sound localization. 
Also, it was found that, even if a simple and poor 

 n= 0   1                         n= 0   

1                                   

   x(n)          *        h(n)  
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graphical interface is used, subjects are able to associate 
this graphical interface with the real environment.  
 

 

5 Conclusion 
In the present paper an easy-to-use research virtual 

acoustic interface, which enables the development of 
acoustical experiments, has been developed. This 
interface allows researchers to test localization ability of 
the users using hearing and visual cues. The tests 
provide data which are consistent and acceptable in 
virtual sound localization task. A further study will 
investigate the design of a new three-dimensional 
interface, able to be adapted to sound localization task: It 
will allow subjects to localize sounds through a simulated 
real environment in which the objects will reproduce 
sounds, having the subjects to decide which object 
sounds and where the sound is coming from. The idea of 
the new interface is based on the idea of interactivity with 
the user, just as if the subject was playing a videogame.  
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Abstract 

CAD data has grown in complexity while computer assisted tools must be improved in the 
following aspects: usability for non CAD experts, cooperation support, understanding of 3D 
geometries and integration between real and virtual models. 
We present a novel scenario for product development integration based on Augmented 
Reality. The main advantage of our approach is to add contextual information directly on the 
real industrial product or even on technical drawings. The users can interact with digital 
information through the physical environment for direct product digital data navigation and 
visualization. 
We validate the AR integrability in the product development process presenting some 
practical applications in critical phases as: (i) PLM data access, (ii) FEM simulation and 
visualization, (iii) collaborative review for design alternatives, (iv) quality inspection of 
manufactured geometries. We experienced significant improvement in the product 
development speed, increase in the collaboration potential and reduction of paper sheets in 
the product environment.  

.

1 Introduction 
To maintain a competitive edge in global market, 

manufacturing enterprises must leverage their digital 
information assets, which include a tremendous amount 
of engineering data: CAD models, FEM analysis, 
tolerances, annotations, etc. An emerging technology 
called Digital Master embeds all the engineering 
knowledge about a product into its CAD model. Tools and 
process to efficiently manage, distribute, and modify this 
information are essential. The digital master, which 
virtually eliminates the stacks of technical drawings, is not 
yet completely adopted in industrial practice, mainly 
because engineering software does not support at best all 
phases of the virtual product development process. At 
present time, PLM, PDM and EDM tools use standard 
desktop-based Graphical User Interfaces (GUI), which 
demonstrated the following limits: scarce usability for not 
CAD professionals, low cooperation level, limited 
management for different expertises and low integration 
between real and virtual models. 

  

Fig. 1. AR visualization of a 3D CAD model with technical 
annotations on a paper drawing 

As far as regards usability, current GUIs in PLM are 
mainly based on part features tree view and spreadsheets 
operations. These GUIs may not be user friendly to 
navigate and perceive complex CAD models or to be used 
in manufacturing environments. Moreover desktop GUI 
does not facilitate team working, because of the physical 
barrier of the computer screens (called “immediate 
individual environment”). Effective tools should provide a 
better digital cooperative workspace similar to a meeting 
table and should improve communication among experts 
in different fields. 

An additional drawback of current PLM software is the 
lack of a unique workspace where virtual models, 
technical drawings and physical products can coexist for 
discussion. This scenario is common in industry because 
a virtual shape (i.e. CAD model) often needs to be 
compared with physical mock-ups. 

According to the authors’ vision, user interaction in 
product development process could tremendously benefit 
from Augmented Reality (AR) technology (Fig. 1). 

Born in military and aerospace applications to augment 
information-dense environments with digital data, AR can 
provide an ideal solution for Digital Master exploration. In 
fact, Dunston demonstrated with engineering user tests, 
that the perception of 3D design can be improved using 
AR [1]. 

Moreover AR system can provide different levels of 
model perception according to the type of display and the 
viewpoint control. Lee categorized them in three main 
configurations [2]. In mobile configurations the viewpoint 
is coincident to the user’s eyes. This can be achieved by 
see-through displays or by using projectors (spatial 
augmented reality). The users are free to change their 
viewpoint while the digital content is overlaid onto the real 
scene. In fixed configurations, the real scene is acquired 
by a fixed camera positioned accurately to cover the 
entire workspace. The augmented scene is visualized on 
a display, usually a large screen, decoupled from the real 
world. The user is not compelled to wear or hold any 
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device. Finally the tele-mobile configuration is similar to 
the fixed one, but with the user moving the camera. 

Several different industrial showcases of AR are 
reported in the ARVIKA project (www.arvika.de). They 
demonstrated that one of the most important aspect of AR 
is the possibility to use tangible interfaces. A Tangible 
User Interface (TUI), is a user interface in which a person 
interacts with digital information through the physical 
environment. TUIs have emerged as an alternative 
paradigm to the more conventional GUIs letting users 
manipulate objects in virtual space using real, thus 
“tangible”, objects [3]. The early developments of TUIs 
date back to the early 1980s, when Frazer explored 
different approaches to parallel physical and digital 
interactions with his 3D data input devices [4]. 

The ARIEL system [5] was one of the first examples in 
literature of TUI applied to technical augmented reality 
environments. ARIEL is based on a graphics tablet for 
capturing user gestures and on a projector to overlay 2D 
multimedia annotations onto real technical drawings. 
Their experiments proved the benefits of a tangible 
medium (i.e. the paper drawings) when augmented with 
digital content. 

Terry et al. presented JUMP, a tangible interface for 
augmented paper-based architectural documents [6]. 
They presented a novel set of tangible tools for the 
navigation and interaction using 2D augmented technical 
drawings. In JUMP, filter tokens can be placed on the 
paper to modify the visualization of electrical, mechanical, 
and structural information. They developed also a 
physical rectangular selection tool by framing a portion of 
the drawing with physical brackets. 

Some researchers have proved by user tests that 
gesturing, navigation, annotation and viewing are the four 
primary interactions with design artefacts in technical 
meeting [7]. According to their studies, the form of the 
design information (2D vs. 3D, digital vs. physical) has 
minimal impact on gesture interactions, although 
navigation varies significantly with different 
representations. They spotted bottlenecks in the 
collaborative design process when meeting participants 
attempted to navigate digital information, interact with wall 
displays, and access information individually and as a 
group. 

However, most researches in literature are proof-of-
concept prototypes which hardly progress beyond the lab-
phase. For this reason, the attention of commercial PLM 
software producers is more and more focused on user-
friendly interfaces in order to deal with the growing 
database complexity. Dassault Systemes, for example, in 
its latest commercial products, lets users intuitively 
browse, zoom, select and inspect the product definition 
dynamically using virtual 3DLive turntables. 3DLive 
turntable is an innovative interface, specifically developed 
for 3D model understanding and tangible rotation using a 
touch-screen Tangible interfaces are a novel approach to 
access product contents efficiently and user friendly. In 
our idea, the user can introduce a tangible element with a 
unique visual ID in the workspace (office desk, meeting 
table, production workbench, etc.). This visual ID can be a 
binary coded image, the marker, working as spatial 
reference for the AR visualization overlay. These markers 
can be printed or attached as stickers on paper, i.e., 
technical drawings. We decided to use these tangible 
interfaces, for three main reasons: (i) because drawings 
are currently used in any product development stage, (ii) 
because technical users are used to handle, store and 
sort sheets of paper (iii) because of simplicity and the low 

costs of implementation. We implemented such interfaces 
in our AR engineering framework [8]. 

2 AR in Product Development phases  
The objective of our work is to highlight a set of general 

scenarios and specific test applications, exploiting 
augmented reality interfaces, in the context of product 
development. In particular, we expect AR to play a 
significant role in specific phases of the product 
development chain, namely: 
- Design (review, evaluation, alternatives, etc.) 
- Analisys (FEM, simulations, etc.) 
- Manufacturing, assembly and quality control 
- Maintenance 
- Marketing etc.  

 

Fig. 2. A non-exhaustive scheme of the AR supported 
phases in Product Development 

The scheme in Fig. 2 represents a schematization of 
the phases in product development which can benefit 
from AR technologies and some specific applications. In 
section 3 we present and compare the most effective 
general AR scenarios in product development. In section 
4 we describe some specific applications that we 
implemented to prove the effectiveness of AR integration. 
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3 Product Development Scenarios 
Product development brings together a large number 

of activities and a single workspace does not satisfy all 
the user requirements. In this section we present a non-
exhaustive list of possible scenarios based on tangible 
interfaces. For each scenario we outline the following 
aspects: hardware configuration, viewpoint type, TUI\GUI 
interaction level, application field, physical collaboration 
support and remote co-working capabilities. 

3.1 Augmented User 

The user wears see-through AR glasses connected to 
a wearable PC. See-through displays allow the user to be 
aware of the real industrial environment. This 
configuration allows maximum mobility for the user letting 
him\her work in a large workspace with free hands. EDM 
database is accessed via wireless network. The 
interaction is achieved mostly by TUI with none or limited 
GUI. Suggested applications for this setup are: 
inspection, training, etc. Disadvantages may include the 
display resolution, the limited field of view and the optical 
tracking robustness in hostile manufacturing 
environments (e.g. dust, electrical noises, bad lighting, 
etc.). 

In another setup the user holds a handheld (flashlight-
like) camera and a wearable PC connected to the 
network. The user is free to move in the industrial 
environment and to teleconference with other users 
remotely logged. The difference compared to previous 
setup is the viewpoint mobility. The user can move the 
camera in the industrial environment, reaching potentially 
every location under wireless coverage. Local tracking is 
provided by markers (in future may be RFID active 
markers) and broadcasted to the system. This scenario is 
particularly important in maintenance, where remote 
experts can guide and assist the user. The user loads 
his\her customized visualization of the model and 
broadcasts it remotely. The main advantage of this 
configuration is the maximum mobility for point of view. 
This may also lead to an unsteady point of view due to 
the fact that the user must hold the camera. TUI and GUI 
interaction is also rather limited. 

3.2 Mobile Window 

The user holds a tablet PC with a camera on the back 
side (Fig. 3). Tablet displays allow the user to be fully 
aware of the real industrial environment. This 
configuration allows a good mobility for the user letting 
him/her work in a large workspace but it requires that at 
least one hand holds the tablet. EDM database is 
accessed via wireless network. The interaction is 
achieved mostly by GUI with the tablet pen. Suggested 
applications for this setup are: design review, inspection, 
etc. Disadvantages may include the weight of the tablet 
and the single-handed interaction limitation. 

 

Fig. 3. Personal mobile window 

3.3 Augmented Desktop 

The user works on a desktop workstation with a 
camera pointing on a free area on the desk which will be 
the augmented workspace (Fig. 4). The AR workspace is 
limited to the user’s desktop and the model interaction is 
achieved by moving the TUI (augmented technical 
drawings) and by the traditional desktop GUI with a 
mouse and a keyboard. In normal use, the TUI is just a 
support to the ordinary GUI. For this reason, this scenario 
is suggested for all EDM tasks which involve an heavy 
use of keyboard entry of numerical or text data: e.g. 
detailed design, engineering, numerical analysis, etc. The 
main advantage of this setup is the similarity with the 
traditional working environment, allowing an easy access 
even for a non technical user. Users, in fact, find much 
easier and intuitive the navigation of 3D models using a 
tangible metaphor. A limiting factor is that it must be 
implemented in an office-like environment. 

 

Fig. 4. Augmented desktop 

3.4 Augmented Workshop 

This scenario is similar to the augmented desktop as 
regards the hardware setup, but it is designed for a 
production stage environment (Fig. 5) instead of a clean 
office desk. The user is on a workbench on the production 
line where no keyboard or mouse is present. The user can 
interact by touch screen on industrial monitor and by 
tangible augmented drawings. An industrial buttonbox can 
also be used. The main advantages are: both hands free 
for the user, possibility to display high resolution rendering 
of the 3D model and EDM data, comfortable working 
environment, similar to a non augmented one. Ideal 
applications may be quality check or guided assembly. 
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Fig. 5. Augmented workshop 

3.5 Augmented Collaborative Table 

This scenario supports collaborative workspace at 
best. It consists of a meeting table with the function of 
shared augmented area and of a large screen. The 
screen can be vertical or horizontal and eventually have 
stereographic or holographic display. The configuration is 
depicted in Fig. 6. All users can access to the augmented 
shared area with their tokens and they can annotate the 
model using their own PC laptop for precise GUI input. 
Remotely located users can join the group and participate 
with virtual meeting tools. The system will take care of the 
synchronization of the digital master data including 
annotations, chat and history. The main applications of 
this scenario are marketing and design review: the shared 
workspace can contain virtual CAD models, real pre-
production mock ups, on-line technical content and 
simulation results for collaborative discussion. The main 
advantages of this scenario are the high collaboration 
support, the coexistence of real and virtual products and 
the social contact of real meetings. 

 

Fig. 6. Augmented collaborative table 

3.6 Augmented Presentation 

This scenario considers a speaker who wants to 
present a solution to a large audience. A large screen is 
the main visualization device. The data management is 
achieved mainly by TUI in form of digital drawing or mock-
up placed on the speaker’s stand (Fig. 7). The audience 
can access to the same digital data with personal 
visualization devices and can add annotations which are 
updated in real time for all the members of the discussion. 

 

Fig. 7. Augmented presentation 

The characteristics of each scenario are summarized in 
Table 1. 

Scenario 
View 
point 

TUI 
Level 

GUI 
Level 

Collab. 
Level 

Remote 
co-work 

Augmented 
User 

mobile high low low med  

Mobile 
Window 

mobile low high med med 

Augmented 
Desktop  

fixed med. high low high 

Augmented 
Workshop 

fixed med low low low 

Augmented 
Collab. Table 

fixed high med high med 

Augmented 
Presentation 

fixed high low med med 

Table 1. Tangible interface scenarios. 

4 Applications and case studies 
In this section we present some applications and test 

cases of AR environments integrated in product 
development phases. 

4.1 Augmented drawing 

In our idea (as depicted in Fig. 8), the user can exploit 
the potential of an Augmented Technical Drawing (ATD) 
introducing a tangible element with a unique visual ID in 
the workspace (office desk, meeting table, production 
workbench, etc.) This visual ID can be a 2D binary coded 
image, the marker, working as spatial reference for the 
AR visualization overlay. These markers can be printed or 
attached on paper technical drawings. We decided to use 
technical drawings as tangible media for three main 
reasons: (i) drawings are currently used in any PLM 
stage, (ii) technical users are used to handle, store and 
sort sheets of paper, (iii) simplicity and low costs of 
implementation. PMI data are displayed in real time as 3D 
info spatially referenced to the tangible interface. Data 
navigation (3D translations and rotations) is easily 
achieved by physically handling the tangible marked 
drawings (see Fig. 1). Accessing directly to the digital 
master has three main advantages compared to 
traditional paper drawing: always up-to-date information, 
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access to multimedia content and web 2.0 technology, 
and custom\role oriented interface. 

 

Fig. 8. Augmented drawing concept 

Collaboration can be fostered by sharing the digital 
workspace using personal ATD or by sharing a common 
ATD. In the first case all the users of the team are able to 
see and annotate the Digital Master with their data in their 
personal AR environments. In the second case, 
exchanging ideas in a common physical workspace is 
promoted using face to face dialogue and supported by 
augmented visualization and annotations. The only ATD 
interface may not support at best all product development 
activities. A flexible combination of GUI/TUI benefits from 
the advantages of each approach. The user may exploit 
TUI for intuitive model navigation and GUI for precise 
control (i.e. through touchscreen, digital pen, mouse, 
keyboard). ATD can be used effectively in any scenarios 
presented in the previous section. 

4.2 Real time tangible engineering simulation 

We implemented and evaluated the idea of a “touch 
and see” real time FEM analysis [10]. The main goal was 
to allow the user to modify the simulation parameters via 
a tangible interface and immediately visualize the results 
overlaid on the real object. Augmented reality 
visualization techniques display the results as a video 
overlay “attached” to the real model which can be handled 
naturally by the user to explore the data. 

In our implementation a specific module extracts the 
data from an engineering simulation software (COMSOL 
Multiphysics) and uploads them to the visualization 
system. The user can modify the simulation parameters 
via a tangible interface and instantly visualize the results 
overlaid on the real object. The system integrates 
asynchronously the simulation and visualization 
environments. 

 

Fig. 9. Tangible FEM analysis in AR 

We used this system in two different approaches. In the 
first we used marker tracking to change the boundary 
conditions (i.e. loads/constraints) in the FEM simulation. 
Once the tracking system detects a change in the position 
or ID (mapped to discrete values) of the marker, it 
updates the simulation. When the results are available 
they are visualized in the AR environment (Fig. 9). 

In the second approach we use the video tracking to 
measure displacements in a cantilever. 

 

Fig. 10. Touch and see FEM analysis in AR 

The system detects, in real time, position and 
orientation of the two cantilever extremities and it updates 
the boundary condition in the FEM simulation (Fig. 10). 
This approach is known as “displacement control” instead 
of the previous “load control”. First tests demonstrated 
that single marker setups do not allow for sufficient 
precision and stability. We tested different marker 
configurations by changing number, border width and 
size. The best results were obtained using multimarkers (a 
set of three markers of different size which work as a 
single more precise marker). 

The benchmarks demonstrated that, with a few 
hundreds nodes model, the application is ‘real time’ 
(simulation refresh rate > 6Hz; visualization refresh rate > 
30Hz) and the user is not aware of the simulation latency. 
Due to the required precision and calibration, the best 
scenarios for this application are Augmented Desktop and 
Augmented Workshop. 

4.3 Design alternatives evaluation 

We tested an innovative AR based approach to the 
design review of a sail skiff within a university project [11]. 

In the final stages of construction of the sailboat the 
students faced many design problems. In particular, the 
rigging of the deck is a complex problem because it 
requires the integration of different components in 3D 
space. Traditional CAD systems do not support well this 
design phase considering the multiple variables and 
alternatives to be evaluated in teamwork. 

Collaboration is crucial because new components must 
be evaluated at same time by designers, manufacturer, 
users, etc. Test alternatives directly on the real prototype 
resulted in an increase in costs and time. On the other 
hand, the pure virtual prototyping on a CAD system may 
not be efficient, if we cannot model all the components in 
the scene or their movement trajectories and 
functionalities. Therefore AR technologies allowed to test 
new alternatives with quickly designed parts on the real 
prototype in a collaborative environment. This is the key to 
a faster designing process while significantly improving 
the overall results. 
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Fig. 11. Aluminium wing tubes design 

Students of the design team virtually tested (Fig. 11) 
several designs configurations of the aluminium wing 
tubes, changing geometry, dimensions and base points, 
before choosing the optimal design. Sport sailors 
simulated the real sailing conditions and checked for 
collisions among the rigging hardware. 

In Fig. 12 we tested the functionality of a virtual 
spinnaker throat with the real spinnaker pole sliding in 
and out. Also in this case we changed several shapes 
before finding the correct one (Fig. 13). We ran this 
application with Augmented User and Mobile Window 
setup. 

 

Fig. 12. Virtual spinnaker throat evaluation 

 

Fig. 13. The Real spinnaker throat after design review 

4.4 Quality inspection 

The sailing team faced also the problem of verifying the 
final hull geometry produced from wood panels. The 
design of the hull resulted from a numeric fluid dynamic 
optimization process and resulted in a complex double 
curvature shape. Hull check phase was even more 
complicated due to the fact that manufacturing process 
was executed by inexperienced groups of students. 

We decided to study quantitatively the discrepancies 
between our designed CAD model and the realized 
prototype, focusing particularly on the shape of the hull 
being it critical to performance in water. The hull, 
however, being freeform, is not easily measurable 
requiring a very large number of measurements and a 
robust reference system. We reverse engineered the hull 
(Fig. 14) with photogrammetric techniques and obtained a 
tessellated model.  

 

Fig. 14. Real prototype with AR reference markers 

We compared the result with the digital reference 
model using a commercial geometry inspection software 
(Geomagic Qualify).  
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Fig. 15. Geomagic Qualify report 

We export the report (Fig. 15) as a 3D model and 
registered it on the real prototype inside our AR 
environment (Fig. 16). The AR visualization allowed a 
collaborative review among all the team members: boat 
designers, manufacturers and teacher supervisors. As 
matter of fact, the deviations from the designed CAD 
model have been explained (due to added reinforcement) 
and considered for a revisioned version of the design. 

 

 

Fig. 16. Geometry inspection report overlaied on real 
prototype 

We validate this innovative workflow in quality 
inspection and demonstrate its potential in the particular 
case using the Mobile Window and Augmented 
Presentation setup. 

5 Conclusion 
We expect Augmented Reality to play an increasing 

role in specific phases of the product development. In this 
work we present some industrial scenarios that can be 
effective in a next future. The main advantage of the 
proposed approach is to add contextual information 
directly on the real industrial product or even on technical 
drawings. The users can interact with digital information 

through the physical environment via tangible interface for 
direct data navigation and visualization. 

We validate the AR integration in the product 
development process presenting some practical 
applications in critical phases as: (i) PLM data access, (ii) 
FEM simulation and visualization, (iii) collaborative review 
for design alternatives, (iv) quality inspection of 
manufactured geometries. We experienced significant 
improvement in the product development speed, increase 
in the collaboration potential and reduction of paper 
sheets in the product environment. Of course a lot of work 
is still to be done in order to improve the hardware and 
software technology. Hardware needs better and cheaper 
visualization devices (headmounted display or tablet pc). 
From software point of view there is no a common 
platform (like windows or linux operating system) and plug 
and play approach. Developing AR application still 
requires programming skills very hard to achieve for 
engineers. This makes difficult the development of 
application in design and manufacturing. As future work 
we would like to further study and understand the optimal 
interfaces to be used in each phase of product 
development process. 
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Abstract 

Purpose: 
The paper aims at defining a user-centred design method to develop interactive product 
interfaces that allows to stretch time to market and to reduce prototyping costs. 

Method: 
It consists in an experimental protocol to evaluate product interface usability and to correlate 
the achieved performance with its design features and attributes. It exploits low cost high-
fidelity prototypes based on Augmented Reality techniques that allow users to interact with 
the Graphic User Interface and at the same time touch the object, explore its shape, the 
material it is realized to stimulate both cognitive and emotional response. 

Result: 
Experimental sessions have been carried out on a real industrial case that is the design of an 
interactive remote control device for bathtubs and showers. Time for the development of the 
final design solution halves because main usability errors have been detected at the early 
design stages and no iterative testing sessions have been carried out on the final physical 
prototype.  

Discussion & Conclusion: 
Conclusion provides some discussions of experimental results to highlight the effectiveness 
of the method to detect usability problems and support the definition of what to improve. 
Finally two research lines have been drawn to foster improvements in virtual prototyping for 
interactive design. 

1 Introduction 
Many consumer products on the market have not 

been fully successful due to the limitations of traditional 
design processes, where decision-making is only 
assigned to designer and to producing company. 
Nowadays when speaking about product innovation we 
refer to the realization of objects whose level of quality 
depends not only on the functions they implement, but 
mainly on their technological and aesthetic performance 
and on the cultural, social and symbolic meaning they 
embody and convey to user.  It is quite evident that such 
a product innovation cannot prescind from an innovation 
concerning primarily design methods. This can be 
reached by defining a new design philosophy within which 
methods capable of considering and elaborating 
whatever, material or immaterial, is related to the product 
itself must be developed. In this scenario, it is very 
important to place user at the centre of design process to 
reach a high level of perceived quality and a high level of 
product usability.  

The user-centered design method develops according 
to an iterative process based on the knowledge of the 
context in which the interaction user- product takes place 
and of nature of the interaction. A similar approach 
implies the awareness that human subjectivity and 
behavioural differences shown by the same person in 
different contexts and activities cannot be described a 
priori and that the final evaluation parameter of every 

design proposal is the user, who is called to interact with 
the chosen solution. Furthermore, knowledge of the 
environment of use allows the definition of a design 
solution which is not directed to the object itself, but which 
is optimal with respect to the reference context. 
Evaluation represents the key stage of the creation of a 
user- sized product. It allows not only to point out design 
errors, but above all to measure the quality perceived by 
user and the resulting product experience, so that the 
design changes can be better finalized.  

The introduction of computer-based technologies has 
lead to an increase of the degree of interactivity of 
consumer products, which can be remotely programmed, 
customized according to user’s needs and used not only 
as utilities but also for entertainment. In this context, 
product usability represents one of the strategic elements 
for the product’s success on the market, since it 
guarantees the level of provided interactivity, the degree 
of contents availability, the psycho-physical wellness 
reached while using the product and, more in general, the 
perceived quality. Evaluation of product usability is 
therefore fundamental for user-centred design. It is carried 
out through usability tests, which allow to acquire detailed 
information on the product experience and the way 
consumers use it. To fully evaluate product usability it is 
necessary to develop an protocol analysis which allows to 
correlate user’s response to the specific product features 
and to consider both emotional, affective and cognitive 
aspects of the user-product interaction. In the case of 
handled devices the evaluation of these aspects can be 
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carried out only by adopting a high fidelity prototype 
capable of simulating the interaction user- product and 
reacting correctly to the inputs from user. 

Currently usability tests are generally carried out by 
final users when a reliable physical prototype of the 
product has been realized. As a consequence potential 
interaction problems can be detected only at an advanced 
stage of the product development cycle with an increase 
of design costs and time. The capability of evaluating 
usability even before the physical prototype is realized 
could bring a considerable competitive advantage to 
companies. This can be reached by using virtual 
prototypes able to simulate interaction between product 
and user from the early design stages. However 
production of interactive high-fidelity virtual prototypes in 
immersive environments is very complex and expensive.  

The aim of this study is therefore to define a method 
for usability evaluation which can be adopted by 
designers to involve end users of a product right from the 
first stages of design, with the advantage of making it 
possible to check more design proposals. This method 
uses low cost virtual prototypes which allow users to 
interact with a product in a similar way as with high-fidelity 
prototypes. The method implies: 

1) definition of an experimental protocol for usability 
analysis allowing to evaluate users’ responses to 
stimuli from product. Both emotional and 
cognitive reactions are assessed;  

2) use of Mixed Reality (MR) techniques based on 
Augmented Reality (AR) technologies for the 
creation of low cost interactive prototypes. 

The method is valid enough to measure users’ response 
to numerous consumer products provided with an 
interactive computer-based interface for the selection of 
operating programs and the visualization of relative 
information (e.g. washing machines and automotive 
dashboards, mobile phones, audio-visual media, etc.).  
The present work aims at illustrating the method 
proposed, the technologies developed to support its 
application and the experimental results reached in the 
case of handheld remote control devices for bathtubs and 
showers. 

2 State of the art 
User-centered design (UCD) is a design philosophy 

and a process which extensively addresses needs, wants, 
and limitations of end users of a product at each stage of 
the design process. According to ISO 13407 standard [1], 
UCD process is structured in the following iterative 
phases: a) identification of users’ needs and 
establishment of requirements for product; b) 
development of alternative designs to meet such needs; 
c) building of interactive prototypes which can be 
communicated and assessed; d) evaluation of what is 
being built throughout the process and of the user 
experience it offers. In this context, ergonomics, intended 
as "the discipline concerned with the understanding of 
interactions among humans and other elements of a 
system" [2], has a central role. It refers to both the 
physical and psychological elements which determine the 
quality of interaction with a product in order to assure its 
safety and usability. uanto  

Product usability is a well-know concept in UCD. It 
refers to the investigation of product performance in terms 
of efficiency, effectiveness and users’ satisfaction as ISO 
9241-11 guidelines synthesize [3]. This definition points 
out two important fields of interest. The first one relates to 
the qualities of product commonly known as pragmatic 

attributes [4] (product functionality, dimensional aspects, 
safety, performances) which concern Physical 
Ergonomics [5] and which can be evaluated in terms of 
effectiveness and efficiency. The second area, instead, 
relates to user’s wellness and is characterized by his/her 
satisfaction in relation to the product (emotional reactions, 
level of comfort perceived, sensations felt), that are 
hedonic attributes [6]. These aspects concern Cognitive 
Ergonomics [7]. So that, a product may be perceived as 
pragmatic because it provides effective and efficient 
means to manipulate the environment as well as hedonic 
because it provides stimulation, identification and 
provokes memories [8]. 

 

 
 

Figure 1. UCD process: relations among product attributes, 

ergonomic analyses and usability dimensions.  
 
Properties of the object such as weight, shape and 

material affect product perception (product experience) 
through two mechanisms; on one side the object is 
evaluated on the basis of what it allows to do, on the other 
it is given a symbolic and emotional value which 
determines the level of psychological wellness. Invitations 
to action from the object are known as affordances [9]. 
The second communicative aspect, instead, falls within 
the definition of synaesthesia [10]. A proper ergonomic 
analysis must face both affordance and synaesthesia 
properties which determine respectively usability, utility 
and aesthetics. 

When a user interacts with a product, all the properties 
perceived influence his/her judgement and consequent 
actions. Users’ response can be considered as the final 
step of a complex communication process based on 
theories of perception [11]. In particular, behavioral and 
cognitive aspects characterized user response [12,13]. 
Affordance properties qualify the behavioural response, 
while synaesthesia properties express the cognitive 
response [14]. Behavioral response refers to the way in 
which user behaves in front of product, how he/she acts 
and how he/she can reach his/her goals, while cognitive 
response refers to the judgment that user makes about 
product on the basis of the information perceived through 
the sensorial modalities. 

Although subjective satisfaction is included in the 
original usability definition, most studies have been 
concerned only with functional and behavioural 
performance (e.g. efficiency and accuracy in task 
completion) [15]. Affective and emotional aspects have 
been neglected as they are difficult to be objectively 
measured.  However, the improvement of product 
interface performance does not necessarily mean that 
consumers are satisfied during use. Although in the case 
of either aesthetic artefacts (e.g. some furniture artefacts) 
or specific functional products (e.g. manufacturing 
machines, mechanical components) a separation between 
subjective and objective assessments is appropriate, this 
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is not acceptable in the case of personal interactive 
devices where function has progressively moved from the 
exclusively practical use also to symbolisms and 
aesthetics.  

From the whole analysis of the state of the art of 
current UCD methods and of the interaction process 
between users and products a proper protocol for 
usability assessment should allow both subjective and 
objective measurements of behavioural and cognitive 
response to hedonic and pragmatic product attributes.  

Another challenging issue in UCD application consists 
in the construction of interactive prototypes able to 
support a proper product ergonomic evaluation in shorter 
time [16]. Two main prototyping techniques can be 
classified: low-fidelity prototyping (e.g. paper sketches, 
cardboard mock-up) and high-fidelity prototyping (e.g. 
software-based and VR-based prototypes, physical mock-
up) [17]. Low-fidelity prototypes are good for testing 
aspects such as the layout of controls and displays, but 
not for evaluating the effects of tactile, auditory and visual 
feedback. High-fidelity prototypes are able to make users 
realistically appraise product aesthetic attributes and 
functionalities [18], but they are costly and can be built 
only at the end of the design process. 

Some studies demonstrate how Virtual Reality (VR) -
based prototypes can be used to rapidly carry out 
usability testing, to reduce evaluation time and costs and 
to involve end-users from the earliest stages of the design 
process without having to build costly physical mock-ups 
[19], [20]. These works showed two main technological 
limitations of VR-based environment for usability testing: 

· Interaction is mainly based on vision. Physical 
interaction is poor; 

· The achieved sense of immersion in the virtual 
environment and the necessary presence in the 
real product context are difficult to be achieved 
simultaneously. 

In the last years Mixed Reality (MR) environments 
have gained a great attention in the field of user-centered 
design because they are able to overcome the above-
mentioned problems by combining real and virtual worlds 
in various proportions and presenting them as a unified 
whole [21]. Within the MR framework, Augmented Reality 
(AR) technique is one of the most adopted due to the low 
cost of the technologies and to its ability to enhance the 
real scene with computer graphics and emerging tactile 
and sound rendering displays [22]. It generally uses 
mobile and wearable systems (e.g. see-through glasses, 
wearable cameras, Head Mounted Displays, etc.) to 
superimpose the virtual interfaces designed with real 
control panels [23]. Many different solutions have been 
proposed with the intent of providing devices capable of 
interacting with the AR environment in a more intuitive 
way [24,25]. The main identifiable problems concern with 
difficulty of systems integration, high complexity of 
systems’ interfaces, low realism of virtual scenes, the 
sometimes-unnatural manipulation, non-intuitiveness of 
the devices adopted and of system control for non- expert 
users. The developed toolkits provide only a small 
number of predefined interaction techniques that are 
expected to be used regardless of context. Moreover, 
most works mainly address usability in terms of efficiency 
and effectiveness, and they do not correlate user 
response with product features and related attributes to 
support UCD application. 

3 The method 
Interactive consumer products, such as handheld 

remote controls and mobile devices (e.g. mobile phones, 
TV remote controls, PDAs, music players, recorders, 
cameras, etc.), are characterized by some physical 
interface elements, such as display panel, control buttons 
and knobs, body, which are used to interact with the 
product (e.g. external case, display, control buttons, etc.) 
and by some logical elements (e.g. icons, menu structure, 
semantics) which are used to access and make the 
product functions work.  

Although the present research focuses on the analysis 
of the logical elements, which are embodied in the 
Graphical User Interface (GUI), it is assumed that both 
physical and logical features affect the achieved usability 
performance. As a consequence, prototypes should be 
realized to stimulate both behavioral and cognitive 
response as well as to make the user interact with the 
GUI in a natural manner. 

Different interface design features characterize each 
interface element. For example the physical elements 
affecting usability are location and size of control buttons, 
operating conditions, body shape and weight, materials, 
etc. On the other side, the design variables of GUI 
features are: structure of menu, data representation 
method, size and mutual position of text and icons, icons 
position within the display panel, etc. These variables 
influence both pragmatic and hedonic product qualities 
that are respectively information navigability and quality, 
comfort in use and aesthetic impression. Navigability 
refers to easiness of moving within the screen and finding 
information. It is determined by the level of clarity and 
adequacy of information, by the way information are 
organized in the interface and by the level of affordance. 
Comfort refers to the degree of ease experienced by user 
while using a device, both in physical and psychological 
terms. Aesthetics, at last, is a very important characteristic 
since it is the first to come into play when user interacts 
with the object and it continues to have a significant role 
throughout all its use. Such characteristic affects cognitive 
response at first at a visceral level, determining user’s 
behavioural response, then at a reflective level, 
influencing user’s satisfaction during interaction with 
product. The method for product interface usability 
assessment consists of the following steps: 

- definition of different types of analysis able to 
assess each dimension of the product interface 
usability; 

- setting of metrics to measure both cognitive and 
physical ergonomics of alternative design 
solutions. The metrics are specific for the 
evaluation of the GUI elements, but they also 
take into consideration the influence of the 
physical elements on user response. For each 
metric  some usability criteria are defined to 
objectify user response; 

- identification of proper observation techniques to 
capture data during prototypes interaction; 

- definition of a method for data elaboration to 
compare subjective and objective responses and 
to qualify the GUI; 

- development of high-fidelity AR-based virtual 
prototypes operating similarly to the final GUI and 
enabling user to interact with the physical 
elements  to trigger out emotional and affective 
response; 

- application of the experimental protocol to assess 
usability of different GUIs and identification of 
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which interface features allow to achieve the 
highest performance. 

3.1.1 The experimental protocol 

The experimental protocol is based on traditional task 
analysis and on four types of ergonomic investigations 
that can be used to assess GUI usability by also 
considering the influence of physical elements on the 
product’s global performance. Task analysis is based on 
the definition of a set of tasks to be carried out by sample 
users to verify usability problems. Each task is the course 
of action the user goes through in order to achieve a 
specific state. It can be divided into sub-tasks till 
elementary units to better understand user behavior and 
product performance. 

According to previous studies [14], we considered four 
types of ergonomic investigations: 

1.Touch & feel; 
2.Mental workload; 
3.Emotional analysis; 
4.Physical stress. 

Each analysis allows to investigate the different 
dimensions of usability that are effectiveness, efficiency 
and satisfaction. Analyses are carried out by a set of 
metrics that practically enable experts to objectify user 
response during interaction. For each metric some 
evaluation criteria are defined to objectify the analysis 
(e.g. completion time, error occurrences, number of facial 
expression and gestures revealing stress or pain [26]). 

Touch&feel analysis investigates the communicative 
aspects of artifacts, which determine how the product is 
able to lead user to a correct use by transmitting its 
functions (affordance) and the tasks they implement. 
Such aspects concern the usability dimensions typical of 
physical ergonomics: effectiveness and efficiency. Three 
evaluation metrics are defined to support Touch&Feel 
analysis: information legibility, adequacy and 
arrangement. They respectively refer to the degree of 
difficulty in information reading, the level of information 
intelligibility and adequacy and the degree of difficulty in 
information searching to execute a specific task.  

Mental load analysis, as specified by ISO 10075 
standard, aims at determining possible criticalities in a 

particular context of use in order to evaluate adequacy of 
workload. Usually the nature of criticalities is subjective, 
even if they objectively affect task completion, since they 
influence the efficiency dimension. The measurement of 
the ease to use and friendliness of the product interface, 
the workload adequacy in respect with task complexity 
and the ability of the GUI to avoid mental workload and 
repetitive actions (absence of monotony) is used to carry 
out metal load analysis. 

Emotional analysis investigates the sensations arising 
during interaction at cognitive level. These sensations 
affect human behavior by determining the way user 
relates to product. The main element emotional analysis 
intends to evaluate is perception of product aesthetics. 
This analysis allows to obtain subjective data concerning 
satisfaction. Tree metrics are defined to evaluate 
emotional aspects: pleasure in use that refers to the 
pleasure perceived by users during interaction, the sense 
of order, that measures the perceived interface 
organization, and aesthetic appreciation that regards with 
the perceived sense of beauty and aesthetic liking. 

Physical stress analysis focuses on the degree of 
comfort user experiences at a physical level during 
interaction and fully expresses the concept of physical 
ergonomics analysis. It can be evaluated by measuring 
the pleasure in handling that is the perceived comfort in 
product handling (e. g. easiness in manipulation, touch 
sensation, etc.) 

Metrics related to satisfaction are evaluated only on 
the basis of subjective data (subjective satisfaction). 
Those relating to effectiveness and efficiency are 
evaluated on the basis of both objective (number of 
errors, task completion time, facial expressions of 
discomfort) and subjective data. Subjective data are 
collected using a Likert 1-5 scale.  

The product attributes evaluated in all analyses are 
the ones mainly influencing user response in the case of 
handled devices, in other words: aesthetics, navigability 
and comfort. Table 1 sums-up the identified evaluation 
criteria (metrics) for each type of analysis and correlates 
them with the main usability dimensions and product 
interface attributes. 

 
Table 1 Protocol analysis: metrics description, usability dimensions and data collection  

 
 

INVESTIGATION TECHNIQUES 

Description Unit Description Subjective

Information 

legibility

Frequency of some user behaviour 

such as squiting, moving close the 

display

occurrence 

number

The dimentions of icones and characters 

is really appropriate, so that reading the 

information is very simple.

Information 

adequacy

Assistances occurrance: user does 

not associate icon to respective 

command

occurrence 

number

The informations provided by texts and 

icones are very intuitive

Information 

arrangement

Errors number: user does not 

discern a specific command in a 

menu

occurrence 

number
It is easy to find the information I need

Efficiency Easy to use Time to complete task seconds Overall, this product is easy to use

Efficiency
Workload 

adequacy

Frequency of some user behaviour 

such as asking clarification 

questions

occurrence 

number
It is easy to lern to use this product

Efficiency
Absence of 

monotony
----- ----

It is not annoying at all to use the 

product

Physical 

stress
Effectiveness

Pleasure in 

handling

Frequency of some user behaviour 

such as touching the physical 

elements, facial expressions and 

gestures of discomfort(e.g. stress 

or pain)

occurrence 

number
I feel comfortable using this product

Pleasure in 

use
----- ---- It is very pleasant to use the product

Sense of order ----- ----
The organization of the information on 

the menus is very clear

Aesthetics 

appreciation
----- ---- This product looks very nice

1-5 Likert Scale

(1=strongly 

disagre, 

5=strongly 

agree)

Objective data collection 

methods:

VIA, direct observation

Subjective data collection 

methods:

Post-hoc questionnaire

NAVIGABILITY
Touch & feel Effectiveness

Mental 

workload

COMFORT

Emotional Satisfaction

AESTHETICS

PRODUCT 

ATTRIBUTES

ERGONOMIC 

ANALYSIS

EVALUATION 

METRICS 

USABILITY 

DIMENSION

OBJECTIVE USABILITY METRICS SUBJECTIVE USABILITY METRICS
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3.1.2 Data capture  

In order to record data and monitor users during 
product interaction, three investigation techniques are 
combined: Video Interaction Analysis (VIA) [27], 
interviews and direct observation. VIA technique consists 
in video-recording the testing sessions. It allows to 
capture interaction by analyzing both users’ behaviours, 
words, gesture and facial expressions. Recorded data are 
divided into segments according to the main undertaken 
activities. For each segment of verbal communication, 
completion times, metric occurrences, user behaviours 
and frequency of actions are transcribed to support the 
objective measurement of some evaluation criteria. 
Interviews consist in a pre-defined list of questions that 
experts ask users while they are evaluating the product 
prototype. The aim is to assess the protocol metrics in a 
more friendly way in respect to traditional post-hoc 
questionnaires. According to the question users express 
their judgement according to 1-5 Lickert scale. Direct 
observation allows to have an immediate feedback from 
users’ actions and to better investigate testing sessions. It 
is carried out by an expert that monitors the testing 
session and fulfils a Diary Study MSWord format. It 
contains both data about users’ and experts’ impressions 
and sketches of user actions and behaviours. Diary Study 
is a valid support to VIA as it makes explicit some 
moment-to-moment impressions and captures what 
cameras are not able to record. 

3.1.3 Data elaboration: how to compare different 
product alternatives 

To compare the usability performance from different 
analyses it is necessary to have uniform scales, which are 
obtainable through normalization. For objective data the 
normalized value is calculated in three steps: 1) by 
considering the maximum average value in the whole 
task, 2) by assuming that it is the condition limit for the 
task acceptability, 3) by normalizing the average numbers 
in respects to it. The metric "time to complete task" is an 
exception, in fact it is calculated by the ratio between 
experts’ completion times and user times. Different 
products can be ranked according to the averaged values 
of completion time for all tasks. Subjective average 
judgments are normalized in respects to 5, that is the 
upper limit of a 5-point Likert scale. 

In order to obtain a single score in each metric it is 
possible to sum average subjective and objective data, 
once assumed that they have equal weights. In the same 
way it is possible to calculate a single value for each 
usability dimension by working out the average of the 
values obtained for the relative metrics. The paper does 
not consider the possible correlations between objective 
and subjective data and consequentially that are not 
crucial in qualitative analysis. 

 
3.2 How to create interactive virtual prototypes 

The MR prototyping technique here described exploits 
the advantages of two traditional prototyping methods for 
usability testing: rapid prototyping and paper prototyping. 
The MR prototypes obtained are therefore characterized 
by a tangible interaction in AR environment and by a 
functional simulation of the GUI behaviour. The tangible 
interaction is produced thanks to a physical prototype of 
the product to which a projection of the virtual prototype in 
real scale is overlapped. The behaviour of the device is 

managed by an operator who, by changing the markers 
according to users’ options, interactively modifies the 
screenshots visualized on the physical prototype. A 
human-scale environment is used to visualize the 
interactive AR-based prototype. The user hand is 
displayed as a pointer moving synchronously with the 
user in the real scene.  

The elaboration of the prototypes was carried out with 
the support of the following software tools:  

- CATIA V5 (by Dessault Systemes) to represent all 
design alternatives through 2D drawings and 3D models 
of components and as-semblies. 

- LinceoVR Software (by Seac02) to render 3D models 
and to create animations of the virtual prototypes in 
Camera Matching (AR) modes. This software also 
supports active stereoscopic rendering to perceive 3D 
depth using proper visualization displays (e.g. AR 
dedicated see-through glasses and large volume 
displays). 

- ZPrintTM software to import the polygonal mesh 
model, to repair and optimize it, to analyze parts in order 
to check whether the whole surface is closed and whether 
all facets normal vectors are pointed outwards, and finally 
to prepare the RP process (e.g. slicing the model into 
cross-sectional slices, positioning the parts in the platform 
built, setting-up the process parameters, performing 
exports in the format required by the adopted RP 
machine). 

 

 
Figure 2. Example of a MR prototype used during the tests. 

 
 LinceoVR software allows to work with Augmented 

Reality. The three-dimensional models of the remote 
control device were imported, the materials chosen during 
the design phase were applied to them and the relations 
between the screenshots to be analyzed and the markers 
were created. A screenshot of the proposal examined is 
associated to each marker. A separate marker is set to be 
associated to a virtual pointer simulating the finger the 
user utilizes to interact with the model. The physical 
models were constructed by Rapid Prototyping (RP) 
techniques. They were produced by 3D ZPrinter® 450 by 
Z-CORPORATION, which creates a 3D physical model 
directly from digital data, layer by layer. The CAD file is 
imported in .stl format and sliced into cross-sectional 
slices and the printer creates the model one layer at a 
time by spreading a layer of powder and inkjet printing a 
binder in the cross-section of the part. A special glue 
(cyanoacrylate) is used to strengthen the prints. The 
physical prototypes were subsequently elaborated to 
obtain a realistic surface finishing. The MR prototype is 
therefore obtained by overlapping in real time the image 
of the AR prototype with the physical one.  
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4 Experimental test case 
Experimental tests have been carried out on remote 

handheld control devices for bathtubs and hydro-spa in 
the health and wellness sector. These highly interactive 
devices merge aesthetics, functions, ergonomics and 
technical performance. Four different design solutions 
have been developed. For each of them a MR prototype 
was created. The experimental procedure was organized 
in the following phases: 

1. Conception of several design alternatives and 
description of their features referring to protocol 
elements (e.g. navigability, comfort and 
aesthetics); 

2. Construction of the experimental set-up 
exploiting MR techniques to create interactive 
virtual prototypes implementing different GUIs; 

3. Definition of protocol tasks according to the 
product functions; 

4. Selection of a proper sample of participants in 
relation to the market target; 

5. Application of the experimental protocol to 
assess the product usability of the different 
design alternatives; 

6. Data evaluation, collection and elaboration. 
 

4.1 Experimental set up 

The lab arranged for experimentations is equipped 
with (figure 3): 

-  an active 3D stereoscopic projector F10 AS3D 
ZOOM by ProjectionDesign able to implement the 
patented as “dual head”, an IR emitter system and 
APG6000 active glasses by NuVision; 

- a front-projected flexible display 150’’ DIAMOND 
(300x225 cm); 

- A HW workstation with PCI-E Nvidia Quadro FX4800 
1,5GB 2Xdvi;  

- 3D Connexion Space Navigator Professional with 6 
DOF to manipulate the prototype; 

- a webcamera C910 Logitech with Zeiss® optics, 
autofocus and 30 frames per second video to video 
capture the user during prototype interaction.  

 

 
Figure 3. Experimental set up 

 
 

4.2 Product design and prototyping 

The four remote handheld control devices analyzed 
differ for: 

1) the way the information are organized: in a matrix or 
in a list; 

2) the number of icons per screenshot: 4 or 9; 
3) the use of descriptive text for the several functions;  
4) the size of text and icons. 
In all alternative design solutions the graphics used for 

the icons is the same. Moreover, all the icons have a 
square shaped body made of a material which can be 
assimilated to smooth and shiny perspex and implement 
the touch-screen with iconic interfaces.   

The analyzed four proposals consist of (figure 4): 
1. an entirely iconic interface with nine macro-

categories with no description;  
2. an iconic interface with four macro-categories and 

description of the function below each icon; 
3. an iconic interface with nine macro-categories and 

description below each icon; 
4. a list interface with four macro- categories, each 

icon positioned on the left with a fixed description aside. 
 

 
Figure 4. Different design solutions 

 
 

4.3 Experimental sessions 

Product usability was evaluated by task analysis and 
by applying the above-mentioned four types of 
investigations. The testing users were chosen using a 
subjective sampling method based on the field studies 
provided by the producer company and on two selection 
criteria: age and gender of the target market. Five women, 
mobile technology unskilled, were involved in the tests. 
This number is sufficient to reveal about 80% of all 
usability problems, as supported by different studies [28]. 
Concerning age distribution, 2 of the women were 45-50 
years old, 2 were 35-45 and 1 was over 50 years old.  

 For each interface proposal users were asked to carry 
out tasks, which had been planned in advance. The tasks 
had been defined to evaluate the quality of the interaction 
with every product function according to the above-
mentioned metrics of measurement. The procedure 
adopted during the test was very similar to that of a paper 
prototypes analysis. The tests were carried out with the 
support of two operators. The first one had to simulate the 
behavior of the GUI by replacing the pieces where 
markers are printed according to user options.  

 
Table 2 Tasks description and expert performance data 
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In the meantime the second operator collected data 

according to Direct Diary Study method. Once the 
interaction was over, users were asked some questions to 
obtain the subjective data relating to the metrics. In the 
end users were asked to give their global judgment on the 
four alternatives on a Likert 1- 5 scale and to arrange 
them from the least to the most satisfying.  

Before starting with the test, a calibration phase was 
carried out to set the MR prototype to assure a perfect 
superimposition between the user finger and the virtual 
pointer: in order to set the position of the pointer using 
LinceoVR dedicated commands, each user was asked to 
put his index finger on the display area and then to slowly 
move it to check the goodness of the superimposition.  

 The tasks the users were asked to complete are 
described in the following summarizing chart (table 2) 
within which, for completeness sake, also the times taken 
by an expert user are given. The tasks proposed are the 
same for each structure, in order to limit the variables to 
be considered, and every user completed them for each 
proposal according to the order defined above. The 
expert user belonged to the industrial partner of research. 
He was trained for two hours to use the virtual prototyping 
technology in order to achieve times that are independent 
from the adopted interface but that are affected only by 
the designed GUI. 

 
4.4 Experimental results 

Collected data were normalized using the above-
described method. Proposals 3 and 4 turned out to be 
winning in respect to proposals 1 and 2 (table 3). As far 
as concept 3 is concerned, the result is not surprising. In 
fact, this way of structuring information is similar to the 
one currently used by the well-known Iphones (by Apple). 
This result is actually unexpected: the users that were 
involved in the tests had not any familiarity with this type 
of interface,.  

Several are the reasons for this success. Users 
recognise a known metaphor, perceive a menu structure 
which is similar to well-known commonly used products, 
appreciate the social and cultural values transferred by 
the type of high-performance technology and finally find 
the product pleasant from an aesthetic point of view. All 
the icons in the structure are represented in the main 
screenshot with a visualization of the information which 
can be defined “horizontal”, in the sense that user, right 
from starting the device, is potentially capable of  
launching the majority of the functions, since there is no 
need to look for information in the sub menu.  This makes 
user’s task undoubtedly easier and more immediate. The 
down side of this structure could be that in this way there 
is less space available for each icon, with a negative 
influence on legibility. However this is compensated by 
the presence of the descriptive text. Proposal 4 is less 
widespread. In this structure the information are arranged 
“vertically”, in other words the icons are structured on 
more levels of details, nested in more and more specific 
sub menus. The main advantages of this design proposal 
are given by the bigger size of the icons and of the texts, 
which allow user to quickly find the metaphor and select it 
with precision, since the sweet spot to activate the control 
is considerable. Furthermore, the visualization of the 
information in columns makes it easier to read on the 
screen: in fact user can scroll the display with no 
problems. Interface 2 adopts the same vertical structure of 
menu as interface 4, but the icons are arranged in a 
matrix instead of in a list. Its failure is probably due to the 
fact that, to the contrary of proposal 4, the down side of 
not having all the information immediately available is not 
compensated by the bigger size of the text. Moreover, in 
this case the description is situated below the icon and the 
character is smaller because the space available is less. 
With regards to proposal 1, there is no difference with 
proposal 3 concerning the way the information are 
arranged.

 

Table 3. Results: performances of the design alternatives in terms of usability.   

 

Description Concept 1 Concept 2 Concept 3 Concept 4

TASK 1 Switch on the radio and set the station FM 104.5. 20.74 31.98 14.17 20.77

TASK 2
Start the Hydrosonic treatment for a period of 20 

mins.
42.34 18.35 25.86 20.59

TASK 3
Start the Sonophoresis treatment and select 

“Uniform massage” option.
22.56 25.71 17.15 18.73

TASK 4
Turn on the spotlight and start Cromotheraphy in 

fixed-green modality.
19.60 28.74 11.76 25.77

TASK 5
Start Sanification as automatic function. Then 

immediately stop it and go back to the main menu.  
43.92 26.25 30.14 23.79

EXPERT TIME [s]

Objective Subjective Global TOTAL Objective Subjective Global TOTAL Objective Subjective Global TOTAL Objective Subjective Global TOTAL

Information 

legibility
0,42 0,68 0,55 0,46 0,72 0,59 0,70 0,88 0,79 0,74 0,76 0,75

Information 

adequacy
0,43 0,84 0,64 0,82 0,88 0,85 0,92 0,96 0,94 0,94 0,88 0,91

Information 

arrangement
0,37 0,88 0,63 0,34 0,68 0,51 0,87 0,88 0,88 0,84 0,88 0,86

Pleasure in 

handling
0,40 0,84 0,62 0,70 0,84 0,77 0,85 0,88 0,87 0,85 0,92 0,89

Workload 

adequacy
0,56 0,92 0,74 0,92 0,92 0,92 0,96 0,92 0,94 0,96 0,92 0,94

Absence of 

monotony
--- 0,88 0,88 --- 0,80 0,80 --- 0,88 0,88 --- 0,84 0,84

Easy to use 0,46 0,84 0,62 0,60 0,88 0,77 0,73 0,96 0,87 0,74 0,96 0,89

Pleasure in 

use
--- 0,90 0,90 --- 0,80 0,80 --- 0,96 0,96 --- 0,96 0,96

Sense of order --- 0,96 0,96 --- 0,96 0,96 --- 0,96 0,96 --- 0,92 0,96

Aesthetics 

appreciation
--- 0,88 0,88 --- 0,88 0,88 --- 0,96 0,96 --- 0,88 0,88

EFFICIENCY

SATISFACTION

0,75 0,83 0,90 0,89

0,89 0,84 0,96 0,92

Concept 4 Collecting data

EFFECTIVENESS 0,61 0,68 0,87 0,85

USABILITY 

DIMENTIONS

EVALUATION 

METRICS 

Concept 1 Collecting data Concept 2 Collecting data Concept 3 Collecting data
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The difference in performance is exclusively due to 

the absence in proposal 1 of descriptive texts. This has 
determined a considerable difference in terms of 
effectiveness and efficiency between concept 1 and the 
other proposals in which the descritive text is used. 
However this does not completely justify the difference in 
the results. In this case a good explanation lies in the 
order in which the tests were carried out. In fact it is 
obvious that at the beginning the user needed to become 
familiar with the test and its elements, for this reason the 
majority of the request for clarifications were concentrated 
in the first stage of the experimentation during which the 
first proposal was tested. The same can be said for the 
physical prototype: the effort of the hands and fingers to 
reach the controls or the weariness for holding the 
prototype were felt expecially in this first phase. The user 
gradually adapted and for this reason afterwards he did 
not visually express any sign of unease or  give a 
negative answer to the questions concerning physical 
stress. The same happened with the icons. At the 
beginning it took some time to understand them, 
afterwards, since the icons are the same in all the 
proposals, it was possible to proceed faster and without 
further requests for clarifications. The fact that the users 

were in any case satisfied with the product means that the 
results relating to this proposal are underestimated by the 
effectiveness and efficiency analysis.  

Concept n.3 that gained the highest score, was then 
engineered and a final physical prototype was realized. It 
integrates a water resistive touch screen based on APR 
(Acoustic Pulse Recognition) technology. The relative GUI 
has been implemented by using a cross platform 
application based on Linux kernel 2.6 and a modular QT 
C++ class library. The experimental protocol was applied 
to the final product and the same number and composition 
of sample users were submitted to tests. Results 
confirmed the ones achieved with the AR-based 
prototype. Differences mainly relate to completion times of 
those tasks carried out by both users and experts, that are 
lower than in case of virtual prototypes.  No additional 
testing sessions were repeated to improve the designed 
handheld device. By comparing this process with a 
traditional one based on the application of usability testing 
at the end of the design development, the overall time 
decreses about -50%, due to an essential reduction of 
process iterations and to an increase of detected usability 
problems at the early stages of design process. 

 
Table 4. Results: evaluation of interaction qualities of the three alternatives in terms of pragmatic and hedonic attributes.  

 

5 Conclusions 
A user-centered design method for interactive 

products has been presented. It consists of an 
experimental protocol to assess product interface usability 
and to correlate the achieved performance with product 
features and of a low cost high-fidelity prototype based on 
AR techniques. The aim of the research is to reduce time 
to foster the implementation of user-centered design 
approaches into real industrial design contexts. By 
analyzing the results from different users, it is possible to 
infer that the adopted protocol has proved to be 
appropriate to evaluate the GUI and the mixed reality 
prototype can be useful to investigate both cognitive and 
physical ergonomics due to its dual nature (i.e. virtual 
interactive graphic interface and physical interaction with 
the product body).  Although the adopted metrics mostly 
depend on the particular context of analysis, the proposed 
methodology is valid enough to be used to evaluate the 
usability of different typologies of interactive products at 
the early stages of the design process.  

The problems faced during experimentation are 
mainly due to the test set-up that results to be quite new 

both for company expert and for final users. They should 
be trained for about 15 minutes before starting with task 
analysis. On the contrary, these problems provide hints to 
improve an analysis which is already of a good level. In 
fact, it is necessary for the analysis to become even more 
natural and intuitive, so that user can feel the sensation of 
using a perfectly working prototype even if the object is 
still at the conceiving stage. Two lines of improvement are 
suggested. The first one concerns visualization of 
augmented prototype: by adopting see-through glasses or 
Head-Mounted Displays it could be possible to visualize 
everything at the same time with an ever higher degree of 
realism. The second improvement concerns automation of 
product interactive response by means of a finite state 
machine that is under development. 
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Abstract 

Purpose: 
The purpose of the paper is to discuss a methodology for addressing the real-time accurate 
dynamics simulation of elastic beams using an interactive augmented reality environment. 

Method: 
The equations of motion of the elastic beams have been deduced using the dynamic spline 
theory. According to this approach, the degrees of freedom of the beam are described using 
control points coordinates. The model has been integrated in an augmented reality 
environment where the user can interact with the elastic element by using a mechatronic 
tracker. 

Result: 
The dynamic spline model has been successfully integrated in the augmented reality 
environment. This methodology allows to perform accurate interactive real-time simulations 
and to deal with large displacements as well.  

Discussion & Conclusion: 
The implementation of dynamic spline theory reveals to be a valid formulation for simulation 
of the flexibility of one-dimension elements like beams. Due to the flexibility of the 
mathematical formulation, a small set of degrees of freedom is sufficient to simulate a very 
variable shape of the beam in order to take into account large displacement effects with 
accuracy.  This feature is important for the integration in the augmented reality environment 
where the simulation has to be computed in real time. 

 

1 Introduction 
During the last decades computer-aided engineering 

(CAE) methodologies have deeply changed the way of 
designing and developing products, systems and 
services. Thank also to significant hardware and software 
improvements, CAE techniques are widely used by the 
designers since the early conceptual phases up to the 
final stages of engineering processes.  

In particular, during the last years, many investigations 
focused on the implementation of interactive design 
methodologies based on the use of Augmented Reality 
(AR)  [1-2] to support engineering activities. The scientific 
literature reports some contributions on the developing  of 
interactive tools for geometrical modeling [3-4], 
assembling simulation [5-8] and behavioural analysis [9-
11].  

The augmented reality deals with the combination of 
real world images and computer generated data. Most AR 
research is concerned with the use of live video imagery 
which is digitally processed and augmented by the 
addition of computer generated graphics. The purpose is 
to extend the visual perception of the world, being 
supported by additional information and virtual objects. 

 One of the most important feature of AR is the 
possibility to ensure an high level of user's interaction with 
the augmented scene. 

One of the current research topics in the field of 
Augmented Reality for engineering purposes is focused 

on the development and review of interactive physical 
simulation methodologies able to reproduce the actual 
behaviour of the modelled objects. Interaction is 
concerned with both the definition of boundary conditions 
and initial parameters and the real-time control of the 
simulation. Two are the main requirements for integrating 
a physical simulation into an augmented reality system: 
accuracy and synchronization. The first one implies that 
the computation has to produce correct results, suitable 
for engineering purposes and subsequent processing. On 
the other hand, the synchronization requires a real-time 
interpretation of the user's intent and a real-time solution 
of the mathematical equations governing the simulation.     

In a recent paper [11], Valentini et al. developed a 
methodology for implementing, solving and reviewing 
multibody simulations using augmented reality. Their idea 
was to use patterned markers in order to figure out the 
communication between the user and the augmented 
scene. By this way, the user can interact with the objects 
in the scene pushing, moving and setting boundary 
condition values. The implementation proposed by the 
authors concerned with the motion simulation of a 
collection of rigid bodies.   

In many practical cases the simulation has to include the 
flexibility of some specific bodies. The use of flexible 
bodies in multibody simulations is necessary when the 
effects of deformations cannot be neglected for an 
accurate assessment of the dynamics of the system [12]. 
The most used type of flexible entity is the beam suitable 
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for addressing problems involving slender structures, 
cables, frames, etc.  

A beam is a dynamic system with mass and elasticity 
continuously distributed. According to continuum 
mechanics, it has an infinite number of degrees-of-
freedom.  However, they are usually reduced through 
modelling strategies that aim to describe displacements 
and deformations using a finite set of variables. The 
choice of this set is a compromise between the accuracy 
of taking into account the flexibility and the simplification 
of the equations to be solved. Scientific literature reports 
different approaches and contributions in modeling of 
beams to be included into dynamics simulations [13]. The 
most of them are not suitable for a real-time processing 
because involves too many equations of motion and their 
computation is often onerous. Other methods, based on 
several important simplifications, are more suitable for 
real-time processing but achieve approximated results. 

Many scientific contributions dealt with the 
implementation of beam formulations suitable for static 
deformation study of beams. Classical cable harnessing 
problems can be addressed using these methodologies 
[14-16]. 

In 1996, Quin and Terzopoulus introduced the basis of a 
mathematical formulation of the D-NURBS for the 
computer-aided design of NURBS entities [17].   

The D-NURBS combine physics-based constraining 
equations with spline geometry representation. Their 
application has been focused on car and airplane design, 
virtual prototyping and assembly simulations [18-20]. 
Their main advantage is that even a complex and large 
displacement of a 1D element can be expressed in terms 
of a polynomial closed form expression (using spline 
representation), deducing geometrically exact 
expressions of kinetic and elastic energy.  

In the 2011, Valentini et al. [21] proposed and tested a 
methodology based on the use of dynamic spline for 
addressing stand-alone multibody simulations with flexible 
beams undergoing to large displacements, including 
general constraint and force formulations.   

Starting from this background, the purpose of this 
investigation is to develop a methodology for integrating 
the dynamic spline formulation proposed in [21] into an 
augmented reality environment in order to perform 
interactive simulations including flexible beams.   

The original contributions of the works can be 
summarized in three different aspects: 

- a numerical methodology for integrating the dynamic 
spline formulation presented in [21] into an augmented 
reality system, taking into account the real-time 
requirements of the simulation; 

- a methodology for improving the precise interaction 
between the user and the simulated scene based on the 
use of a multi d.o.f. mechatronic arm and a specific 
dynamic implementation. 

- a preliminary validation of the entire methodology 
based on the comparison with more standard structural 
analysis tools.      

2 Theory of the dynamic splines 
A spline is a piecewise polynomial description of a curve 

in parametric form. Considering a set of m control points 

{ }0 1
...

m
P P - , a spline can be expressed by means of the 

general formula [16]: 
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where ( )i
b u  are the blending functions (polynomial 

functions of the variable u) fitting the control points.  
In general, the blending functions depend on the degree 

of the polynomials, the numbers of control points and the 
knots sequence [22]. The control points can be 
considered as the degree of freedom of the spline. In the 
Bézier-like formulation, except for the first and the last 
control point, the curve doesn’t pass through them, but 
their position in space influences the shape of the spline. 

Before discussing the details about the theory of the 
dynamic splines, it is useful to review some key 
geometrical concepts about their geometrical 
representation. In particular, in order to simplify the 
computation of local geometrical properties of a curve 
(e.g. tangent vector, curvature, etc.) it is useful to 
introduce the Frenet frame, which is a local frame moving 
along the curve.  Assuming that the curve is given in the 
algebraic form in (1), the versors associated with the 
Frenet coordinate system can be expressed as follows: 
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Considering the changing of the Frenet frame along the 

curve, it is possible to define two scalar parameters: the 
Frenet curvature ( )uk and the Frenet torsion ( )ut , 

defined as: 
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Consider now a physical beam with a cross section S. 
The neutral fiber or neutral axis is the oriented curve of 
length L that passes through the center of every cross-
section. The neutral fiber can be geometrically expressed 
with a spline. 

According to (1), the shape and attitude of this spline is 
regulated by the location of its control points. Thus, they 
can be considered as the degrees-of-freedom of the 
neutral fiber of the beam.  

 
Fig. 1 Spline nomenclature 
 
  When the control points are displaced, the spline (and 

so the neutral fiber) moves and changes its shape 
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accordingly. For a geometrical 3D curve with m control 
points we have 3·m  degrees of freedom  (3 translations). 
Since the real beams have a thickness, it is also 
necessary to include another degree of freedom which 
describe the roll of the cross section that represents the 
rotation of the cross section about the neutral fiber [21].  It 
can be introduced as the forth degree of freedom of the 
generic control point. Following this approach, the global 
degrees of freedom of the ith control point can be 
expressed using a four-parameter vector:  

  
{ }

{ } { }
4 3 4 2 4 1 4

P
T

i i i i i

T T

i i i i i i

q q q q

x y z rq q

- - -= =

= =
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2.1 Equations of motion 

The equations of motion of a dynamic spline can be 
written in terms of the coordinates in Eq. (7) and can be 
deduced using Lagrange equations: 
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where: 

i
q is the ith generalized coordinate describing the ith 

degree of freedom of the system as in Eq. (7); 

i

i

dq
q

dt
=& is the time derivative of the ith generalized 

coordinate; 
T is the kinetic energy of the whole system; 
{ }y is the vector containing the constraint equations 

written in terms of generalized coordinates; 
{ }l is the vector containing the Lagrange multipliers 

associated to each constraint; 
i

Q is the sum of all generalized forces acting on the ith 

coordinate 
i

q . 
The generalized forces acting on the flexible beam have 

two contributions: 

 , ,i i elastic i external
Q Q Q= +   (9) 

The first one, 
,i elastic

Q , is due to the elastic forces 

generated by the deformation of the beams. It can be 
computed from the derivative of the overall elastic energy 

elastic
U with respect to the generalized coordinates as: 
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The second contribution to the generalized forces, 
,i external

Q , depends on the external forces and torques 

acting on the structure. The ith external force can be 
computed as the derivative of the corresponding virtual 

work W with respect to the ith generalized coordinate i
q : 
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2.2 Computation of elastic energy contributions 

The overall elastic energy 
elastic

U , required to compute 

the elastic forces in (9) is composed of three terms. The 
first is due to bending, the second is due to stretching and 
the third to torsion. 

The bending elastic energy is proportional to the square 
of the variation of the bending strain: 

 

( )

( ) ( )

2
0

_max
2

0

_min

1

2

1

2

bending b b

spline

u

b b

u

U EI ds

dp u
EI du

du

e e

e e

= - =

= -

ò

ò
  (12) 

where: 
0

b
e is the bending strain of the free form spline; 

b
e is the bending strain of the deformed spline; 
E is the Young Modulus of the material of the beam; 
I is the moment of Inertia of the cross section of the beam 
with respect to the bending axis (section is considered 
symmetrical). 

The bending strain can be expressed with the scalar 

Frenet curvature ( )uk : 
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The generalized elastic forces due to bending can be 
evaluated as: 
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It is important to underline that Eq. (14) takes into 
account the influence of the actual beam length in the 
computation of the bending strain. Since the evaluation of 
the integral in (14) has to be performed over the entire 
length of the spline, the effects of beam lengthening can 
be taken into account, obtaining accurate results for large 
displacement analysis [23].   

The stretching elastic energy is proportional to the 
square of the variation of the stretching strain:  
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where: 
A is the cross section area of the beam; 

0

s
e is the stretching strain of the free form spline; 

s
e is the stretching strain of the deformed spline; 

The stretching strain can be evaluated as: 
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The generalized elastic forces due to stretching can be 
evaluated as: 
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The twisting energy has to be computed taking into 
account two terms. The first one is the contribution due to 
the geometrical torsion t of the spline, computed using 
Eq. (6). The second one is due to the roll of the cross 
section. Thus, the overall twisting strain t

e  can be 

computed as: 

 
( ) ( ) ( )

t

d u
u u

du

q
e t= +    (18) 

Since  geometric torsion is not defined for a straight line, 
we can assume it is zero in this case. 



92

P.P. Valentini, E. Pezzuti Dynamic Splines for interactive simulation of elastic beams in Augmented Reality 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

The twisting energy can be written as: 
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where: 
G is the shear modulus of the material of the beam; 

0

t
e is the twisting strain of the free form spline; 

t
e is the twisting strain of the deformed spline. 

The generalized elastic forces due to twisting can be 
evaluated as: 
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2.3 Computation of inertial contributions 

Since the spline is a continuous curve, the kinetic 
energy T , can be written as: 

 

( ){ } [ ] ( ){ }1

2

t

spline

T p u M p u ds= ò & &   (21) 

where: 
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=&  is the time derivative of the spline 

parametric expression; 
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is the inertia matrix; 

m is the linear density (mass per unit length) of the 
material of the beam; 

0
I is the polar moment of inertia of the cross section of the 

beam; 
L is the length of the spline; 

s is the geometrical arc length ( ( )dp u
ds du

du
= ). 

The time derivative of the spline parametric expression 
can be computed as: 
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The (22) relates the spline derivative with that of the 

generalized coordinates (
i

q& ) . 
 

3 Augmented Reality Implementation 
 

3.1 Hardware set-up 

For the specific purpose of this investigation, the 
implemented AR system (depicted in Figure 2) is 
comprised of one input video device Microsoft LifeCam 
VX6000 USB 2.0 camera, one Head Mounted Display 
equipped with OLed displays, one Revware Microscribe 
GX2 mechatronic tracker and a personal computer. 

3.2 Software implementation 

All the supporting software has been implemented using 
C++ programming language and Microsoft Visual Studio 
2003 developing suite.   Routines for image processing 
have been developed using the open source library 
named ARToolkit which has been successfully used in 
other investigations. It can be freely downloaded from 
http://sourceforge.net/project/showfiles.php?group_id=116
280.   It comprises a set of numerical procedures which 
are able to detect and recognize planar patterned marker 
in a video stream in real-time. 

 

 

Fig. 2  Hardware setup for the Augmented Reality 
implementation 

Using correlation techniques, the routines are also able 
to compute the relative position and attitude between 
markers and camera with good precision for visualization 
purposes. This computation is necessary for an accurate 
perspective collimation between virtual entities and real 
scene. The details about specific implementation and 
about the contents of the library go beyond the scope of 
this paper and the interested reader can find useful 
material freely downloadable from the internet site 
http://www.hitl.washington.edu/artoolkit/. 

 

Fig. 3 Software integration strategy.  
 
The Microscribe GX2 has been integrated using the 

Microscribe SDK library that allows the real-time access to 
position and attitude of each link of the instrumented arm. 

All rendering tasks about virtual objects in the 
augmented scene have been performed using OpenGL 
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library. All these pieces of software have been integrated 
into a single simulation environment as shown in Figure 3. 

 

3.3 Interaction between the user and the scene 

The user communicates to the augmented scene by 
means of the Microscribe device.  The tracking of the tip 
position and attitude is useful to interpret his intent to take 
part in the simulation.  

The first step in the integration of the tracker in the 
augmented scene is the collimation between the 
information acquired by the instrumented device and that 
of the digital camera. The video stream acquired by the 
digital camera is elaborated by an image processing 
routine. It is able to recognize a patterned marker in the 
scene and to compute the corresponding transformation 
matrix  between the camera and the real word. This 
matrix is used to project all the virtual contents in the 
augmented scene in the correct position and perspective. 

The information acquired by the digitizer is concerned 
with the position and attitude of the end effector with 
respect to the reference frame fixed to the device itself. 

 

 

Fig. 4 Collimation between optical marker and mechanical 
tracking system (digitizer).  

In order to ensure the collimation between the data 
steam coming from the camera and that from the tracker, 
it is important to compute the relative transformation 
matrix   between the tracker and the world (the marker). 
This calibration has to be performed only at the beginning 
of the application and it has to be repeated only if the 
relative position between the world marker and the 
digitizer changes. 

The calibration procedure can be performed by picking 
with the digitizer a set not-aligned points (four no-coplanar 
points at least) at known positions with respect to the 
relative frame associated to the marker. 

For expressing the coordinate transformation between 
points, it is useful to deal with homogeneous 
transformation matrices which include information on both 
rotation and translation parameters. A generic 
homogeneous transformation matrix can be expressed in 
the form: 

 [ ]
[ ] [ ]

3x 3 3x1
Orientation Position

0 0 0 1
T =

é ù
ê úë û

         (23) 

In the same way, the generic point P  can be expressed 
with the following coordinate vector: 

 { } { }1 T

P x y z=               (24) 

The coordinate transformation of a generic point P   
from the local coordinate system fixed to the digitizer to 
the world coordinate system attached to the marker can 
be written as: 

 { } { }digitizer

worldworld digitizer
P T P= é ùë û  (25) 

where: 

{ }
world

P  is the vector containing the coordinate of the 

point  P  expressed in the world reference frame; 

{ }
digitizer

P  is the vector containing the coordinate of the 

point P   expressed in the local (tracker) reference frame. 

Considering a collection of points 
1 2

...
n

P P P  , we 

can built two matrices as: 

[ ] { } { } { }1 2
...

nworld world worldworld
P P P P= é ùë û  (26) 

[ ] { } { } { }1 2
...

ndigitizer digitizer digitizerdigitizer
P P P P= é ùë û           

  (27) 

In order to compute the matrix é ùë û
digitizer

word
T

 
we have to 

solve the system of equations 

 [ ] [ ]digitizer

worldworld digitizer
P T P= é ùë û  (28) 

for the unknown elements of the matrix é ùë û
digitizer

word
T  .  

An homogeneous transformation matrix is defined by 6 
independent parameters (three for the description of the 
rotation and three for the translation). For this reason, the 
system (6) has more equations than unknowns and the 
solution can be computed as: 

 [ ] [ ]1digitizer

world world digitizer
T P P

+-
=é ùë û  (29) 

where the [ ]
+-1

world
P  is the pseudo-inverse matrix of  the   

[ ]
world

P matrix.  

Due to numerical approximation or errors in acquisition, 

the orientation block of the computed matrix é ùë û
digitizer

word
T   

can result not exactly orthogonal. Since it represents a 
rigid spatial rotation, it is important to correct this 
imprecision. For this purpose, we can operate a QR 
decomposition of this orientation block: 

 [ ] [ ]1 13x3 3x33x3

digitizer

word
Orientation R U=é ùë û  (30) 

where (due to the QR algorithm): 

[ ]1
R  is an orthogonal matrix representing the corrected 

rotation and [ ]1
U  is a matrix whose upper band contains 

the errors of approximation and the lower band has only 
zero elements. In case of a pure rotation (orientation block 

without errors) [ ] [ ]=
1

U I  .  

Finally, in order to compute the transformation matrix 

between the digitizer and the camera é ùë û
digitizer

camera
T , useful to 

collimate the acquired points to the visualized ones, a 
matrix multiplication has to be performed: 

 
digitizer digitizer word

camera word camera
T T T=é ù é ù é ùë û ë û ë û  (31) 

Figure 5 shows some snapshots taken during a 
calibration procedure. The reference points are picked 
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using a reference cube of known dimensions (80 mm x 80 
mm x 80 mm). 

Once the position and the attitude of the digitizer are 
correctly recorded, we have to define the methods to 
interact with the simulation.  

A possible solution is the use of a fictitious spring 
connected between the digitizer stylus tip and one of the 
control points (see Figure 6) . By this way, if the tip is 
moved in the scene, it affects the dynamics of the spline 
that moves accordingly. 

 

 

 
 

 

Fig. 5 Snapshots taken during calibration procedure  

Mathematically, the use of a fictitious spring between 
the tracker stylus tip and a spline control point adds a 
term to the external force vector 

,i external
Q  in Eqs. (8) and 

(9): 

{ } { } { } { }_ _

, , _ _

digitizer tip digitizer tip

i external i external control point control point
Q Q k d c d= - - &

where: 

{ }_

_

digitizer tip

control point
d is the distance between the connected 

control point and the digitizer tip; 

{ }_

_

digitizer tip

control point
d&  is the derivative of { }_

_

digitizer tip

control point
d with 

respect to time; 
k is the stiffness coefficient; 
c is the damping coefficient. 
 

 

Fig. 6 A fictitious spring between the tracker stylus tip and a 
spline control point is used for the interaction 

In order to prevent the dynamics of the spline to be 
affected by the presence of an external (and not physical) 
elastic component the value of the parameter k has to be 
chosen more than 5 times the bending stiffness of the 
beam. Moreover, the use of a damping coefficient 
improves the stability of the system and prevents jittering 
in simulation.   

4 Example and validation 
In order to test the proposed methodology, in this 

section an example of implementation is presented and 
discussed. 

The simulated scenario is a long, thin and very flexible 
beam that is pinned to a fixed frame. It moves under the 
effect of gravity and its motion can be altered by the user 
clipping its free end. In particular, the user can decide 
when the connection between the tracker and the spline 
has to be activated (simulating the clipping) or deactivated 
(simulating the release).  

This scenario is also important to test the methodology 
with event based changes in the equations of motion. In 
order to achieve stable and correct results, the solution 
strategy has to be able to manage rapid changes in force 
definition. 

The beam has been modelled as a B-spline with 5 
control points. The gravity acts along -Y direction 
(downward in the vertical direction) and produces 
generalized forces acting on the coordinate y of each 
control point.  

Geometrical, inertial and elastic parameters are 
summarized in Tab. 1. 

The simulation has been performed with a fixed time 
step of 0.01 s. Each video frames, 4 integration steps are 
computed and the augmented scene is updated 
accordingly.  

 
Parameter Value Note 

Beam length 0.50 m - 
Beam section shape circular R = 5 mm constant 

Beam mass 1.0 kg homogeneous 
Material Young Modulus 1.0 N/mm2  
Material Poisson coef. 0.45  

Tab. 1. Geometrical, inertial and elastic parameters of the 
example. 

Figure 7 reports a series of five snapshots taken during 
the run of the simulation. The flexible beam is real-time 
rendered with colours (from red to green) that are related 
to the maximum Von Mises stress of each section, 



95

P.P. Valentini, E. Pezzuti Dynamic Splines for interactive simulation of elastic beams in Augmented Reality 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

computed from the strain evaluation according to Eqs. 
(13), (16) and (18). 

 

a) b)

 

c) d)

 

e)  

Fig. 7 Five snapshots from the discussed example 

In the first part of the simulation (snapshot a of Figure 7) 
the beam is free to move and it is in rest position (aligned 
along the vertical direction).  

Then, the user locates the tracker near the beam tip and 
activates the fictitious spring connection (snapshot b). 
From this moment, the tip of the beam moves subjected 
to this connection.  

When the user moves the tracker, the tip of the beam 
follows it (snapshots c and d). It is important to notice that 

the elastic strain and stresses are continuously evaluated, 
producing real-time contour plotting.  

When the user decides to release the fictitious spring 
connection, the beam moves subjected to gravity force 
only and it oscillates around the equilibrium position 
(snapshot e).    

The results of the simulation have been compared with 
a corresponding finite element analysis of a beam 
subjected to the same forces and the same imposed 
displacement. The structure has been modelled with 25 
line (beam) elements. 

Figure 8 reports a comparison between the tip trajectory 
of the beam simulated as a dynamic B-spline in the 
augmented reality environment and that computed from 
finite element modelling. 

 

Fig. 8 Comparison between dynamic spline formulation and 
nonlinear finite element analysis. Continuous blue curve 

denotes the results coming from finite element model, the 
red markers denote the results coming from dynamic spline 

simulated in the augmented reality environment. 

 
It can be noted a very good agreement between the two 

trends: after 10 seconds of simulation the differences 
between the tip position is lower that 2%.  

The comparison between the elastic, potential and 
kinetic energies of the beam simulated as a dynamic 
spline in the augmented reality environment and those 
computed from finite element modeling show similar 
agreement. Differences are bounded below 4%.                

5 Conclusion 
The implementation of dynamic spline theory reveals to 

be a valid formulation for the simulation of the flexibility of 
one dimension elements like beams in an augmented 
reality environment. Such integration between flexible 
body simulation and augmented reality requires an 
appropriate representation on order to achieve real-time 
processing and accurate results.   

Following the proposed approach, a beam can be 
described with a spline whose control points describe its 
global motion and deformation. By this way, the simulation 
can be performed with a smaller set of coordinates with 
respect to standard finite elements approaches and large 
displacements can be easily taken into account without 
approximations.   

The dynamic spline formulation uses the geometrical 
control points to describe the displacement of the beam. 
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Control points aren't physical entities of the beam, but 
allow a better control of its deformation. Moreover, the 
control points have only translational degrees of freedom  
and this feature is an advantage for computation.  

It is very important to underline that the dynamic spline 
formulation allows a more direct relationship between 
geometrical and simulation entities. In comparison with 
standard finite element approach, there is no need to 
mesh the geometry before simulation. The same 
mathematical representation can be used for both 
modelling and simulation. 

The proposed implementation of an augmented reality 
environment makes use of a digital tracker able to 
increase the interaction between the user and the scene. 
The position of its tip can be acquired with a very good 
precision. Moreover, thanks to the use of optical markers 
and mechatronic digitizer, the visualization and tracking 
activities can be processed separately.     

The proposed example of application confirms that the 
formulation is suitable for the integration in the 
augmented reality system, producing and accurate, 
realistic and real-time simulations.  
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Abstract 

Modern industries operate under very selective conditions, as all the competitors develop 
efficient and effective products. For this reason, innovation is one of the main ways to lead 
the market. There are some methods and tools to analytically help designers towards the 
generation of new ideas. TRIZ is one of these methods. But all of this is not enough to 
generate a success product, because a fundamental actor is still underestimated, the final 
user of the product under development. To satisfy the user's requirements, designers and 
developers must keep into consideration also the Interaction Design methods. Unfortunately, 
these methods are not as structured as the TRIZ theory and very often it is very difficult to 
apply them in an effective way. For all of this, it appears quite reasonable to think about the 
development of innovative, easy-to-use products, as helped by a synergy between the 
Interaction Design and the TRIZ theories. After some highlights about analogies and 
differences of these two domains, this paper develops the basis for the generation of a new 
integrated analytical method able to suggest a collection of guidelines for the definition and 
implementation of engineering requirements. Then this method is described, and the 
summary of a case study performed to validate the method closes the paper.  

1 Introduction 
Nowadays product innovation is one of the most 

challenging issues in the industrial design and production 
domains. To be competitive, an industry must enter the 
market with new products; to be more competitive and to 
lead the market, these products must be innovative. The 
main difference between a new and an innovative product 
stands in adopting creative, sometimes unexpected, 
solutions [1,2]. 

To reach innovation, competitors must pay attention to 
product design mainly during the concept generation 
phase. They can operate in two ways: by creatively 
generate new ideas or new product concepts from 
scratch, or by performing some re-design of existing 
products or the re-engineering of the processes to 
generate them, aiming at solving problems in an original 
and innovative way. 

Innovation becomes systematic innovation when 
concepts, methods, tools, etc., are placed in a usable 
framework presenting a clear architecture. This happens 
in the theory considered in this research, TRIZ. TRIZ - the 
Latin acronym for Theory of Inventive Problem Solving - 
has been developed by Genrich Altshuller, and it is a set 
of methods, tools, strategies, etc., for solving technical 
problems in an innovative way and using innovative 
concepts. It suggests solutions by exploiting a knowledge 
base generated by analyzing over a million of patents [3-
5]. 

Today the application of TRIZ ranges from the solution 
of mechanical design problems as the improvements of 
rotary compressors, heat exchangers or other structural 
or mechanical optimization problems, etc. [6-8], to 
chemical safety problems [9,10], till biology and bio-
inspired design [11,12], and service industry or business 
management [13,14]. 

Interaction Design - ID - is another important aspect 
where product innovation can count on. It regards the 
design of interactive products aimed at supporting people 
in their everyday and working life. The ID practices 
typically focus on complex systems such as multiuser 
software packages, mobile devices, home electronics, 
interactive services, etc. The ID defines the behavior of 
these artifacts or systems while interacting with their 
users. This way, interaction designers work with the 
emphasis on users’ goals and experience, and evaluate 
designs in terms of cognitive compatibility, usability 
effectiveness, etc. [15-19]. 

Some meaningful examples of the application of the ID 
principles include Personal Computer or mobile and smart 
phone interfaces (e.g. iMac, iPhone, etc.), till interactive 
household appliances or new services [20,21]. 

The analysis of the literature highlights that TRIZ is for 
sure one of the most known systematic approaches for 
creative design, but it has not been developed to provide 
a deep understanding of users’ needs. On the contrary, ID 
is widely diffused as a design methodology for good 
product design in a user-centered view, but is not 
characterized by a systematic and structured approach. 

Then, any possible synergy between these two 
innovation strategies should be studied. This paper 
investigates in detail the correspondences and, even 
better, the possible synergies, between TRIZ and ID, in 
order to enrich the collection of Design for multi-X 
methods for product development [1]. The reason for this 
is that in the last years these two topics have been 
rediscovered and appreciated by product designers and 
engineers involved in Human-Centered Design of 
consumer products [22, 23], but there have been really 
few attempts to couple them to maximize the 
effectiveness of their synergic adoption. 

The next two sections, 2 and 3, contain an overview of 
TRIZ and ID, highlighting design activities and specific 
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methods and tools. The structure and content of these 
two sections have been thought in order to ease the 
comprehension of the activities described in the rest of 
the paper. The section 4 describes the search for 
correlations and synergies between them and the section 
5 the generation of a new integrated method that includes 
the benefits of TRIZ and ID, while section 6 describe a 
case study and section 7 lists some discussions about the 
results. The paper ends with conclusions and 
perspectives on the possible integration of these two 
design methodologies in a wider framework for product 
development. 

2 TRIZ 

2.1 Fundamentals  

TRIZ was originally proposed by Altshuller in 1946. 
This theory comes from the idea that every engineer or 
people in general, can become an inventor and solve very 
difficult technical problems by proposing innovative 
solutions in a systematic way. 

The TRIZ systematic approach guides people during 
problem solving activities avoiding a random exploration 
of the space of solutions. TRIZ gives directions to explore 
a restricted space for finding innovative solutions; it also 
guides problem solvers towards solutions or strategies 
that have demonstrated their efficiency and effectiveness 
in similar situations in the past, in the same or in 
completely different application domains [4,5]. TRIZ does 
not give solutions directly applicable; it suggests only 
research directions to find solutions, then leaving place to 
the designers’ creativity. With TRIZ, inventors can 
generate more ideas than before, faster than before, and 
select the best ones in an automatic way. 

The most important source of TRIZ is the knowledge 
base generated by the analysis of thousands of patents 
and pieces of technical information. This theory is also 
based on the analysis of scientific literature, on the 
psychological behavior of inventors, and, of course, on 
the analysis of existing methods and tools for product 
innovation. As explained in [5], the three primary findings 
of this analysis are: problems and solutions are repeated 
across different domains (industries and sciences); 
patterns of technical evolution are also repeated across 
different domains; innovations use scientific effects 
outside the field where they are developed. This huge 
work generates the knowledge base used in the heuristics 
and tools of TRIZ. Each time a new problem is solved, the 
knowledge base becomes richer. 

During the patent analysis, Altshuller discovered that 
very different technical systems and processes share 
similar peculiarities in their evolutions. Sometimes the 
same generic problem had been pointed out and solved 
with the same generic principle of resolution but in 
different technical domains and the solutions were 
separated by many years. 

For this reason, in TRIZ the specific problem is 
elevated to a higher level of abstraction before being 
solved. The specific problem must be first identified and 
described precisely. Then, the particular problem is 
converted into one of the TRIZ generic problem types, 
under the form of technical or physical contradiction, or 
substance-field model. Next, some standard solutions 
may be found for the particular problem by examining all 
the standard solutions provided by TRIZ for that type of 
generic problem - there are 76 solutions for solving 
substance-field problems and 40 principles for solving 

contradictions. After that, the standard solutions are 
evaluated against the technological evolution trends to 
further enhance the goodness of the standard solutions. 
Finally, the problem solvers exploit their experience and 
expertise in deriving and customizing a specific solution 
that is practical to the particular problem [3-5]. 

2.2 TRIZ concepts and tools 

The set of fundamental concepts and heuristics used 
by TRIZ to solve complex problems have been 
implemented in several tools. In literature these tools are 
usually collected in two sets: TRIZ analytical tools - 
problem modeling - and TRIZ knowledge-based tools - 
problem solving - [24]. 

The research described in this paper exploits the 
following TRIZ knowledge-based items. 
- Laws of system evolution. During its lifecycle, a 

system is always evolving and this evolution is 
governed by objective laws. This concept allows 
anticipating future ways of evolution of systems that 
show some sort of similarities [4,5]. 

- Ideal Final Result - IFR. This concept is strictly 
connected to another one, the Ideality. This is a 
psychological concept that allows finding the best 
solution for a complex problem without taking into 
account cost, time, space or any problem constraints. 
Ideality is defined by the ratio between the positive 
and useful functions of the system and the negative 
and harmful ones. It defines a sort of virtual goal. In 
TRIZ, Ideality is a goal. All systems evolve towards 
the increase of their degree of Ideality. The perfect 
system, called Ideal Final Result - IFR, has all the 
benefits the customer wants, with no harmful effects. 
The ideal system is often a utopia but it could guide 
toward seldom-explored directions [5]. 

- Functional analysis and trimming. Each system has 
its main, overall function, and all its components have 
to contribute to this function in the most effective way. 
Otherwise there could be some underuse and/or 
conflicts. The trimming concept exploits the functional 
description of the product, because it increases the 
value of the product by eliminating components and 
suggesting how to transfer their sub-functions to the 
untrimmed components. The goal is of course to 
keep the overall function of the system unaltered. 
Functional analysis and trimming are helpful in 
defining the problem and improving the Ideality of the 
system. Moreover, the notion of functionality allows 
the generalization of the different aspects of the 
system. This gets easier the transfer of knowledge 
and know-how among different application fields, 
such as the technical, the medical, the biological one, 
etc [3,9]. 

- 40 Inventive principles. These principles come from 
the Altshuller’s analysis of patents. They have been 
derived from the study of the principles used in the 
top few percents of the global patent literature, where 
a breakthrough invention had actually occurred. 
Principles are used to guide the TRIZ practitioners in 
developing useful concepts of solution for inventive 
situations. Each solution is a recommendation on 
how to make a specific change to a system for 
eliminating a technical contradiction [3-5]. 

- Contradictions and the contradiction matrix. In TRIZ, 
problems can be described in terms of contradictions. 
An inventive problem contains at least one 
contradiction, and an inventive solution overcomes 
totally or partially this contradiction. A contradiction is 
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a conflict in the system and it arises when two 
requirements or needs for a system are mutually 
exclusive but both are required by the overall function 
or, in other words, to reach the system goal. Contrary 
to classical methods for creativity stimulation, as 
brainstorming, trial and errors, etc., TRIZ refuses 
trade-offs and tries to eliminate the contradiction. 
TRIZ theory has specific tools to solve contradictions. 
The most important one, the contradiction matrix, 
recommends which principles should be considered 
in solving approximately 1250 different types of 
contradictions [3-5]. 

- Multi screen or Nine box approach. This is the 
simplest and most powerful TRIZ concept, also 
known as time and space interface. It works on all 
problem types, both technical and management, and 
allows investigating the system context and behavior 
in different situations. This concept is figured as a 
9x9 square matrix where the columns describe three 
different times- past, present, and future - and the 
rows contain three different levels of system 
description - super-system, system and sub-system. 
This method is used in system analysis, to define the 
system environment - super-system - and all the 
system details - sub-systems -, taking a look to the 
past, considering the present, and trying to foresee 
the future [4,5]. 

- ARIZ: it is the algorithm used for the inventive 
solution of complex problems. It is not very used 
because it requires a big workload and for this 
reason the other TRIZ techniques are more 
frequently used. Some different versions exist and 
the most known one is composed of 10 stages, 
starting from collecting and classifying the pieces of 
information, proceeding with the problem analysis 
and reduction, until the concept generation and 
evaluation. 

3 Interaction Design 

3.1 Fundamentals 

The ID is a discipline born recently when the user 
needs become the most important element for the 
success of a product [19]. One of the main goals of the ID 
is to develop usable products. Therefore, at the 
beginning, a large part of ID activities was related to 
usability evaluation and testing. After the first years of 
experiences in the field, the research started to study and 
develop methods and tools to design the interaction in the 
product, rather than to leave these important issues to the 
experience and commonsense of the classic designers. 
All of this moved the ID towards a really interdisciplinary 
domain, where different expertise coming from design, 
arts, technology and sciences, etc. is needed. The ID 
attempts to improve the usability of a product by first 
searching and understanding the users' needs. Designers 
will be able to properly tailor and maximize usability only 
by involving the final users of the product. Then, 
designers work to meet and to go beyond the collected 
requirements, by trying to figure out the evolution of the 
users thanks to the use of the product, and how these 
people would like to use it. All of this leads to the 
development of a set of ID concepts. Fortunately, even if 
interaction designers follow similar problem solving 
processes, results may differ really much each other 
because ID practices involve many principles and 
methods. These solutions are evaluated and compared, 

and then designers build some prototypes of the interface 
that implements the interaction and test them with the 
users to validate the concepts. Finally, the first release of 
the resulting system is generated and tested with final 
users. Based on the users’ feedback, several iterations of 
any set of phases of the process may occur. 

3.2 ID concepts and tools 

As for TRIZ, the ID shows a set of fundamental 
concepts and some law and heuristics to solve interaction 
problems. The authors of this paper suggest collecting the 
ID items in two categories: ID description concepts - for a 
formal and usable description of the system under study, 
and ID knowledge-based concepts - characterized by 
items for thinking enhancement and generic problem 
solving. 

The following ID knowledge-based items are of interest 
here. 
- Laws of interaction design. There are some laws that 

interaction designers successfully use, while they can 
maintain their creativity unbounded. In fact, these 
laws guide designers’ work without dictating it. Well-
known examples are Fitts's Law, Hick's Law, the 
Miller Magical Number Seven, and the Poka Yoke 
principle. Fitts’s law simply states that the time 
required to move from a starting position to a final 
target is determined by two factors: the distance to 
the target and the size of the target. Hick's Law says 
that the time it takes for users to make decisions is 
determined by the number of possible choices they 
have. Miller determined that the human mind is best 
able to remember information in max seven chunks, 
plus or minus two. Finally, the Poka Yoke principle 
states error prevention strategies [15,19]. 

- Norman’s design principles. These are general 
abstractions developed to orient interaction designers 
towards thinking about different perspectives of their 
design problems. Design principles are derived from 
a mix of theory-based knowledge, experience, and 
common sense. They suggest to designers what to 
provide and what to avoid during the development of 
a system interface. Norman suggests several design 
principles that ideally may be used for every device 
and appliance. Among them, there are visibility, 
feedback, natural mapping, constraints, and design 
for error [16]. 

- Nielsen’s heuristics. These heuristics consist in ten 
general principles for user interface design. Nielsen 
originally developed and refined his heuristics 
principles by analyzing 249 usability problems. The 
ten heuristics comprise the visibility of the system 
status, the match between the system and the real 
world, the user control and freedom, the consistency 
and the obeying to standards, the aesthetic and 
minimalist design, etc. [15,25]. 

- Metaphor. In the ID context, the metaphor is an 
important concept that provides designers the means 
to understand complex systems. As reported in 
[26,27], metaphors help to conceive and understand 
abstract concepts like the time, usually by making 
reference to more concrete objects. The way people 
understand new things is to conceive of them in 
terms of things they already know. Designers can 
take a familiar domain and use and exploit its 
characteristics to find similarities and differences 
between it and the unfamiliar domain. All of this 
makes the unfamiliar domain more usable for the final 
users. Metaphor can be a powerful tool for designers, 
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in both the process of designing and within the 
products themselves. Moreover, metaphors can help 
to redefine design problems and to solve them. They 
can be used as a research tool, to understand new 
subject areas, or as a way to generate new ideas 
starting familiar subjects [26,27]. 

- Interaction paradigms. This concept refers to a 
particular philosophy or way of thinking about the ID. 
It is intended to orient designers to the types of 
questions they should ask themselves during their 
activities. For many years, the main paradigm in ID 
was to develop applications to be used by single 
users sitting in front of a monitor, with a CPU, a 
keyboard, and a mouse. Now, a number of 
alternative interaction paradigms have been 
proposed by researchers, to guide future interaction 
design and system development. These alternative 
paradigms include for example ubiquitous computing 
- technology embedded in the environment, 
pervasive computing - seamless integration of 
technologies, wearable computing, augmented 
reality, physical/virtual integration, etc. [17]. 

- Usability evaluation methods. Usability evaluation is 
an essential activity for generating highly usable 
products. Various usability evaluation methods have 
been developed; they can be classified into three 
types: usability testing, usability inquiry, and usability 
inspection [25,28-31]. Usability testing employs 
representative users using a system or a prototype to 
perform typical tasks and then evaluates the 
cognitive compatibility of the user interfaces. Typical 
methods include co-discovery learning, question-
asking protocol and shadowing method. Usability 
inquiry talks to users, observes how they use a 
system in real work settings, and let them answer 
questions in order to understand the users’ feeling 
about the system and their information needs. Field 
observation, focus groups, and surveys, are typical 
usability inquiry methods. Finally, in usability 
inspection, usability experts examine usability-related 
aspects of the interfaces in an analytic way. Here the 
typical methods are cognitive walkthrough and 
heuristic evaluation. 

4 Correlations, differences, and 
possible synergies between TRIZ 
and ID 

As stated in the introduction, the goal of this paper is to 
investigate about possible correlations and, even better, 
real synergies between the systematic innovation theory 
TRIZ and the ID. First of all, it is important to point out that 
this search for correlations is possible because the items 
of the two domains are used for design purposes. In 
particular, these methods are involved in product 
innovation processes. Both the domains adhere to similar 
development frameworks, in which research and analysis 
phases are followed by the solution generation, and by 
the evaluation/validation of the solutions found. As 
described in section 2, TRIZ theory is based on a more 
systematic approach and TRIZ tools widely support the 
problem definition phase. On the other hand, ID methods 
emphasize the problem finding without a rigorous problem 
definition; ID follows a less structured approach and, in 
particular, it provides weak structures for generating 
solutions, but it takes into account the users’ needs. 

4.1 Correlations and differences 

Before trying to set some synergies between these two 
groups of items, it is better to individuate correlations and 
differences between them. Given that ID has not specific 
and consolidated analytical methods for problem modeling 
- ID uses a heterogeneous collection of methods and tools 
for system description, only ID knowledge-based items 
are considered at the moment. 

As summarized in Tab. 1, it is possible to find 
meaningful correlations between TRIZ and ID. In 
particular, the 40 inventive principles can be put in 
relationship with the Laws of interaction design, the 
Nielsen’s heuristics, and the Norman’s design principles, 
in terms of design guidelines that can be used in general 
for finding the better solutions of a design problem. 
Besides, these guidelines can be applied in different 
contexts and for different kinds of problems. 

 
TRIZ ID 

40 Inventive Principles 
Laws of interaction design 

Nielsen’s Heuristics 
Norman’s design principles 

Laws of system evolution 
Interaction paradigms 

Metaphors 

Ideal Final Result 
Usability Evaluation &Testing 

methods 

Functionality and trimming Metaphors 

Multi Screen or Nine box 
Approach 

Metaphors 
Interaction paradigms 

Tab. 1 Correlations between TRIZ and ID. 

There are also some correspondences between TRIZ 
laws of system evolution and the ID interaction paradigms 
and metaphors. In fact, when the ID designers imagine 
the future developments of a system interaction, they set 
a sketch of technology forecasting enforced by the use of 
metaphors. Another correspondence can be identified 
between the TRIZ Ideal Final Result and the ID Usability 
evaluation and testing methods. This correspondence is 
intended as the will of the ID designers to produce 
products more usable as possible or, in other words, 
ideally usable. Moreover, the TRIZ functionality and 
trimming may be related to the ID metaphors. In fact, ID 
designers set some sort of functional representation of the 
system interface during the definition of the metaphors. 
This representation is not as structured as a TRIZ system 
functional model; anyway it is an interesting contact point 
between these two domains. Finally, a correlation can be 
identified between TRIZ multi screen approach and the ID 
metaphors and interaction paradigms. In fact, these two 
ID items allow designers to analyze the system status in 
relation to time location (present, past and future) and in 
relation to its dimensions and future developments.  

Together with the correlations shown in Tab. 1, it could 
be useful to highlight the main differences between the 
two domains considered here. All of this happens 
because the search of synergies may effectively start from 
them, in trying to compensate the lacks of TRIZ with the 
peculiarities of ID and vice versa. For example, a 
correlation between TRIZ contradictions and any ID item 
was not found. The authors of this paper have only found 
a soft correlation between TRIZ contradictions and the 
Nielsen’s heuristics. Every time a usability heuristic is 
violated by the interface of a system under development, 
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a sort of contradiction in the system behavior may be 
highlighted. 

As summarized in Tab. 2, the main differences 
between these two set of items can be identified in the 
following aspects. First of all, there is the presence of a 
highly structured approach to problem solving in TRIZ, 
against a loosely structured problem solving strategy in 
ID. The absence of a systematic design approach is 
highlighted by the different focusing of the two methods. 
TRIZ focuses on functionality and technical aspects of the 
problems, while ID is oriented to interaction aspects and 
user’s needs. Moreover, TRIZ theory and concepts 
emphasizes abstraction, while ID methods emphasize the 
real context. Finally, in ID practices the innovation is 
intended as a consequence of the experience and the 
skill of the design team members. For this reason, the 
results of the ID reasoning refers to the description of the 
‘why’ aspects of the product design process, but often it 
does not suggest solutions. On the other hand, TRIZ, 
thanks to its structured approach and leveraging of other 
success results, may suggest the ‘what‘ and ’how‘ 
aspects of the considered design problems [28] and, in 
this way, it can prescribe real solutions. 

 
TRIZ ID 

Highly structured 
approach 

Loosely structured 
approach 

Focus on functionality and 
technical issues 

Focus on interaction 
aspects and users’ needs 

Emphasizes abstraction 
Emphasizes the real 

context 
Prescribes ‘what’ and 

‘how’ 
Describes ‘why’ 

Tab. 2 Main differences between TRIZ and ID. 

4.2 Possible synergies 

From the correlations and the differences between 
TRIZ and ID identified in the previous paragraph, it 
emerges that the synergic application of the two 
collections of items described before could represent a 
meaningful added-value in product innovation activities. 
Fig. 1 shows an overview of a proposed method coming 
from this integration, namely the innovation-oriented ID 
approach to product development. This method allows 
using both a new analytical method that includes only the 
ID items and a synergy between the systematic approach 
of TRIZ and the unstructured ID, mainly in the idea & 
concept generation phase. An important part of the 
method is the introduction of the ID-oriented Ideal Final 
Result concept. It consists in the definition of the precise 
goal to tend to throughout the ID activities. Thanks to the 
users’ involvement, it should be possible to determine 
where and when interaction problems of the system or 
discrepancies from its expected behavior may occur. In 
comparison with a classic-style ID process, where the 
phases are 1) Design Research, 2) Analysis and concept 
generation, 3) Alternative evaluation, 4) Prototyping, 5) 
Implementation, 6) Testing,, the new innovation-oriented 
ID process is based on a more structured idea & concept 
generation phase, where there are some new phases: 
Specific problem description (2a), and Innovation-oriented 
ID generic problem description (2b), which represent the 
typical phases of the TRIZ process for the functional 
description of the system. Moreover, the proposed 
method splits the old Alternative design and evaluation 
phase into two new phases: Innovation-oriented ID 
generic solution generation (3a) and Specific solution 

generation (3b), for a more systematic exploration of the 
solution space during the ID problem solving activities. 
Inside this method, the ID-oriented Ideal Final Result 
allows measuring the performances of two phases; in fact, 
it is used to quantify the distance between the specific 
solution selected in the phase 3b and the IFR, and to 
measure the performances of the final release of the 
system (6). 

SYSTEM PROTOTYPING & 

TESTING

4. Prototyping and 
prototype testing

5. Implementation

6. Product testing

IDEA & CONCEPT GENERATION

1. Design Research

2a. Specific problem
description

2b. Innovation-oriented 
ID generic problem 

description

3a. Innovation-oriented 
ID generic solution 

generation

3b. Specific solution 
generation

ID-
oriented

Ideal
Final

Result

 

Fig. 1 Overview of the innovation-oriented ID approach to 
product development. 

5 The innovation-oriented ID approach 

This paragraph describes the six phases of the new ID 
approach in detail. Fig. 2 can be used as a reference for 
this description. A case study has been performed to test 
the validity of the proposed method. An innovative product 
should derive from the synergy between a refrigerator and 
a TV set and the goal of this case study was to generate a 
set of guidelines to get their integration as usable as 
possible. 

Regarding the guidelines generation process, there are 
three possible paths, depending from the problem 
complexity, the available resources, and the designers' 
skill and knowledge. The first path (I) is based on the 
adoption of the basic tools of TRIZ; the second one (II) 
exploits the ARIZ, while the third (III) refers to the 
adoption of different analytical methods and tools (not 
considered here for space reason). Of course, all of them 
contain the eight phases depicted in Fig. 1. The boxes in 
Fig. 2 are labeled accordingly. For example, I-2a means 
that the box represents the phase 2a of the first path. 

The phase 1, Design research, is common to all paths. 
It allows defining problem boundaries, complexity, type of 
design process (new design or redesign), etc. After that, 
the paths towards the generation of the design guidelines 
split in three. 
1) Use of the basic TRIZ tools: this part is characterized 

by the use of the classic TRIZ tools. The first phase 
defined the users' needs and the specific goals of the 
product and the IFR is evaluated from them. Then, 
the functional model is generated and it allows 
defining a generic description of the users' needs. 
These are the basic elements needed for the 
adoption of the basic TRIZ tools. Seven tools could 
be applied; if they don’t generate a good solution, 
another iteration starts, where the users’ needs and 
the functional scheme can be revised and after that, 
new tools can be chosen. Some generic guidelines 
are found, from which the particular ones are derived 
and applied to the product model. 
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Fig. 2 The innovation oriented ID approach in detail.

2) Use of ARIZ: the ARIZ technique is exploited in this 
path, passing through the same pieces of information 
described in the previous one but with different 

requirements in terms of designers' skill and 
knowledge. In fact, this tool is more difficult to use 
and it requires more users' experiences and 
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capabilities in problem solving. On the other hand, it 
allows generating a generic good solution already at 
the first iteration. Also this technique starts with the 
collection and the classification of the user needs, but 
it is based on the principle of the reduction of the 
problem in simpler sub problems, so it is easy to find 
partial generic solutions on them. The customized 
guidelines are generated starting from the union of 
them. 

3) If a different analytical methods based on ID theories 
is available, it can be exploited here. When a set of 
guidelines is found, it is necessary to evaluate if it is 
a good one. For this reason, the process go ahead to 
the fourth phase; if the test is positive, the solution is 
kept into consideration, otherwise another tool of the 
same technique could be exploited, or a different 
path can be chosen.  

 

Fig. 3 Procedure of the case study. 

The three paths join again at the phase 4, where the 
generated guidelines are used to update the product 
model and to generate a prototype of the result. Then this 
prototype is evaluated using techniques compatible with 
the available resources and the result of the evaluation is 
compared with the IFR. If the test gives a positive answer, 
in other words if the product satisfies the usability 
requirements, the process goes ahead with the 
generation of the final product - phase 5 - that will be 
tested again, for the last time for this iteration of the 
procedure, regarding the IFR. 

In the case study, the process is followed until phase 
4, because of the lack of the possibility to generate a real 
prototype.  

Fig. 3 shows the roadmap of the case study: first, the 
path I has been followed, by applying the basic TRIZ tools 
to the design - full arrows in Fig. 3. Then, given that the 
results weren't so satisfactory, the process proceeded 

using the path II, based on ARIZ - dashed arrows in Fig. 
3. 

Some of the resulting guidelines suggested by the 
proposed method run as follow. 
- The structure of the door of the refrigerator must be 

able to house an integrated touch screen; 
- The two parts of the new product - refrigerator and 

TV set - must be easily taken apart each other; 
- The new product must be able to play TV programs 

as well as radio ones; 
- There should be some functions using both the 

devices at the same time, in synergy. For example, 
on-line shopping; 

- The door of the refrigerator could be built using a 
special material, the electro chromic glass, in order to 
make easier the evaluation of the refrigerator content 
during the shopping on-line. 

6 Discussion 
The lack of synergies between two of the most 

promising techniques for product innovation, TRIZ and ID, 
suggested the research described in this papers. The 
highlights of their correlations and differences allowed the 
definition of the proposed method. It demonstrates that 
this integration of TRIZ and ID is possible and it is quite 
clear that the functional approach of TRIZ may be used 
for describing interaction and/or usability problems in a 
more structured way. In fact, the ID theories consider the 
users' needs and expectations and TRIZ supplies a list of 
analytical instruments that allow generating innovative 
solutions from them, joining together the technique 
benefits. In this way designers can generate easy-to-use 
and innovative products. These two aspects are decisive 
for the success in the market. For these reasons, as will 
be suggested in the conclusion and perspective 
paragraph, an ID-oriented customization of TRIZ 
solutions, engineering parameters or effects, will be 
investigated as it has been done for other research 
domains, such as the chemical and the biological ones [9-
12,32]. Moreover, the TRIZ approach to technical problem 
solving can give an important contribute to the creative 
phases of the ID process, particularly if interaction issues 
concern physical aspect as in ergonomics, where, for 
example, the laws of system evolution represent effective 
tools for pointing designers towards improved and 
effective solutions. In general, the synergy with TRIZ can 
make up for the ID lacks about technical issues or, in 
other term, can help in generating the ‘what’ and ‘how’ 
answers to the ID ‘why’ questions. 

7 Conclusions and perspectives 
An initial taxonomy about some aspects of the 

systematic innovation theory named TRIZ and of the ID 
suggested an investigation about the presence of possible 
correspondences between them. All of this drove to the 
discovery of some significant contact points between 
these two methods; for example, the presence of design 
guidelines - TRIZ 40 principles and ID interaction design 
principles -, or the analysis of evolution trends. Then, the 
research exploited these findings in searching possible 
synergies, starting from the main differences between 
these two domains. 

As a result, a new method for ID has been developed 
and it seems to prove that TRIZ and ID complement each 
other very well. The systematic TRIZ approach remedies 
the non analytical and unstructured ID approach, while the 
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user focus of ID should be integrated in the problem 
definition of TRIZ. Within this method, interaction 
problems may be analyzed and solved using a more 
systematic approach. 

The research is at the beginning. This paper describes 
the potentialities of the synergy between TRIZ and ID and 
depicts the items where the development of this synergy 
can count on. In future papers, the authors will investigate 
the possibility of setting and implementing this synergy 
into an existent framework for product design, and they 
will test it using some case studies. Moreover, there will 
be some research to find out if and how the TRIZ 
methods, for example the inventive principles or the 
engineering parameters, could be tailored and/or 
extended to some particular ID contexts. 
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Abstract 

Mixed Prototyping has been recently proposed as an interesting design tool able to combine 
virtual and real objects, in order to allow both designers and final users to evaluate and 
assess multiple design choices. This paper describes a Mixed Reality environment that deals 
with several issues that usually arise in Mixed Prototyping: the reliable simulation of the 
product behaviour; the mutual occlusion between real and virtual objects; the interpretation of 
the user’s gesture while she/he is interacting with the elements of the product interface; the 
composition of virtual graphics within the real scene through a fast and robust tracking 
methodology. In particular we focus on the tracking methodology considering two different 
solutions based on fiducial markers and natural features, respectively. We have considered 
different scenarios of use, referring to four typologies of products. Each one presents its 
intrinsic challenges: small hand held products (e.g. mobile phones, remote controllers, etc.), 
medium sized products (e.g. small appliances), large interactive products (e.g. major 
appliances) and large non-interactive products (e.g. furnishings). We propose a comparative 
study that aims to identify the tracking system that better fits each application.  

1 Introduction 
The potentialities of Virtual Reality (VR) in the area of 
product design have been investigated for several years. 
A lot of work has been addressed to the development of 
new devices, setup, techniques and methodologies able 
to allow engineers and designers to make a profitable use 
of VR for the development of new products. All these 
works have put in evidence the advantages that one can 
obtain through the virtualization of the prototyping process 
and through the use of VR for improving the interaction 
with the virtual prototypes. On the other hand, several 
problems and challenges have arisen, in particular about 
the ergonomics of the devices and, consequently, about 
the acceptability by the users. VR technologies are often 
not so comfortable or easy to use and this make them 
difficult to use in such analyses (e.g.: usability) that 
involve final users. 
Recently, Mixed Reality (MR) technologies are emerging 
as a promising solution for the problems that are typically 
related to VR environments and in particular to some 
applications in the area of virtual product validation. MR 
environments are characterized by the simultaneous 
presence of virtual and real objects that are somehow 
able to interact with each other. Augmented Reality (AR) 
may instead be considered as the augmentation of a real 
world through the superimposition of digital objects over a 
real scenario. 
AR and MR are often implemented through video see-
through displays equipped with one or two cameras. 
These cameras are used both to acquire the real 
environment that represents the background of the 
augmented scene and to track the position and the 
orientation of the user head with respect to a world 
reference system. The video tracking techniques, based 
on the recognition of fiducial markers, are the most wide-
spread technology used for AR applications. The 
availability of an Open Source software library like 

ARToolkit, that is sufficiently reliable and easy to use, has 
made possible to implement AR application with a limited 
effort. On the other hand, marker-based video tracking 
presents several limitations related to the need to prepare 
the environment and suffers in terms of precision and 
reliability. An alternative to marker-based tracking is 
natural feature tracking, a technique based on the 
recognition of natural occurring features that are used to 
track the movement of the camera with respect to the 
world. Natural feature tracking gives better performance, 
does not require any preparation of the environment but 
requires more computational resources. 
The goal of this paper is to analyze the two video tracking 
approaches (marker-based and feature-based) in two 
specific contexts: Mixed Prototyping (MP) and Augmented 
Prototyping (AP) practices. These consist on the analyses 
of digital prototype using MR and AR environments, 
respectively. The paper will also try to give some 
guidelines for the development of MP and AP 
applications, putting the emphasis on the issues related to 
the video tracking.  
The paper presents four case studies that are the starting 
point for our considerations. We have identified four 
macro-typologies of products with which the user can 
interact: 
- small (as mobile phones or remote controllers); 
- medium (as small appliances); 
- large and interactive (as major appliances);  
- large and non-interactive (as furnishings). 
In some cases, we have supported our opinions with the 
quantitative measurement of some performances (like 
calculation time and fault time). 
This paper is organized as follows. The paper starts from 
a state of the art about MP and video tracking 
approaches. Section 3 presents the guidelines that we 
have defined for the development of applications based 
on MP and AP practices focusing on the choice of the 
video tracking technique. Section 4 and 5 describe the 
hardware set up and the approach that was followed to 
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implement the case studies that are described in section 
6.  

2 Related Works 
The MP approach was recently presented as a practical 
solution able to involve the sense of touch in the 
interaction with a virtual prototype [1-8]. 
This design approach makes use of both physical and 
virtual components. The physical components, usually 
realized by means of Rapid Prototyping, give to the user 
the possibility to touch the object. On the other side, the 
MR displays superimposes missing parts (details, 
additional data, appearance of the objects surface, etc..) 
coming from the virtual model, improving the perception 
that the prototype really exists and works. 
A correct tracking of the user position is crucial for MP 
applications. In order to perceive a consistent 
visualization of the mixed prototype, a robust registration 
of the user and the physical prototype, both immersed in 
the real scene, is needed. In facts, any misregistration will 
prevent the user from perceiving virtual and physical 
channels/stimuli as blended in a realistic prototype [9]. 
In the field of Mixed/Augmented Reality, the topic of 
tracking was deeply investigated during the last decade, 
and tracking techniques can be classified in three main 
categories: sensor-based, vision-based, and hybrid [10]. 
Among all, the vision-based techniques are widely used 
because they don’t require specific and more expensive 
hardware. In fact, they can estimate the camera pose 
directly from the same imagery observed by the user. The 
vision-based category can be divided into two main areas: 
marker-based solution and markerless solutions. 
The marker-based approach relies on putting in the scene 
some artificial marker, that can be easily detected through 
image processing methods. ARToolkit [11] is one of the 
most commonly used open-source libraries implementing 
a marker-based optical tracking. It was lately upgraded to 
ARToolkit plus version [12] and recently superseded by 
Studierstube project [13]. Similar solutions were proposed 
by Fiala in [14-16]. Despite these evolution efforts, 
marker-based approach still presents some challenging 
problems like the lack of robustness against rapid 
motions/rotations of the user’s head, low accuracy and 
jittering. 
Conversely, markerless solutions are a set of promising 
technologies, that may solve all these problems in the 
near future, without adding artificial markers to the scene 
and therefore preserving the real scenario. 
A suitable approach is given by the natural features 
tracking methods [17-22], where the basic idea is to use 
naturally occurring features instead of the artificial 
markers. In a few recent works, some researchers have 
proposed a set of descriptors, more robust and efficient if 
compared to geometrical fiducials such as points, lines, 
edges or textures: the SIFT [23], SURF [24], or Ferns [25-
26]. 
Another suitable alternative is given by the model-based 
tracking methods, that explicitly use a model (such as a 
CAD one) in order to retrieve the object features to be 
tracked. A widespread solution is the use of SLAM 
methods [27]: they construct edge-based models from 
image sequences and use them for tracking without 
needing any prior knowledge of the world. 
An alternative to SLAM was proposed by [28]. Their 
Parallel Tracking and Mapping (PTAM) method is able to 
produce detailed maps, with thousands of features 
tracked at frame-rate. Recently it was successfully 
extended in [29] where a complete 3D model of a 

cluttered indoor environment can be reconstructed from a 
live handheld camera in a few seconds, and then used as 
a structured reference for the tracking. 
Despite to their affirmation in the field of AR/MR, most of 
MP researches are based on marker-based approaches. 
In [4] the authors present a MR set-up where a tangible 
dummy, realized in RP, is animated through the 
augmented reality visualization. The set-up uses an hybrid 
tracking approach fusing ARToolkit [11] with an 
electromagnetic tracker. ARToolkit is used to track the 
position of the dummy. The magnetic tracking sensor 
placed on the right thumb allows the system to draw an 
avatar of the tracked finger, that is used both for resolving 
the occlusion problem and to determine the intention to 
press a button of the product. Their tests have given good 
results, but are limited to the case of hand held products. 
Similarly, in [5] the authors use rapid prototyping to create 
a physical mock-up and they paste the markers needed 
for ARToolkit tracking on the physical model. The 
interaction with this augmented tangible prototype is done 
through a paper pen on which some ARToolkit markers 
are placed. 
In [6] the virtual object is superimposed to a blue foam 
mock-up, but it doesn’t simulate the behaviour of the 
prototypes. A similar application for the evaluation of car 
interiors is proposed in [7]. The authors put in evidence 
that the possibility for the user to see his/her own hands 
while touching the steering wheel and seeing the virtual 
images enhances the feeling of reality and the sense of 
presence. 
Verlinden and Horváth [1-2] described a multiple case 
study addressed to assess usability and impact of AR 
based prototyping technologies. They put in evidence how 
the shortcomings in using physical prototypes and the 
bottlenecks in the design process technologies may be 
reduced using a MP approach. They adopt the projection-
based AR that uses projectors to cast computer imagery 
directly on physical objects. They do not discuss about the 
tracking issue because they put the rapid prototype on top 
of a rotating table equipped with an encoder that allow to 
compute the projected model according to the rotation of 
the table. 
In [8] a reference framework for the mixed prototyping 
practice is presented. The authors report several 
examples where this practice has been effectively used 
for rapid design review of new products and in particular 
for information appliances. They mainly investigate the 
problem of positioning information appliances within 
systems, and for the evaluation of ergonomics aspects of 
interactive devices. All their solutions rely on a video-see-
trough HMD and a commercial optical tracking solution. 

3 Guidelines for Mixed and Augmented 
Prototyping 

Starting from the reference framework described in [8] 
and the famous Milgram continuum [30], we have 
reinterpreted these representations, collocating the four 
different typologies of prototyping as shown in figure 1. 
In [8], the authors propose a 3D framework based on 
three independent domains: user, prototype and 
interaction. On the other hand, Milgram classifies different 
techniques using a single criterion: the environment. 
For our purposes, we propose a 2D representation in 
which the two domains used are: environment and 
prototype. In this way, we can classify the four different 
typologies of prototyping practices. 
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Fig. 1 Classification of various prototyping practices  

Physical Prototyping (PP). This is the typical activity used 
in product development process, in which the 
environment and the prototype are real. This practice is 
the most reliable because the prototype is a very good 
approximation of the final product and also the interaction 
between the environment and the product can be 
analyzed with a good realism. In this case, there are no 
limits for the application of this technique regarding: 
dimension of prototype, types of assessment and 
interaction and numbers of users involved.  
Virtual Prototyping (VP). This situation represents the 
typical practice used during the early phases of the 
design process. The prototype and the environment are 
virtual, the interaction is commonly based on vision 
(indirect interaction [8]), direct interaction can be obtained 
through data-glove [31] or through haptic device [32] so 
involving also the sense of touch. In VP the number of 
users that can be involved in the analyses depends on 
the kind of VR technologies adopted. Virtual room with 
large display are used for design review sessions with 
tens of users at the same time, immersive set-up with 
HMD, instead, can be used only by one user at a time. VP 
typically deals with several kind of different analyses 
(structural, CFD, crash, ergonomics, etc.) so it can be 
used to assess several elements including aesthetic and 
usability. 
However, in this paper we do not deal with these two 
approaches, but we will refer only to applications based 
on Mixed and Augmented Prototyping practice. 
Mixed Prototyping (MP). As shown in figure 1, MP 
consists of a physical prototype in a virtual environment. 
As already noted in section 2, the virtual environment 
does not refer to the scene but rather is the prototype that 
is "augmented" in order to give to the physical prototype 
the appearance and the behavior of the real product. The 
MR displays, in fact, superimpose to a rapid prototype the 
missing parts (details, additional data, the appearance of 
the objects surface, etc.) coming from the virtual model, 
augmenting the illusion that the prototype really exists 
and works. The MP approach offers several advantages 
compared to the VP, because it makes the interaction of 
the user with the product interface easier, involves 
realistically the sense of touch and enhances the 
possibility of ergonomic evaluations. 
MP has the advantage that the user can have a tactile 
interaction with the prototype; therefore it is useful when 
there is a physical interaction between the user and the 
product interface. In these cases, MP allows the designer 
to evaluate not only visual aspects of the product, but also 
usability properties.  
The implementation of the MP practice requires to solve 
at least three problems: simulating the product behaviour; 
managing the occlusion between the user’s hands and 
the virtual object; tracking the movement of the user’s 

fingers in order to make him/her able to interact with the 
mixed prototype. These aspects, which will be described 
in the next section, allow us to define some guidelines for 
the realization of a MP environment. MP in general 
requires a rapid prototype of the parts that the user may 
touch during the interaction with the digital product. In 
some cases it is convenient to build a physical prototype 
only of the user interface (fig.2). Only one user at a time 
can interact with the prototype because MP is usually 
based on HMD. The choice of the rapid prototyping 
technique influences the possibility to simulate the tactile 
perception of a surface, because materials and roughness 
deeply changes among the techniques available on the 
market. Finally, with regard to the video tracking 
approaches (marker-based or feature-based), it is 
possible to implement both, but the marker-based 
approach is more convenient when the prototype is small, 
interactive and mobile (such as hand held objects). The 
benefits of the feature-based approach are greater if the 
size of the prototype is increasing (see sect. Case 
Studies).  
 

   

Fig. 2 The mixed prototype of an hot mixer. 

Augmented Prototyping (AP). This is the case of a virtual 
prototype superimposed to a real environment (fig. 3). 
Generally this practice is useful for evaluating the 
relations between the environment and the product. So it 
can be used for the aesthetic assessment of home 
appliances, that can be presented in their real context of 
use. There are no limits about the dimension of the 
prototypes. As for the MP, the size of the prototype can 
determine the best choice among marker or feature-based 
tracking: for small prototypes the marker-based approach 
is recommended; if the prototype is large and fixed into 
the real scene, then feature-based approach can be more 
effective, because it gives to the user the possibility to 
move in a large area without covering the environment 
with a set of markers. The augmented prototype can be 
interactive, but it is necessary to define a proper 
interaction technique that includes dedicated hardware: 
e.g.: a haptic device. Also for AP, only one user at a time 
can be involved in the design process because of the 
output device. 

 

Fig. 3 An example of augmented prototyping.  

In the following sections, we describe the hardware set up 
and the approach followed to implement the case studies, 
based on Mixed and Augmented Prototyping, described in 
section 6. In particular, the link between simulation 
software and VR development tool in order to implement 
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an interactive virtual prototype; the strategy for managing 
the occlusion of user’s hand and tracking the position of 
the user’s index finger tip; finally, in section 5, we 
describe the new approach for video tracking based on 
PTAM software. 

4 Mixed Prototyping Environment 
The hardware set-up used in this study (Fig. 4) is very 
easy to realize and it can be implemented with a very low 
budget. A video see-through HMD is used for augmented 
visualization. The HMD is composed of an iWear VR920 
and a CamAr, both from Vuzix. The CamAr has a 
resolution of 800x600 pixels at 30Hz. The camera is used 
both for the video see-through function and for video 
tracking through the ARToolkitPlus and PTAM library. For 
the MP applications, a coloured glove, equipped with a 
micro-switch placed at the index finger tip, is used both to 
solve the occlusion problem and to improve the 
interactivity. The micro-switch provides a force-feedback 
reaction when the user is pressing a virtual button, so 
he/she can feel the sensation of touching a real button on 
the physical prototype. The micro-switch signal is 
transmitted to the PC trough a wireless connection. For 
more details about the rendering pipeline, see [3].  

 

   
Fig. 4: The MP set-up. 

4.1 The link between simulation and VR 

In the following case studies, we have implemented 
interactive virtual prototypes by connecting a simulation 
software with a VR development tool. To do this, we have 
used the Matlab/Simulink environment to model and 
simulate the product behaviour and Virtools Dev to create 
the virtual environment where the user interacts with the 
virtual product. The link between Simulink and Virtools 
has been implemented through an Inter-Process 
Communication (IPC) channel using TCP socket. On the  
Simulink side we have developed two custom S-
Functions. These ones can be used within a Simulink 
model as a conventional Simulink block, with user-defined 
behaviour and set of actions. In this case, our S-
Functions are responsible for the communication between 
Simulink and Virtools through the IPC channel provided 
by the SimLib. One S-Function receives the events 
generated by the user that interacts with the virtual 
product and switches different simulation parameters 
according to these events. The other S-Function sends 
the data that describe the state of the product and each 
change that occurs during the simulation. The data 
sending is based on an asynchronous channel: the S-
Function sends data to Virtools, without stopping the 
simulation. In order to obtain a consistent visualization, in 
fact, it is necessary to simultaneously send all data at 
each time-step.  

The Virtools socket connection for the IPC has been 
implemented through two user defined Building Blocks 

(BB), that are able to send and receive data through the 
IPC channel. The first BB sets the 3D model parameters 
in agreement with the data coming from Simulink. The 
second BB sends to Simulink the messages generated by 
the user interaction in the VR environment (e.g.: a button 
pressed, a knob rotated, etc.).  

4.2 Managing the occlusion of the user’s hand 

The correct visualization of the user hand in the MR 
environment requires the recognition of the skin that has 
to be separated from the background. Tens of works have 
approached this issue by analyzing the camera images in 
different colour spaces. Several techniques are proposed 
in literature and there are some comparisons that put in 
evidence advantages and disadvantages of each 
algorithm [33-34].  

We adopted the HSI (Hue, Saturation, Intensity) 
colour space to overcome the illumination problems like 
high intensity at white lights, ambient lights or surface 
orientation relative to the light source. The first operation 
of the algorithm is a transformation from RGB to HSI [35]. 
We have adapted the Single Gaussian model described in 
[36] to classify the hand region, simplifying the equation to 
keep the algorithm easily implementable into a shader 
program.  
In Fig. 5a the result of the adopted algorithm is shown. It 
is apparent that the segmentation is not perfect, but it is 
acceptable for our purpose. At the moment we have 
preferred to focus our attention on the performance than 
on the accuracy of the segmentation: the shader 
implementation needs less than 1ms to process and 
display the hand-region. 
Although the technique is able to detect the skin region, 
we have used a coloured glove during the tests in order to 
improve the precision of the hand recognition, thus having 
a more stable application (fig.5b). Moreover, the glove is 
needed to place the micro-switch at the finger index tip, as 
described in the next section. 
 

     
(a)      (b)  

Fig. 5. Managing the occlusion. (a) skin detection; (b) with 
coloured glove. 

4.3 Tracking the position of the user’s index 
fingertip 

As evidenced in the state of the art, the interactive 
mixed prototyping requires the possibility to interact with 
the elements of the product interface. There are three 
methods currently investigated in literature: a tracking 
device mounted on a fingertip [4]; a tracked pen [5]; 
haptic-simulated elements placed on the physical 
prototype [8].  

We observed that in most cases, e.g.: with electrical 
appliances, when the user approaches the product 
interface to push a button, he/she tends to maintain the 
natural position of Fig. 2, with the index finger completely 

HMD iWear VR920 

Coloured glove 
with microswitch 
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extended. So we can assume that, for the cases in which 
the user may interact with buttons only through the index 
finger, we can track the position of the index finger tip in 
order to detect the user intention while he is interacting 
with the product interface.  

The tracking strategy that we have adopted 
determines the position of the user’s index finger tip in the 
screen space coordinate system through a blob detection 
algorithm. The 2D position of the index finger tip is used 
to determine where the user is pointing, through a 
classical ray casting method. When the user attempts to 
push a button of the virtual product, his/her index finger 
impacts on the physical prototype, activating the micro-
switch mounted on the tip. The activation of the micro-
switch triggers the ray casting in order to detect if the user 
is activating any button of the product.  

In order to speed-up the finger tracking process, we 
execute the blob detection algorithm on the hand-mask 
produced during the hand detection step described in the 
previous section. Moreover, the algorithm attempts to 
reduce the search area to a square of 200 x 200 pixels, 
centred in the position of the blob in the previous frame. 
This considerably reduces the computational time: when 
the finger is found inside the square the computational 
time is reduced from 10 ms to 1.6 ms, thus increasing the 
frame rate of the application up to 60 fps. 
 

5 Video tracking for MR applications 
In order to realize a test with different video tracking 
strategies in MR applications, we had to integrate the 
video tracking functionality inside a VR environment. As 
already stated in section 4, we have adopted Virtools as 
the development environment for our interactive 
applications, so we had to extend its features by allowing 
the video tracking with the two approaches that we would 
like to evaluate: the marker-based and the feature-based. 
For the former case we used Artoolkit Plus [12], while for 
the latter we used PTAM [28]. Artoolkit Plus can be 
integrated in Virtools through the Virtoolkit plug-in. This is 
composed by some BB for the tracking based on single 
marker and multi-marker detection. In figure 6, the script 
used for a multi-marker setup is shown. The script starts 
with the Video Player BB that initializes the video 
capturing from the HMD camera. The Video Capture BB 
acquires one frame from the camera and the Marker 
Tracking BB initializes ARToolkit, which specifies the 
calibration file of the camera and a configuration file of the 
multi-marker setup. If a true Camera Correction is set, the 
BB calculates the projection matrix of the camera using 
the focal length of the calibration file. Alternatively, it is 
possible to choose the “field of view” of virtual camera in 
Virtools, acting on the parameters of the active virtual 
camera (fig.7). The configuration file contains the 
information on single marker of the setup, placed with 
respect to the origin of the world system. The markers, 
recognized by Artoolkit Plus, are several thousand; each 
marker is identified by its own ID and dimension, and by 
the transformation matrix. 
After this initialization phase, there is a loop that captures 
a frame and processes it through the ARToolkit routines 
included in the Marker Detection and Transformation BB. 
This BB receives a texture that is the current frame of the 
live video of the HMD camera, detects the marker, and 
calculates the transformation matrix of the marker with 
respect to the camera. This matrix is assigned to the 
virtual object. 
 

 

Fig. 6. The Virtools script for marker-based tracking.  
 

 

Fig. 7 Virtual camera setting. 
 
The integration of PTAM functionalities inside Virtools has 
been realized through the implementation of a single BB 
that receives the current frame from the HMD camera 
video stream and two transformation matrices that are 
needed for the correct orientation of the world coordinate 
system. The PTAM BB updates the world transformation 
matrix that is applied to the root node of the scene (Fig.8).  
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Fig. 8 The Virtools script for feature-based tracking. 
 
The initialization of PTAM is done by the same BB that is 
triggered when it receives a specific key event. The 
initialization procedure employs the native interface of the 
PTAM library shown in Fig. 9. The user has to move the 
camera sideways between the first two key-frames: this 
allows PTAM to define a baseline between the 
corresponding features in the first two key-frames.  
 

  

 

Fig. 9 PTAM initialization sequence 
 
The PTAM Library is not able to retrieve the real 
distances among the features recognized during the 
tracking. Moreover, at each initialization it defines a 
different origin of the world reference system, because it 
does not have any information about the environment. 
This means that the reference system, defined during the 
initialization, cannot be predetermined and it is different 
for each initialization. This is a limit for MP and AP 
applications, because in these cases it becomes essential 
to fix the correct dimension and position of the digital 
object superimposed to the real environment. The second 
version of PTAM partially solves this problem, as it allows 
the user to create and save the feature map created 
during the stereo initialization phase. This new feature 
makes it possible to carry out the calibration phase just 
one time, but it still requires a manual calibration of the 
reference system.  
In order to support the manual calibration, we have 
implemented a quick procedure that allows the user to 
move and scale the digital object until it reaches the right 
dimension and position in the real scene. The user should 

place in the scene a real object, with known dimensions, 
that is used as a reference. In particular we adopted a 
chessboard that is easily recognized by PTAM and allows 
us to quickly orient the world reference system. So the 
user has only to translate and scale the digital object in 
order to obtain the correct collocation in the environment. 

  
(a)                                        (b) 

 
Fig. 10 (a) PTAM tracking, (b) Object in Virtools. 

 

6 Case Studies 
In this paper, we have developed four case studies based 
on MP and AP practices. In particular, we have simulated 
a mobile phone, a hot mixer, a washing machine and a 
multimedia bed. Each case describes a specific 
application related to MP or AP. These case studies are 
used for a comparative study that aims to identify the 
video tracking system that better fits each application. 

6.1 Hand held products 

For hand held product, we mean a small sized interactive 
product . This category includes products such as mobile 
phones, remote controllers, mp3 players, etc. As put in 
evidence in section 3, for this typology of product the 
marker-based technique is recommended (fig.11). In fact, 
in this case the user always focuses his eyes on the 
prototype, making the solution with ARtoolkit particularly 
stable and robust (during our test, we have not found 
significant losses on the images).  
In order to complete the prototyping, we have 
implemented the occlusion and the functionalities of the 
virtual model. But, if the prototype is very small, it is 
important to consider that several problems may arise in 
hand tracking, due to the strategy adopted for the hand 
detection algorithm. In these cases, the resolution of the 
HMD, the dimension of the keys and the proximity of the 
prototype to the point of view are crucial for the 
effectiveness of the simulation. 
 

   

Fig. 11: Mixed Prototyping of a hand held product. 
 
For hand held products, the PTAM solution is not usable 
because the tracking needs many fixed points to define 
the world coordinate system. If the prototype is moving, 
PTAM is no longer able to track the virtual model within 
the scene. 
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6.2 Small appliances 

In this category, we include all the small sized products 
with an electronic control interface (see examples in 
figures 2 and 4) that are fixed in the environment. For 
these devices, the interface plays an important role in the 
overall design of the product  and usually it occupies 
more than one third of the main side. Hand recognition 
and tracking do not present any particular challenge for 
this kind of product, because the size of the interface 
elements is, in general, large enough. 
For small appliances, both video tracking approaches 
may be used. So the most appropriate technique can be 
chosen considering the performances that each one is 
able to obtain in this kind of application. For this reason 
we have carried out a comparative test that aims to 
evaluate the robustness of the two techniques under the 
same conditions. The test has been carried out applying 
the tracking algorithms on the same pre-recorded video, 
thus having in output a video of the resulting tracking and 
a measurement of the total time of tracking failure. This 
failure time has been calculated as the sum of the time 
intervals in which the tracking is not able to determine the 
position and the orientation of the camera with respect to 
the environment. The source video has been recorded 
taking into account that the ARToolkit markers have to be 
always visible, but most of the conditions that often cause 
a degradation of the tracking performances (bad light 
conditions, fast movements of the camera, etc.) were 
present. 
A qualitative comparison has been done by comparing 
the output video generated by the two tracking 
techniques. The results showed that the feature-based 
solution is much more stable and vibration-free. 
Moreover, we have detected that the time of tracking 
failure is 4 seconds for PTAM and 30 seconds for 
ARToolkit for a 2’ 10” video.  
We have also compared the calculation time required by 
the two libraries to compute the position of the camera 
with respect to the world. Obviously PTAM requires a 
longer calculation that is approximately 3 times bigger of 
the one required by ARToolkit. In particular on the test 
case we have measured 5 ms for ARToolkit and 15 ms 
for PTAM. 

6.3 Major Appliances 

We consider in this category all those products that have 
an electronic interface control that occupies only a small 
part of the device. This feature, that differentiates this kind 
of product with respect to that described in section 6.2, 
directs the choice for the video tracking to PTAM for two 
reasons: it is not necessary to prepare the environment 
with a multi-marker configuration; it is possible to see, 
without problems, both the interface and the whole 
device. Also in this case, the HMD resolution could lead 
to some problems in the recognition of the texture of the 
interface. Moreover, the video tracking with PTAM could 
be problematic if the scene is completely white. 
 

      

   

Fig. 12. Mixed Prototyping with PTAM.  

6.4 Furniture 

The type of objects considered in this section includes 
large sized products generally non-interactive. Since 
these products are usually not involved in usability 
analyses the functional simulation is not necessary and 
the issues related to the user-product interaction are not 
present. In these cases Augmented Prototyping, as widely 
discussed in literature, has demonstrated to be a good 
choice in order to evaluate the style of a product placed in 
a real environment. We suggest to use feature tracking in 
this kind of application, because it allows to contextualize 
the prototype in a real scene without preparing the 
environment with many markers. The technique is very 
robust and vibration-free, even when the user moves in 
the scene. 
The test case we have analysed is a multimedia bed 
called Hi-Can (High Fidelity Canopy) that has several 
functionalities like home-video projection, lights, electric 
blinds, etc.. All these functions can be controlled through 
an iPod or an iPhone that work as a remote controller. 
 

 

Fig. 13. The Hi-Can: a multimedia bed used as test-case  

For this particular test-case, the user interface can be 
completely real since it is implementable inside the 
iPod/iPhone, while the virtual prototype can be visualized 
in AP inside a real environment. The user does not need 
to touch the digital prototype because all the controls are 
placed on the mobile device in her/his hand. The test of 
the PTAM feature tracking within this case-study has 
shown that it works quite well as the environment has a 
sufficient number of natural features. In fact we have 
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experienced some problems when the AP application was 
running in a clean room without any object or texture over 
the wall and the floor. In these cases PTAM is not able to 
recognize a sufficient number of features to make the 
tracking stable. Instead, in an environment like the one 
shown in figure 14, PTAM works very well, making 
possible to observe the object from any point of view. 
 

 

 

Fig. 14. Augmented Prototyping with PTAM video tracking.  

7 Conclusion 
This paper analyzes some of the most relevant issues in 
Mixed Prototyping applications, putting the emphasis on 
the choice of the right tracking technique. We have 
focused on video tracking because this solution is easy to 
implement and does not require any dedicated tracking 
device. The paper also describes how to solve other 
common issues related to the simulation of the product 
behavior, to the management of the occlusion and to 
gesture recognition. 
Moreover, through the analyses of four test cases we 
suggest some guidelines for the choice of the better video 
tracking techniques in different situations. 
In case of medium-sized static objects, i.e. objects not 
moving in respect with the scene, using natural features 
tracking instead of a multi-marker solution allows to 
improve stability without requiring the annoying set-up 
phase where each marker is carefully placed within the 
scene. We propose the same solution also for the case of 
immersive applications, where the visual presence of the 
markers within the observed scene can disturb and 
compromise user perception of the real environment, 
visually contaminated by the markers. We have supported 
this suggestion also with the numerical comparison of the 
performance obtained by the two tracking technique in a 
typical scenario of use. 
Conversely, in the case of hand held objects the marker 
based tracking still provides a good solution, because the 
user can entirely observe the mixed prototype using one 

or few markers just fixed on the surfaces of the physical 
prototype.  
Future works will be addressed to the development of a 
complete methodology that may assist engineers and 
designers in the use of Mixed Prototyping during the 
product development process. The guidelines and the 
considerations reported in this paper will be analytically 
formalized and will be enriched with other suggestions 
related to the realization of the mixed prototype. Particular 
attention will be given to the usability analyses that we 
consider to be one of the most promising application of 
AR/MR technologies in the industrial field. 
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Abstract 

This paper presents a study of Augmented Reality as one of the most innovative imaging 

technologies in construction´s design process. Unlike virtual reality, AR allows to overlap the 

virtual image to the real world. Our proposal is to develop a document that acts as a User´s 

Manual of the building. The graphical data extracted from the AR experience provides the 

necessary information to compose a building´s data warehouse once it is finished.  

The AR approach allows the parties involved on a project team to use it as a bridge. It 

provides the integration and the information exchange in a concisely and accurately way. 

This dynamical communication allows each party to follow and participate of other relevant 

disciplines involved during the design process. The intention is to present a simulation that 

represents constructive elements of a finished building. We used an AR tool, three-

dimensional modelling software and QR codes. Once those 3D´s models are available on the 

net, can be transported, displayed and updated. They are easily visualized by browsers of 

Augmented Reality through mobile devices (as they have a video camera, GPS and internet). 

Moreover there is a possibility that allow us to add a range of relevant information during the 

development of the project. We could mention: geographical coordinates, urban data 

volumes, solar energy studies, the relationship with the environment, access, simulation of 

materials, budget, etc.  

Simulations were developed on a real construction project to check the possibilities of the AR 

in a - remote/ synchronous or live/ asynchronous - context. This tool behaving as a CSCW 

has facilitated communication issues, the collaboration and the relationship of the parties.  

We also present the results of system´s experiment, showing the possibilities to enforce this 

technique and how it can be very helpful in supporting the building maintenance task.

1. Introduction 

The emergences of Augmented Reality technology has 

led to the development of more intuitive interfaces for 

building design projects. An AR model would allow users 

to orbit, interact and modify these augmented products 

using digital interfaces. At the same time, users can 

observe the real world and live the augmented design 

experience applying communication tools.  

There is thus a greater integration between designers and 

the general public, since the representations are easily 

readable and have a support that does not requires 

technical software inherent of engineering and 

architecture. It can be used as a common language 

among architects, engineers, designers, providers or even 

users. In this sense, agents can search and share a large 

range of design ideas. Therefore they are able to 

establish new working manners.  

The Augmented Reality enables the spatial relationships 

between present and future elements, as well as the 

benefits of communication. Thus collaborative design can 

also be enhanced so that the quality of design and 

products can best be achieved. 

Come along with the specialties of architecture domain, 

the AR technology enables us to perform several useful 

and interesting applications. In fact, these were a lot of 
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researches for the new ideas to be laid-out which were 

considered as integrations of AR and architecture field. [1] 

We propose another combination manner of the AR 

assistance for collaborative design on construction´s 

project, considering the earlier stage of building´s life 

cycle. 

As we know, the design process is composed by activities 

gathering various professionals working together in 

discussions and concepts. Once finished the works, each 

of those specialist are responsible for their own project. 

Immediately trough AR technologies they can control, 

observe, interact and follow project´s interventions. 

The project management system linked to BIM promises 

to fulfil some gaps of the supply chain. When the 

executive project is launched, there are always 

differences between what has been done and what 

should be. With BIM it is expected to minimize this 

disparity between proposed project and execution. To 

reduce these differences we propose the use of AR. The 

updated information is extracted and the project´s 

modification is registered. In sequence the User´s Manual 

can be edit ensuring a greater control of what has been 

done. 

2. Application on construction´s projects 

An important area of interest for AR research on 

construction´s industry field has been related with 

collaborative design applications. Multiple parties can 

interact simultaneously with virtual and real objects and 

make their contributions. 

When partners are dispersed in different geographical 

locations, the AR can be used to provide more intuitive 

information. Users would be also invited to work together 

with other collaborators. 

In the proposed system, AR-based design users can view 

and redline the virtual models using intuitive interfaces. 

With the virtual information augmented onto real context, 

the AR can enhance the user´s perception of the real 

building and it´s design; improve the interaction between 

professionals and technology. With AR designers can 

move around and see the physical world, while interacts 

with virtual objects.  

Some similar systems have been presented by design 

researchers, otherwise in this paper includes additional 

features for the user interface and an improved 

implementation. For example, the Luminous Table (H. 

Ishii, et al, 2002) [2] and the Authur system (T. B. 

Moeslund, et al, 2004) [3] were known as the previous 

examples of architectural collaborative which were 

defined as the fusion conceptualities of the virtual-real 

working phases. Other researches have been developed 

as the Synthetic Reality, let by the claytronics group of the 

Carnegie Mellon University.   

Users are able to explore and visualize the design model 

since all the conception process using intuitive interfaces 

accessible to both professional and amateurs. The 

valuable results of an imagery based AR optical tracking 

method would help us to develop the achievements of this 

work. Then it would be employed for the proposed 

implementation. 

3. System overview 

Augmented Reality system works on a combination of 

digital information inserted in the real world. This system 

allows the user to experience them as one. An important 

particularity of AR is it´s property of locating virtual objects 

in a specific place and position. This characteristic makes 

the Tracking System one of the most important 

components of an AR system.  

Basically, an AR system must be able to follow the user’s 

point of view dynamically and keep virtual objects aligned 

with real world elements. The basic components of an AR 

system are a display, camera for images captures, and 

computer installed application software, plus various 

different kinds of hardware can be used, for example, 

camera phones, smart phones, lap-tops, head-mounted 

displays (HMD), Tablets and wearable computer systems. 

In case of construction design projects, the AR 

applications can be very effective. An AR device allows 

customers walk around and through on it´s supposed 

house. For designers, information like shadows, 

accesses, insulation, environment or urbanism can be 

uploaded into the virtual model. The attempt in this study 

is that Augmented Reality behaves as technical assets of 

the building. [4] As BIM is a digital prototype of the 



116

N1. Brodeschi et al. Augmented Reality on construction´s project. 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

building, once finished the work the model can be 

updated and serves as a record of what was built.  

4. Method 

According to the Spanish Law of Construction Planning, is 

mandatory to document all the descriptions of a new 

construction, a Building´s Book (Libro del Edificio). This is 

delivered to buyers for their information and subsequent 

maintenance. This corresponds to written and graphic 

document that record the history of the construction. It is 

useful document accountability in the moment that the 

building generate problems during the work and it is 

required ask for the responsible.  

This Book act as a maintenance manual for building 

owners: the instructions for use and maintenance of the 

buildings and its facilities. Mandatory revisions are 

indicated and convenient facilities – heating, plumbing, 

materials to use in reforms, registry all modifications on 

the project, identify the relationship of those involved in 

the construction process. [5] 

For that to happen with greater accuracy, supervising  

work must be exhaustive and very well done, especially 

with a special control of the model to represent all the 

alterations that were made in the original design. This 

provides a greater guarantee to the responsible 

technician, once is known which modification where 

realized and who has done it.  

Once available, the construction could receive alterations 

and maintenance works. Thinking in this direction, we 

considered the possibility of using the Augmented Reality. 

The study was based on hydraulic and electrical facilities 

in an existent building. In spite of not having had the 

opportunity to record the modification in execution phase, 

we wondered if the simulation is feasible to view the 

facilities and if it´s really can be used to help maintenance 

works. 

5. Context 

At the present time, there is a concern about the 

agreement between project and execution. Virtual 

prototypes as BIM are being developed, but on 

construction site 2D plans are being still used. To assist 

the compatibilization task we consider that AR displays 

can be very useful. 

Furthermore, this is the moment that professionals have 

the information needed to edit the digital prototype. This 

will be the ideal source that we need to write the Manual. 

The AR was applied in order to visualize the real situation, 

to control where passes the hydraulic pipe. Knowing that 

is easier to carry out repairs. There would be no necessity 

to break all the finish of the walls. Repair work would be 

cleaner, faster, affordable and more sustainable. To 

develop the images in AR we made use of QR codes. 

Although there are other technologies to explore the use 

of Augmented Reality, but in this case we chose to use 

the software ARmedia of Inglobe. The ARmedia is a 

plugin of Google Sketchup and works through views on 

QR codes. It is often used in industry by printed stickers 

pasted on the products. The QR thus behaves like a 

hyperlink. The function of these labels on manufactured 

products can be since inventory control, until the 

maintenance of assembly phase. 

6. Interaction method using QR markers 

The principle in our study is the same that happen in the 

general industry: to generate QR codes labels and apply 

them to the building (our product). Our scenario chosen to 

perform the simulation was a toilet and a kitchen. The 

images show the sanitary elements in vertical and 

horizontal plans. It is possible to visualize the real space, 

added with the augmented image of the pipe. At the 

second simulation, the augmented image was of the 

electric installation with the connection plug. 

7. Implementation 

To view the 3D model generated in the Sketchup 

program, a plug-in of AR media software was installed. It 

was also necessary a web cam and a print code (marker) 

available on the website of the company. 
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Fig. 1 Default marker for AR-media™ Plugin/Player. 

The operation of the system is described in the following 

paragraphs. First the user has printed the markers used. 

The 3D drawings were previously defined by the 

designer, in order to adapt it to the environment. It is 

important to remember that this is a hypothetical essay. If 

it was the real context, these features would be defined 

by the information provided by the construction manager 

obtained during the execution. So when the user walks 

around the space, they take a series of capture marker 

images with the web cam. At this moment the images in 

3D can be seen, overlap the real image. The augmenting 

system is started. 

 

Fig. 2 Real state of toilet. 

 

Fig. 3 Work space: tracking simulation. 

 

Fig. 4 Augmented view of plumbing with ARmedia. 

While costs can be easily calculated, design decisions are 

more complex. [6] They are often based on real models, 

and their impact needs to be investigated, studied or 

simulated. The decision process itself, however, is often 

requiring a comprehensive mechanism to combine all 

relevant information.  

The AR technology aims to facilitate the identification of 

effective decisions. Our approach here in this paper is 

about a project concluded. It will not demand taking 

decisions about conception design, but about the 

necessary modification of the project to build it. 

Furthermore, it enables designers to participate into a 

truly form of collaborative design, which is beyond the 

mode of taking turns or individual creation. 
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Fig. 5 Model created first with Rhino, than transformed into 

sketchup file. 

The first step is performed by the designer. He has to set 

up the model. Due to the designer´s preferences, the 

model was shaped in Rhino, later imported to sketchup. 

This does not influence on the result of the simulation, but 

the model has to be open in Sketchup to use this version 

of the Armedia plugin. The 3D model of each detailed 

facility is in a separate file. It always has a real object 

drawn to reference the right position of the camera. The 

marker is fixed near the object allowing better tracking 

results. 

 

Fig. 6 Simulation in AR of electrical installation at the 

kitchen

 

Fig. 7 Augmented view of electrical installation. 

In the second simulation, the system procedure and the 

printed QR code was the same. We expect to soon be 

able to use lighter, flexible and portable components and 

so being able to reduce the time required for preparation. 

For optimal results, it would be necessary to dispose of 

the BIM model linked to its geographical position and be 

able to select each facility family as well as you need to 

visualize. Consequently it can be published online at 

Google Earth and manage these data from some kind of 

portable device. Some research has proposed the 

inclusion of 3D models in Google Earth, but to develop 

urban design. The issue we are looking for is to upload a 

BIM model, and handle with a high level of detail.  

8. Results 

During this design activity of applying augmented reality 

tools on facilities projects, engineers play an important 

part. The designers play an important role that allows 

them to interact with the virtual prototype. They are able to 

modify the digital prototype thanks to AR tools. Also in 

case of necessity, the intervention on the installation can 

be easily done by employees.  

Following this experiment, we intend to plan the design 

activity leading to a knowledge management system. It is 

supposed to help the actors to capitalize and re-use 

knowledge during their future projects. 

To enhance the collaborative design is then the possibility 

to transfer executable files to web formats. The 

advantages are: mobility, possibility of constant updating 

and visualization, integration of exhibiting ideas and 

concepts. Also it would be added to a synchronous 

telepresence of geographically spread players. 

9. Discussion and conclusion 

Between other uses of Augmented Reality in the 

construction sector, as the use of QR codes in projects of 

urban planning or interior design, as mention in the body 

paper, the proposal AR system can support designers to 

use the AR for maintenance and archiving building´s data 

for future intervention works. For an ideal life cycle of the 

product, it requires the participation of all staff. This work 

must be done very carefully, recording all actions in about 
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the design and information content as well as changes 

made during construction. 

Therefore there are some open questions about the tool 

itself. For QR codes there are still some drawbacks in the 

synchronous communication between agents. Soon it will 

be able to use the AR geo referenced through browsers 

on mobile phones, such as the platforms Layar or 

Wikitude. It is already possible handling with volumetric 

buildings schemes. The integration of the processes with 

geospatial technologies, mainly geographic information 

systems (GIS), has already shown that it can facilitate the 

processes in multiple ways. [7] 

The problem found nowadays is the manipulation of 3D 

model files (including BIM ones) contenting lots of 

information inserted. The files become each time heavier 

so that for all complementary projects like structural or of 

facilities. [8] Virtual models of the construction sites can 

be very complex and consequently mobile devices used 

for online visualisation may not be capable of real time 

augmentation. 

In this sense, it becomes necessary other ways to publish 

it and visualize it online. It is not absolutely impossible, 

but our focus on this research is to let people work using 

open source and intuitive tools. The intention here is to 

approach the emergent technologies to the general 

public. 

It is expected that other potential fields for application will 

be developed with the popularization of this technology. 

The experience was satisfactory, as regards the 

information obtained. The practice has been based on 

something already built. The difficulty lies in the accuracy 

between what should exist and the project performed. It is 

advisable to strengthen monitoring of the work and the 

interaction between the designer and the building. It is 

suggested to use since the development stage 

techniques as in this case, augmented reality. 

On the beginning, the main application of AR researches 

was directed to hardware technology rather than usability. 

Thus, the rapid dissemination of mobile phones and 

portable computers with better processing capacities and 

long-lasting batteries has raised the issue of lightweight 

mobile AR systems.  

Other scopes for AR usability is the integration into 

existing tools and data, communication between the 

software modules, linking the time schedules to the BIMs, 

interaction and visualization of with 4D BIMs,  feedback 

mechanisms (reports), model placement in geo 

coordinates, mobile user interface and interaction, notes 

on tracking methods (combining model based, feature 

based and sensor based), client-server implementation,  

optimizations for mobility, and notes for rendering of 

augmented building models. [9] 

Thus, mobile AR devices are now one of the most 

promising emerging technologies. [10] Similarly, the 

proposed system was also designed to attract a wider 

range of users based on the use of a regular PC and 

HMD. Apparently, one of the most interesting aspects of 

the AR development lies in what it seems to reveal to us 

about the way designers collaborate. 
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Abstract 

This article confirms the rise of digital versus the analog document in documentary 
management related to the conceptualization and development of new industrial products. In 
the methodologies of design management and specifically in the conceptual stages and early 
development of an industrial product, we find that a fundamental part of the integral control is 
undoubtedly the documentation generated during the process creating a product. This 
documentation allows us to have before, during and after an informational descriptive 
"record" that should be stored consistently and efficiently by the organizations involved in its 
implementation, either the design professional who prepares it or the company who executes 
it.  
Today we can find numerous administrative, technical or formal documents associated with 
an industrial product able to define the traceability of it in time to allow for future 
improvements by the company and serve the designer as a check on author's own work.  
The existing documentation today's increasingly working more directly in digital media and its 
transmission over the Internet offers enormous possibilities to multidisciplinary teams located 
in different parts of the world that promote collaborative design in products. 
Therefore, there will be a list of the main existing types of digital documents and the 
technology applied in each case on-line transmission based on the different tasks involved in 
the conceptual process of industrial design to demonstrate its future importance.  

1 Introduction 
 
Today we can find numerous documents of 
administrative, technical or formal associated with an 
industrial product able to define the traceability to allow 
for future improvements by the company and serve the 
designer as a check on author's own work. In fact, today 
most of the documents that were previously generated in 
analog form by typewriter, drafting tables and pencils, etc. 
have given way to the use of digital documents created by 
applications of various kinds. This new concept of 
different types of digital document formats generated by 
specific applications, are arbitrarily stored in the computer 
for most of the designers without a real unifying criteria, 
depending in most cases in good craftsmanship of the 
person who administers it. 
Currently the management of digital documents on a 
product design in collaborative multidisciplinary 
collaborative groups needs direct and effective synergies 
that allow global search of classified, authentic and 
truthful information. 
The aim is to encourage the exchange of documentary 
resources on the network within this group to help them 
through the process of industrial product design and also 
to allow them to promote your authorship on the network. 
The importance of grouping or sort in some way the 
documents that have been generated is justified at 
present with the technological advancement of software 
capable of managing the computer internally in digital  
 
documents according to the prior establishment of folders, 
search engines by type, metadata creation related to the 

internal properties and descriptive of the digital document, 
etc. .. 
 

 
However, the use of these conventional methods has 

been investigated in depth during the 90's, in an attempt 
to adapt systems to work the technological processes [1] 
required for each industrial product (Product Data 
Management), PDM, to plan globally the processes in 
terms of applied technologies (Workflow Management 
Systems) and to create the industrial product through a 
system of Computer Aided Design CAD integrated 
production-level technology advances in CAM, CAE. 
In this article on the one hand it will be established the 
classification of digital documents that the designer needs 
to create in the early stages of product development and 
other kind of task that can develop with the use of Open 
Source software currently available to do so. 
 
Our aim is to present the tools that can be used for 
conceptualizing a new design from the strategic approach 
in managing existing digital information, not only internally 
but also externally of each end user. This will help 
designers and engineers in the early stages of product 
conceptualization and that as far as possible be set for 
future monitoring of the entire creative process. 
The traceability of industrial product information may be 
found and verified in a systematic way through the 
network, under the formal and technical criteria to 
facilitate the end-user information. 



122

T. Magal-Royo et al. Digital document management in the conceptual design process of product 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

2 Types of digital documentation 
geared for use by designers. 

The digital documentation is required and is generated 
throughout the design process, including the life cycle of a 
product in a company. 
The type of information used in product engineering 
sometimes offered conflicting aspects [2] based on the 
definition of what we mean by knowledge, information and 
data. Knowledge is defined as the act or condition of 
knowing something through experience or learning. 
Information is defined as the transformation of knowledge 
to be communicated or transmitted to someone. The 
content of the information can be encoded as data, 
worked with software and stored in encrypted form in 
general or specific databases. 
Data and documents can not be analyzed and described 
fully without considering the working process in which 
they have been created for exemple using computer 
programs or applications. 
 
The information covered in the field of design and its 
realization in digital documents is large and diverse and 
sometimes forces use layering techniques to data parallel 
design processes and tasks [3]. 
If we take the three basic types of a product such as 
Business Process Re-engineering (BRP), New Product 
Development (NPD) and one-of-a-kind manufacturing 
(OKP [4] in general, there are four fundamental issues 
that directly impact the document management of a 
project. They are: 

 
- The definition of objectives and / or skills to create in the 
phase or task. 
- The techniques and associated processes. 
- The type of documentation. 
- Programs and / or digital technology used in the phase 
or addressed task. 
 

2.1  The process of product development 

 
COTEC Foundation [5] [6] for Technological Innovation to 
assess the impact of new technologies in the processes 
of innovation in the Spanish companies indicates in 
several annual reports that the product development 
process is divided into three phases: Ideation, 
development and launch. (See Figure 1). If we focus on 
them we can see that there are numerous software 
applications and general digital environments that can 
directly help the designer in carrying out their work 
digitally and share them over the network immediately. 

 This immediacy should be assessed by the designer 
from the projective approach to the project which may 
involve internal or external access to it [7]. 

 

 

Figure 1.  Adapted from the report  “Casos de desarrollo de Producto. 

Informe COTEC, 2009 

3 The strategic definition of a product 
-  
As a starting point, the conception of an industrial product 
needs a strategic definition designed to assess aspects 
and prerequisites that the designer provides through its 
knowledge or prior experience. Many of the necessary 
aspects are considered multidisciplinary and can be 
treated by a project manager or through the creation of a 
working group [8]. Since then the use of digital 
documentation is essential to establish the flow of initial 
information that will raise the real feasibility of a project 
and its execution [9]. 
The more conventional methods of communication are 
still internally in the company intranet or internal email and 
externally (eg with suppliers), email and fax. 
However, there is an increasing tendency to evaluate the 
possible impact of the product by assessing the 
expectations of a product on the network by establishing 
ex ante with industry experts including designers who can 
establish patterns of consumption or needs prior even 
before creating the product, as discussed in the following 
point shall be materialized in the conceptualization phase. 
 
Conventionally, it has made a summary of the main tasks 
of developing at this stage as: 

 

- Define the problem to solve. 
- Plot the strategic direction of the project and develop 
the Strategic Plan. 
- Identify potential buyers and users of the product, 
sales and distribution channels. 
- Investigate industrial property law and related product. 
- Identify factors related to the sustainability of the 
disposal process and product. 
- Document the needs will be met with this product and 
type of user to address to. 
- Define product communication and its relationship with 
the corporate image. 
- Analyze and across the different sources of 
information. 
- Create a multidisciplinary design team to accompany 
every stage of the project. 

 
The techniques and methodologies in the engineering 
associated with these phases focus on issues such as:  
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- Knowledge Management.  
- Knowledge of the target.  
- Competitive Analysis  
- Map product.  
- PEST Analysis (SWOT Matrix).  
- Analysis of trends.  
- Analysis of economic viability.  
- Analysis of technological feasibility.  
- Product life cycle.  
- Analysis of patterns related to eco-design.  
- Ergonomic analysis user-centered  
- Functional analysis, and commercial utility of the 
product, the usage environment, product-user.  
- Economic and financial analysis, profitability, market and 
trends.  
- Analysis of existing or future legislation.  
- Control of intellectual property.  
 
Therefore, the digital documents to which we can face 
are:  

 
- Report a product’s functional requirements.  
- Report technical requirements of a product.  
- Report of outsourcing, alliances and synergies for the 
implementation of a product.  
- Develop a work plan.  
- Schedule time for the project.  
- Gantt chart of times and processes for carrying out the 
project objective.  
- Document valuation and costs.  
- Report on the communication plan product.  
- Legal documentation associated with the product 
through outsourcing. Contract / Royalties.  
 

4 The concept design 
 
This phase includes the first formalization of industrial 
output when is given the compliance and feasibility for 
implementation. This work is assumed by the designer 
from their more direct professional skills and tries to 
analyze and resolve product functionality [10]. We find an 
increasing tendency to promote products and services 
offered on the network by the designer through a private 
label, and sometimes comes down to a concept design 
study or what the designer may offer companies or the 
general public [11]. 
 This phase within the context of more conventional 
design process sometimes requires aesthetic, functional 
and technical knowledge designed to generate a product 
based on a specific trend which is viable for a particular 
market. Therefore, the digital communication 
environments such as social networking and collaborative 
environment geared to Web 2.0 are shown as an 
interesting alternative to provide the first assessments in 
the field of aesthetic trends feasible for a possible future 
customer. The utility is twofold, first promotes the sharing 
of experience in the group of designers and other 
encourages direct contact with users. In both cases, the 
exchange allows you to mature and redirect future 
industrial product to success. 
 
  
Conventionally, at this stage we can find a number of 
essential tasks such as:  
 

- Generate alternatives for product design based on the 
requirements and definitions of the product and 
communication to develop.  
- Define the technology and materials to use based on 
potential suppliers.  
- Evaluate the technology and materials selected in 
relation to the capabilities of the company.  
- Make a selection and feasibility study for implementing 
the ideas generated.  
- Generate a description of the concept developed, 
including the characteristics and general parameters to 
use technology and performance and morphology of the 
product.  
- Establish criteria for the review and evaluation of 
selected concept throughout the project life.  
- Assess the characteristics of users and consumers.  
 
The most important associated techniques that can be 
used during this phase are summarized as follows:  
 
- Brainstorming, informal meetings, etc. ..  
- Analysis of design trends.  
- Analysis of trends in materials and processes.  
- Artistic expression of conceptual and formal ideas.  
- Techniques for generation analog / digital concept 
sketches.  
- Techniques of representation generation analog / digital 
formal and aesthetic product.  
- Development techniques generation analog / digital 
models and prototypes and formal aesthetic.  
- Development techniques generation analog / digital 
models and prototypes and formal aesthetic.  
 
The most important documents to be developed in this 
phase are:  
 
- Reports and studies of trends. 
- Sketches formal aesthetic (analog / digital). 
- aesthetic representations of the product. (analog / 
digital). 
- Technical Specification. 
- Technical drawings related to the product. 
- Presentation realistic product from the aesthetic point of 
view. 

4.1 Product Launch 

 
At present and as discussed in the ideation phase of 
product and strategic assessment, the future promotion of 
a product or service using a shorter time for 
implementation and in fact sometimes arises from the 
generation itself of the idea that once introduced to the 
public can purchase a trend toward allowing its future 
production [12]. This kind of trend has found in the digital 
world its most powerful media network since sometimes it 
can be found online virtual products, waiting to be 
manufactured and even create fictitious visual and formal 
expectations in buyer. 
 The launch of a product must be in accordance with the 
actual project carried out by the company or the designer 
following a plan of technological feasibility and production 
that guarantees the traceability of it and its life cycle as a 
guarantee of strength of the image company that 
manufactures it. 
 The launch should be influenced by a marketing plan that 
includes the immediacy of the online services that can be 
offered by the company so the customer can get as an 
added value on the final product. There are increasingly 
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digital environments such as direct marketing promotional 
naming sites, blogs of opinion about a product, consumer 
networks on Facebook, etc. .. trying to come to the end 
user to get their more personal opinion about a product.  
 Fotografías analogicas/digitales. 

5 Applications technology OS, 
process-oriented conceptual design 
of an industrial product 

 
Therefore, and in view of the phases and tasks and 
documents to be developed by the designer, it is 
important to know the tools or applications that can be 
more suitable to their needs. 
The use of computer applications as tools to aid the 
various activities of the design process has become so 
important that today it is inconceivable to survive in a 
competitive world without its use. 
It has been taken as a reference for programs related to 
Open Source applications, OS corresponding to 
applications or distributed software that have been freely 
developed and whose source code is publicly available. 
The following tables (Table 1, Table 2), have established 
the general descriptions of the tasks of the designer in 
each of the phases defined above showing the types of 
software needed for their development and some of the 
Open Source Applications currently in use for such tasks. 

Table. 1 Description and type of Open Source applications 
related to the strategic definition. 

 
Task 

Overview 

Types of 
programs 

used 

Open Source 
Applications 

Strategic 
definition 

The 
designer 
collects 

information 
available 

online 

Browsers 
Mozilla 
Firefox 
Opera 

The 
designer 
classifies 

digital 
information 
available 

Document 
Manager 

 

Image Viewer 

gThumb 
GQview 

KuickShow 
Gwenview 

MyACDSee 
Phoenix 
Slides 

The 
designer 
makes a 

comparativ
e analysis 

of products. 

Text Editors 
OpenOffice 

Abiword 
Lyx 

The 
designer 

generates 
reports on 

the analysis 
of 

competition 
and the 
market. 

Text Editors OpenOffice 
Viewers and 
generators of 

electronic 
documents. 

Xpdf 
PDFCreator 

Evince 

Layout Scribus 

 

Table 2 Description and type of Open Source applications 
related to the design concept. 

 
Task 

Overview 

Types of 
programs 

used 

OpenSource 
Applications 

Design 
concept 

The 
designer 

formalizes 
ideas using 

digital 
sketches 

Editing and 
digital image 
retouching 

Gimp 
CinePaint 
Paint.NET 

Pinta  
Picnik 

Scanning 
documents for 
further editing 

Gimp 

Vectorization 
of bitmap 
images 

Sodipodi 
Inkscape 

Xara Xtreme 
Image Path Potrace 

Rendering 3D 
Blender 

POV-Ray 
The 

designer 
gives 

presentation
s on the first 

ideas. 

Text editors 
and 

presentations 

OpenOffice  
Powerbullet 
Presenter 

The 
designer 
translates 
the design 

requirement
s to 

technical 
specification

s. 

Display 
techniques of 

Quality 
Function 
(QFD) 

Quickoffice 
Premier  

 

6 Conclusion 
 
As a conclusion, we can say that the use of computer 
programs and applications that currently exist in the 
market should be known by designers from an objective 
standpoint to try to optimize and effectively cover digital 
document management through the use of digital 
environments network [13]. Increasingly oriented 
philosophy of change to the use of Open Source software 
and social implications of social networks in open 
environments can be used to manage information that is 
currently focused on designers' own computers and do 
not come to light. 
Contact with professional networks and access to the 
buyer via internet by accessing digital documents that the 
designer can share will permit in the future to be new 
social networks and digital environments to promote 
products and services designed for businesses and for 
users. 
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Abstract 

This paper presents a global methodology dedicated to modular product design based on 
capitalization of standard parametric parts, parameters and design rules, connected to the 
information management system of a company. This approach aims to develop and test  a 
“high productive design methodology”, taking into account the modularity of product ranges 
and also the knowledge associated, in the framework of Design For Assembly methods 
(DFA). Our method takes into consideration the product functions, its assembly constraints 
and integrates the expert knowledge (parameters and rules) in the early stages of the design 
process. After a literature survey focused on modularity in design, axiomatic design, Design 
Structure Matrix and Knowledge Configuration Management concepts, we describe the main 
steps of our approach. The example of a pneumatic scraping tool is used to illustrate the 
effectiveness of the developed methodology. Through this modular product example, we 
describe and discuss the main results of our methodology considering our new concepts of 
Knowledge Configuration Management. 

1 Introduction 
In this paper we present a methodology dedicated to 
modular product design based on expert knowledge 
(standard parametric parts, parameters, values of 
parameters and rules), connected to the information 
management system of a company, such as PDM 
systems (Product Data Management systems). The 
integration of the “know how” from the beginning of the 
product lifecycle is becoming more common in industrial 
organizations, which are today deploying Product 
Lifecycle Management (PLM) strategies. The knowledge 
formalization and use, during design projects, enables 
decision mistakes to be avoided, thus ensuring the design 
quality of 3D CAD models in order to “Get it right first 
time”. First of all, we suggest applying our self-developed 
Knowledge Configuration Management tool, a 
collaborative tool which integrates a knowledge 
capitalization approach included in the PLM architecture 
of the company. This approach allows designers to 
capitalize the “know how” in their organization, as 
knowledge sets (design parameters and values or expert 
rules for example), in order to determine the product and 
process feasibility, and to generate new CAD models 
archived in the Product Data Management system. Our 
Knowledge Configuration Management tool also 
integrates the use of knowledge in a project context in 
order to create knowledge configurations that drive the 
product definition, considering project, product, process, 
constraints. A knowledge configuration contains various 
sets of expert rules, parameters and values which are 
directly connected to parametric CAD models, stored in 

the PDM system. Our main goal through this knowledge 
based engineering approach is to design, in a “high 
productive” way, a range of modular products using these 
knowledge configurations in order to determine several 
design possibilities, and to validate the modularity of the 
solutions. A “High productive” concept means that the 
objective is to at least half the time spent executing 
traditional design tasks. We will focus on a matrix 
approach based on Design Structure Matrix (DSM) and 
Design For Manufacturing (DFA) concepts, considering 
the previously described sets of knowledge. In order to 
ensure the quality of the modularity of product, we will 
also consider jointly the contact (kinematic links) between 
the various parts and the parameters and expert rules, 
driving the parametric geometry of the product.  
Based on DSM techniques, the first objective of our 
approach is to help the designer to identify functional 
modules, in the Part BOM (Part Bill Of Material, list of 
Parts equivalent to the Part Vector) and to verify their 
independence, in order to be able to obtain a very large 
range of products with few different modules. 
The second objective is to help the designer to identify the 
interface parts (parts connecting two independent 
modules) in order to prevent design errors, in terms of 
parameters and components, by paying special attention 
to these parts, involved in interactions between modules. 
After a literature survey focused on modularity in design, 
axiomatic design, Design Structure Matrix and Knowledge 
Configuration Management concepts, the main steps of 
our approach are described. The example of a pneumatic 
scraper is taken to illustrate the effectiveness of the 
developed methodology. 
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2 Literature survey 

2.1 Modularity in design 

Today, modular design is an area of great interest to 
designers because of the savings that it can potentially 
create. Several authors define a concept of the module in 
literature. In our research, we define a module as an 
independent function group of components that can be 
assembled, independently of other modules. In the 
literature review of Jose and Tollenaere [1], the definition 
of Galsworth [2] can illustrate our definition: a module is a 
complex group that assigns a function to a product that 
can be changed or replaced in any way and can be 
produced independently. In the automotive world, three 
types of modularity have also been defined [3], [4]. The 
“Modularity In Use” decomposes a product in terms of 
customer requirements.  
The literature review of Salvador [5] describes five 
perspectives of the concept of modular product. One of 
them is the notion of binding functions, originally 
proposed by Steven et al. [6]. In this notion, each function 
is implemented within a specific module. Functions, or 
modules, are independent and must be assembled 
together to generate a product. There are three main 
methods of identification of modules: the Modular 
Function Deployment method (MFD), the Design 
Structure Matrix method (DSM) and the Heuristics Module 
method [7], [8]. In our methodology, the DSM is only used 
to check our design choices. 

2.2 Design Structure Matrix concepts 

DSM (Design Structure Matrix) is a powerful tool and 
technique used in systems engineering of products, 
processes and organizations to support new solutions 
relative to decomposition and integration problems. In 
DSM, the elements of complex systems and their 
information dependencies are encapsulated within a 
compact matrix representation. 

The original DSM method was proposed by Steward 
[1]. It does not contain quantitative information about the 
strength of interaction between the matrix elements. 
Several extensions have been therefore developed to 
allow quantitative analysis [10]. 

Based on appropriate algorithms, the coupling 
relations between the DSM elements can be optimised.  

Over recent years, DSM was used in different 
domains, including product design, systems engineering, 
project planning, and organization design. This led to the 
emergence of different types of DSMs. Browning [11] 
propose a classification of DSMs into two categories: 
time-based DSMs and static DSMs. 

Time-based DSMs are used to model the flow through 
time of the interactions between the matrix elements 
which are either design tasks or design parameters. 
Time-based DSMs are often analysed using sequencing 
algorithms. Static DSMs are used to represent elements 
existing simultaneously, such as the components of a 
product or groups in an organization. Static DSMs are 
usually analysed with clustering algorithms. 

From these categories, four main applications 
represent the research focus of the use of DSM 
techniques. 
· Component-Based or Architecture DSM: Used for 

modelling interactions among product components or 
subsystems. It can be useful for appropriate 
modularisation of complex systems. 

· Team-Based or Organization DSM: Used for modelling 
and depicting interactions among organization 
structures such as design teams. 

· Activity-Based or Schedule DSM: Used for modelling 
processes and activity networks based on information 
dependencies among design activities. 

· Parameter-Based (or Low-Level Schedule) DSM: 
Used for modelling relationships between design 
decisions and parameters. 

In our research, we will consider Component-Based DSM 
in interaction with Parameter-Based DSM. 

2.3 Axiomatic design 

Axiomatic design is a prescriptive engineering design 
theory that provides a basis for making good design 
decisions. This basis is formulated under two design 
axioms: the independence axiom, and the information 
axiom [12]. 

Generally, the design process begins with defining 
design objectives called functional requirements (FRs). 
Then, to satisfy these requirements, a physical structure 
characterised by design parameters (DPs) is created. 
Hence, there is a mapping between the functional space 
where FRs are defined and the physical space where DPs 
are specified. This mapping is realized using a design 
matrix (DM). The first axiom states that in this mapping a 
disruption in a particular DP must only affect its 
correspondent FR. The second axiom states that, among 
all the design solutions that satisfy the independence 
axiom, the one with minimum information content is the 
best design. 

One of the limitations of axiomatic design is that it is 
focused on structural design without a vision of the 
system design context. Hence, other factors and 
constraints such as cost, time, and physical integration 
are not taken into account. At this stage of design the use 
of DSM is more appropriate. 
We can gain advantages using axiomatic design and 
DSM in a complementary manner. The idea is to start the 
design by formalizing the Design Matrix linking DPs and 
FRs then derive from this matrix a DSM corresponding to 
advanced stages of design. Some researchers have 
attempted this approach [13] but the research effort is 
lower than that carried out in each domain separately. 

2.4 Knowledge Configuration Management 

Today the integration of knowledge during the product 
development process is important for a company. It 
ensures the design quality and the feasibility of the 
product. The PLM approach [14] maintains the coherence 
between actors and the stages which are involved in 
product development. There are many product models to 
support this approach to data management and product-
related information such as CPM Core Product Model) 
[15], [16], [17], [18], PPO (Product Process Organization) 
[19], and MD-MV (Multi-Domain, Multi-Views) [20]. Our 
knowledge configuration management concept allows the 
expert knowledge that each designer needs during a 
project to be extracted from a data base or other tool. 
Dedicated Knowledge configuration, composed by rules, 
parameters and parameter values, are created such as in 
KCModel [21]. 

3 Methodology proposed 
The main objectives of the proposed methodology are: 
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· Verify the independence of the product's 
modules in order to easily modify a module 
without having any impact on the other modules. 
Thus it is possible to modify a module’s design 
or characteristics without any impact on the 
overall product architecture 

· Highlight the interface parts, or interface 
modules, which make the connection between 
two or more independent modules 

· Emphasize possible design errors, in terms of 
parameters and components, paying special 
attention if theses parameters and components 
are involved in interactions between modules 

· The Part-Part matrix can bring to light the most 
important aspects of the product modularity by 
considering the points of contact between parts 
and groups of components (through the process 
of the block partitioning approach advocated by 
the DSM). 

The range of products can be defined at the beginning of 
a project, before performing the detailed design phase of 
products. There are two typologies of projects that can be 
considered in order to apply the methodology. The first 
typology consists in starting with a first already designed 
product, for which the designer must develop a new 
version in order to extend the range. In this case, he will 
create a new range of products based on a current 
reference of product. In the second case, the designer will 
generate directly a complete range of product, at the 
beginning of the project, without any reference to any 
existing product. 
To reach our goal an all-encompassing methodology 
dedicated to more efficient design of modular products is 
defined. As described at Fig. 1, this methodology 
considers four main topics. 

 

Fig. 1 Methodology proposed 

The first topic concerns functional design. Starting with 
the customer needs definition, the first step consists in 
operating an external functional analysis that identifies the 
context of product use and the main functions of the 
product. From the functional analysis, it is possible to 
define value criteria of the product and its technical 
functions. Functional design of the product is finalized by 
identifying, organizing and integrating technical solutions 
that fulfill the function, and consequently, the customer 
needs. We can use a FAST diagram (Functional Analysis 
System Technique, [22]) to split the main functions into 
technical functions. Through this FAST diagram, the 
modular architecture of the product can be determined. 
We define a module as an independent unit of parts 
assembly in correspondence with technical functions. To 
complete this external functional design, an internal 
functional analysis is performed. It determines which 
product’s components participate in which main functions. 
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By examining the FAST diagram, it is possible to see 
which product components or product sub-assemblies 
can perform the technical functions 
The second topic considered in our approach is modular 
design. The main objective of this topic is to define a 
modular concept of the product, but linked with the 
customer needs due to the functional design approach 
described in the first topic. Moreover, the concept is then 
defined as a parametric CAD model, constituted by 
independent groups of parts and sub-assemblies, while 
considering expert knowledge (parameters, expert rules). 
The optimization of the modularity of the concept depends 
also on the results of the next topic. 
The third topic concerns the knowledge based 
engineering approach. In this topic the modularity of the 
product is verified. Various BOM are listed: the P BOM (P 
vector or Part vector), the X BOM (X vector or parameter 
vector) and the Ru BOM (Ru vector or Rule vector). The 
P BOM corresponds to the list of parts of the product. The 
X BOM includes value criteria, extracted from the external 
functional analysis, and technical parameters, specific to 
each concept or product solution. The Ru BOM is the list 
of rules, defined by experts, necessary to quantify the 
concept. With these BOMs it is possible to generate 
various matrices. In our methodology, three matrices are 
used: 

· The PP matrix crosses the P vector, based on 
the P BOM, with itself. This matrix allows the 
modules of the product to be defined and verifies 
their independency. The designer fills this PP 
matrix by identifying the contact between 
components. It is similar to the internal functional 
analysis graph. 

· The XX matrix crosses the X vector, based on 
the X BOM, with itself. This matrix defines 
parameter modules and verifies their 
independency. This matrix can be filled 
automatically with the Ru vector because the 
rules define links between parameters.  

· Finally, the PX matrix crosses the P vector with 
the X vector. This matrix verifies the 
independency of modules in terms of 
components and parameters of the concept. 
This matrix can also be filled automatically with 
the Ru vector combined with the X vector. 
Indeed the X vector defines which parameters 
belong to which part and also links parameters 
together. So it is possible to deduce the 
relationships between parameters and parts of 
the product. 

The last topic of our methodology concerns the 
understanding of the behaviour of the mechanical system 
under different loads. Indeed, the investigation of the 
mechanical system submitted to multi physic phenomena 
helps designers to improve and optimize the system in 
terms of power, mass or comfort of use, for instance. 
Acoustic, impact, or fluid structure interaction are physical 
phenomena which have to be taken into account in the 
design process, for each configuration of the modular 
product. Thus, this last step of simulation validates the 
various behaviours of the developed product, when 
exposed to various physical phenomena, applied during 
the product’s use. As an example, the following figure 
(Fig. 2) illustrates a simulation of an impact in the 

pneumatic scraper.

 

Fig. 2 Simulation of an impact in a pneumatic scraper 

The three first topics of our methodology can be applied to 
one modular product in order to develop in a “high 
productive” way a range of modular products. However, it 
is possible to take into account the whole range of 
modular products from the beginning of the methodology. 
The first topic of our methodology will not be developed in 
this paper but the results will be used. For instance: the 
FAST diagram, the value criteria of the product, the 
definition of modules… The last topic will also not be 
considered in this paper. 
In order to illustrate more precisely our approach, we have 
used a simplified example, applying our concepts, but with 
a more restricted scope considering only: the definition of 
the problem, the completion of the matrix, matrix 
partitioning. 
In this example, as shown at Fig. 3, the technical context 
of a product assembly process (screwing operation with 
part P3) of 2 mechanical parts (P1 and P2), is described. 
The P Vector also called P BOM (Part Bill Of Material) and 
the Component-Based DSM (PP matrix, obtained by 
crossing the P vector with itself) are described in this 
example, but they will be more detailed, further with the 
experimental case study.  
 

 

Fig. 3 Example of P Vector (P BOM) and PP Matrix (Part-Part 

matrix) of an assembly of 3 parts 

The symmetric matrix PP = [ppij], based on the 
Component-Based DSM concepts, is defined as a contact 
matrix or a connection matrix where: 

· (ppi, j ) = 1, for i = j 

· (ppi, j ) = 0, for i ≠ j and when no physical contact 

exist between pi and pj , (the cell containing a 0 
can also be written as a blank cell), 

· (ppi, j ) = 1, for i ≠ j and when a physical contact 

exist between pi and pj , 
In the next example described at Fig. 4, we consider now 
an assembly of 4 parts, where all the parts are not in 

P3

P2

P1

Bolt

Threated part

Fixture

P vector

P1 : Threated part

P2 : Fixture

P3 : Bolt

PP Matrix 1 2 3

P1 : Threated part 1 1 1 1

P2 : Fixture 2 1 1 1

P3 : Bolt 3 1 1 1
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contact each other. The corresponding PP Matrix is also 
described with some blank cells. 
 

 

Fig. 4 Example of P Vector (P BOM) and PP Matrix (Part-Part 

matrix) of an assembly of 4 parts 

After having described Component-Based DSM concepts, 
the focus will be put on the Parameter-Based DSM 
approach, considering the assembly of 3 parts example. 
In this context, various parameters and rules are specified 
(Fig. 5) to describe how the Parameter-Based DSM (XX 
matrix, obtained by crossing the X vector with itself) is 
built and partitioned (Fig. 6 and Fig. 7). 
 

      

Fig. 5 Rules and parameters dedicated to a part assembly 

In Fig. 6, the initial DSM matrix including the design 
parameters of the simplified example, illustrated in Fig. 3, 
is presented. The starting point for constructing this matrix 
was the product parts (P1, P2, and P3). For each part, we 
have identified the corresponding design parameters. The 
parameters are linked to each other by the design rules. 

Six rules were defined for this example. The DSM is then 
partitioned (Fig. 7). The objective of this step is to find 
subsets of DSM elements or modules that are mutually 
exclusive or minimally interacting. We can find, in the 
literature, several approaches and tools used for DSM 
partitioning. However they are all similar and differ only in 
how they identify cycles or loops of information between 
the matrix elements [23]. In this work, we have used the 
algorithm implemented by Qi Dong [13]. 
The partitioned Parameter-Based DSM of our assembly of 
3 parts, described at Fig. 7, shows clearly a new ordering 
of the matrix elements. This ordering is based on the 
relationships between the design parameters and the 
rules that link these parameters. As a result, we can now 
identify the influence of each parameter on the others, 
and which parameters are independent. 
 

 

Fig. 6 : Initial Parameter-Based DSM with design parameters 

 

Fig. 7 Partioned DSM of design parameters 

A further analysis could be performed on how to minimize 
the interaction between the identified blocks or between 
the elements of each block in order to satisfy the 
independence axiom of axiomatic design and ensure the 
best design solution. 

4 Experimentation 
In order to illustrate the methodology presented in the 
previous section, the case study of a range of pneumatic 
scrapers for cleaning surfaces such as tiled floors, will be 
described in this paragraph. Our case study will focus on 
the operative module of the range of tools, namely the 
head sub-assembly (Fig. 8). Indeed, we want to build a 
complete range of pneumatic scraper based on one 
existing product. 
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Fig. 8 Operative module of the pneumatic scraper: the head 

sub-assembly  

Fig. 9 details the main parts of the pneumatic scraper 
operative module illustrated at Fig. 6. Parts 10 and 13 are 
not taken into account in our experimentation. Part 10 is 
not included in the functional analysis and Part 13 is 
confidential. 
 

 

Fig. 9 Pneumatic scraper concept selected 

In this study, we consider that the company has a 
knowledge database. We suggest using our own tool, 
specified and developed in our laboratory. This tool is 
named KrossRoads and has two main functionalities: 

· capitalize and formalize the “know how” of a 

company inside a generic specific set of rules. 

· initiate and use a generic set of rules during a 
project. 

In this database experts of the company capitalize and 
formalize their “Know how” in a specific application. We 
have chosen to organize this knowledge (parameters and 
rules) inside generic sets of rules called KCS 
(KrossRoads Check Sheets). Within these KCS various 
types of knowledge such as: design parameters, product 
and process design rules, list of standard values… can be 
found Three types of KCS exist in our tool: Product, 
Process and Assembly KCS. Another application allows a 
list of KCS dedicated to a project from a product 
nomenclature to be created. The goal is to create a 
“Knowledge Configuration” only composed of the sets of 
parameters and rules (KCS) needed in the project. 
When a new project starts, the first step consists in 
performing the functional analysis to define the main 
product functions, based on customer needs. Then, the 
main functions must be split into technical sub-functions. 
These steps concern the first topic of the proposed 
methodology and they will be considered as results for 
this experimentation. In our case, the main product 
function and constraints for a pneumatic scraper are 
defined as follows: 

· Service Function SF1: “allow the user to scrape 
the coating with pneumatic power”, 

· Constraint Cons1: “withstand the environment”, 

· Constraint Cons2: “meet industry standards”. 
A FAST Diagram is used to split the main function (SF1) 
into technical functions, and obtain a modular architecture 

of the product in terms of modules and sub-modules. Fig. 
10 illustrates four sub-modules obtained after applying the 
FAST diagram to the operative part of the scraper. Each 
technical function corresponds to a module and each sub-
technical function corresponds to a sub-module. For 
example, TF2 is a module and TF2.1 is a sub-module. 
In our case, Technical Functions (TF) of the operative 
module considered are defined as follows: 

· Technical Function TF2.1: “receive tool”, 

· Technical Function TF2.2: “move a hit lead”, 

· Technical Function TF2.3: “receive pneumatic 

energy”, 

· Technical Function TF2.4: “limit the noise”. 
 

 
Fig. 10 FAST diagram of the SF1 function, focused on the 

operative part (the head part) 

Then a module can be defined as an independent unit of 
parts assembly in correspondence with technical 
functions, as explained in the previous section.  
The second step consists in defining the product 
nomenclature also called P vector or Part Bill Of Material 
(P BOM). The KrossRoads tool allows the BOM to be 
defined or imported from the Product Data Management 
(PDM) environment. This step enables all the components 
to be determined in our project. The BOM integrates all 
components used in the project and can be employed to 
define the P vector. The P vector corresponds to the list of 
parts. In this step, it is also possible to manage variants or 
configurations. As the BOM is defined in Krossroads, the 
first PP matrix (Part – Part matrix) can be automatically 
generated. The P vector and the PP matrix are specific for 
each variant or configuration of the project. The user has 
to manually fill in this first matrix. The internal functional 
analysis graph can be helpful at this step. This graph 
represents graphically contacts between parts. Moreover, 
this graph allows identifying which parts are involved in 
performing the main functions and also the technical 
functions. As functions are divided into sub-functions, it is 
then possible to know which part of the product 
contributes to a sub-function or to a technical function. 
It is then possible to partition this first PP matrix. Then, the 
functional sub assemblies of the designed product can be 
identified easily. Fig. 11 illustrates the partitioning results 
that can be directly generated in KrossRoads. 
In our case, three sub assemblies can be identified. A 
module corresponds to a block of contact between parts. 
We can see three blocks on the matrix described at Fig. 
11. In order to facilitate the understanding of the matrix, 
we have colored the parts included in the first, second and 
third sub-assemblies respectively in red, yellow and blue. 
At this level, two important parts (Parts 11 and 14) 
connect the three previously identified sub assemblies. 
Part 11 links red and yellow Sub assembly and Part 14 
connects the yellow and blue one. 
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Fig. 11 PP matrix made from the BOM and P vector 

Thanks to the FAST diagram defined in the previous step, 
we succeed in defining which parts correspond to a 
Technical Function. We can deduce that Parts 1, 2, 4 and 
8 contribute to TF2.1, Part 11 to TF2.2 and Parts 14 and 
15 to TF2.3. 
Thanks to the main parts contributing to each TF, it is 
possible to identify the composition of each module of our 
product. In this context, Parts 1 to 9 can be considered as 
a first module corresponding to FT2.1, Parts 11 and 12 to 
FT2.2 and Part 14 and 15 to FT2.3. Moreover, we notice 
that Parts 1, 11 and 14 are connecting parts between 
these three modules. 
The most important parts for each module can emerge 
from this matrix, due to the high number of interactions 
with the other components, which constitutes “the frame” 
of the module. For instance, in the first module, 
represented in red in the PP matrix, the main part is Part 
1. Moreover the Part 1 links the red module with the 
yellow module. 
In KrossRoads, all the items of the BOM are associated to 
KCS, so we can automatically attach parameters and 
rules to each component. It can also be possible to 
generate, from Krossroads, the XX matrix. X is the vector 
that regroups all value criteria from specifications 
(functional parameters) and specific technical parameters 
attached to the final product. In our case, we select 145 
parameters to constitute the X vector.  
The XX matrix can be filled in automatically considering 
the X and Ru vectors. In fact, parameters are linked by 
rules included in KCS. Each rule has a default 
identification number in KrossRoads. This rule 
identification number is used to fill the XX matrix and 
define links between parameters. Indeed, one rule can 
link more than two parameters. In order to find the origin 
of a link between parameters, we use the rule default 
identification number. In our case study, 49 rules linking 
the previous 145 parameters, included in the X vector are 
considered. After the partitioning process, the XX matrix 
can be obtained directly in KrossRoads, as shown in Fig. 
12. 
Links between parameters and attached parts are 
illustrated at Fig. 12, which also represents the generated 
partitioned XX matrix. This matrix highlights the 

correspondence between parameters, and also links 
technical parameters to the product’s modules. Technical 
parameters depend directly on the chosen solution. The 
XX matrix allows some blocks of parameters to be 
identified easily. It can be noticed that some red parts are 
mixed with yellow parts and yellow parts with blue ones. 
Indeed, each technical parameter corresponds to a part 
since a technical parameter depends on the solution. 
From the matrix described at Fig. 11 it is possible to 
define the right colors that can be affected to technical 
parameters. Moreover there is no link between red and 
blue parts, which can be considered as independent. 
Therefore, the link between red parts and yellow parts is 
confirmed and realized by Parts 11 and 14. This result is 
coherent with product architecture underlined by the PP 
matrix.  
 

 

Fig. 12 Partitioned XX matrix made from BOM and X vector 

The next step consists in defining the PX matrix which 
crosses parts and parameters, in order to finally confirm 
that the modules defined in the previous step are 
independent. This matrix can be filled automatically with 
the Ru vector combined with the X vector. In fact, with our 
Knowledge Configuration defined during the project, we 
can find which parameters are linked to a part or to other 
parameters (through a rule, for instance). Fig. 13 
illustrates an extract of the PX matrix. 
 

 

Fig. 13 PX matrix made from the P and X vectors 

1 10 14 15 17 19 21 27 28 31 35 36 37 44 45 46 47 48 52 53 54 58 61 63 64 91 92 94 119 120 124 131 134 135 139 144 145

1 19 26 40 25 24 27 25 38 19 23

2 28 35 30 29 29 30 29 28

3 35 29 25 37 29 27 25 31 33 37 29

4 35 29 29 24 27 29 36

5 30 25 17 25 30

6 29 37 29 33 37 29

7 38 38

8 19 28 19,2,28

9 40 27

11 36 45 5 23 36 42 5 42

12 26 5 7,8 8,9 0,1 8 7

14 45 42 42 46 47 48

15 7,8 8 7 48 46 47 48 8 7
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This PX matrix shows that the red and blue modules are 
completely independent because there is no link between 
these parts. 
At this level of the experimentation, we confirm that the 
module in yellow is linked to the other ones. Hatched 
areas of the PX matrix represent common area between 
modules. So we can define three sub-modules for our 
pneumatic scraper operative module. These sub-modules 
are independent in terms of parts and parameters. Then, 
it is possible to work on a module without having any 
impacts on the other modules. For instance, in order to 
generate the range of products for the pneumatic scraper, 
it is possible to modify the TF2.2 module “move a hit lead” 
and improve the power of product. This modification 
keeps the same TF2.1 module and we can use the same 
tools whatever the power defined for the product. 

5 Conclusion 
In the present study, we describe a methodology that can 
guide the designer during the development process of 
modular products. Indeed, different results obtained from 
matrices operations allow the designer to check and 
validate the independency between modules. 
The development of the KrossRoads application is still in 
progress. Currently the generation of matrices is still in a 
specification phase and the entire functionalities are not 
available yet in the first version. This version is also being 
tested in a worldwide car manufacturing company, where 
we can see best practice integration of knowledge during 
the product development phase. The matrix integration 
will improve both the impact of the Krossroads tool in a 
PLM context and the product development time. Other 
links with CAD and PDM tools can also be created to 
generate Knowledge Based Engineering applications. 
To summarize, the methodology proposes three matrices. 
The PP matrix shows the independence between 
modules in terms of parts, the XX matrix in terms of 
parameters. Moreover the PP matrix highlights the most 
important parts, considering the density of links between 
parts, which constitute the main frame of the module. 
Thanks to this matrix it is possible to determine interface 
components between modules. When the user changes 
the technical solution of a module, he knows which 
feature of the interface component is standard. This 
feature of the interface component must be identical to 
the same feature of another module even with a new 
technical solution. The PX matrix helps the designer to 
confirm the correspondence between part modules and 
parameter modules defined in the previous matrices. This 
PX matrix also confirms the independency of the main 
modules, validating the modular character of the product. 
Two matrices out of three are automatically generated 
from the Ru vector (XX matrix) and from a combination of 
the Ru vector with the X vector (PX matrix). Only the PP 
matrix is not completed automatically. In the short-term, 
the PP matrix will be created automatically and directly 
from the CAD model (by interference analysis in 
geometrical assemblies). Moreover, this PP matrix can be 
integrated in and linked with the modular product design 
process. It can be the beginning of the internal functional 
analysis, in order to define which component participates 
in a function. In this context a part contact graph is used. 
The internal functional analysis and the PP matrix can be 
made in parallel, during the design process, because they 
both start with the product concept definition. 
 

References 
[1] A. Jose, M. Tollenaere, Modular and platform 
methods for product family design: literature analysis, 
Journal of Intelligent Manufacturing, 16 (2005), pp 371-
390. 
[2] G. D. Galsworth, Smart, Simple Design, Essex 
Junction, Vermont: Oliver, 1994. 
[3] J. Pandremenos, J. Paralikas, K. Salonitis, G. 
Chryssolouris, Modularity concepts for the automotive 
industry: A critical review, CIRP Journal of Manufacturing 
Science and Technology, 1 (2009), pp 148-152. 
[4] M. Sako, F. Murray, Modules in Design, Production 
and Use: Implications for the Global Automotive Industry, 
MIT IMVP Annual Sponsors Meeting, Cambridge, 
Massachusetts, 1999. 
[5] F. Salvador, Toward a Product System Modularity 
Construct: Literature Review and Reconceptualization, 
IEEE Transaction on Engineering Management, 54 
(2007), pp 219-240. 
[6] W. P. Stevens, G. J. Myers, L. L. Constantine, 
Structured design, IBM Systems Journal, 13 (1974), pp 
115–139. 
[7] R. B. Stone, K. L. Wood, R. H. Crawford, A heuristic 
method for identifying modules for product archotectures, 
Design Studies, 21, 1 (2000), pp 5-31. 
[8] J. B. Dahmus, J. P. Gonzalez-Zugasti, K. N. Otto, 
Modular product architecture, Design Studies, 22, 5 
(2001), pp 409-424. 
[9] D. Steward, The design structure system: a method 
for modelling the design of complex systems. IEEE Trans 
Eng Manage, 28 (1981), pp 71–74. 
[10] S. D. Eppinger, D. E. Whitney, R. P. Smith, D. A. 
Gebala, A Model-based Method for Organizing Tasks in 
Product Development. Research in Engineering Design, 6 
(1994), pp 1-13. 
[11] T. Browning, Applying the Design Structure Matrix to 
System Decomposition and Integration Problems: A 
Review and New Directions. IEEE Trans Eng Manage, 48 
(2001), pp 71–74. 
[12] N P. Suh, The principles of design. USA: Oxford 
University Press; 1990. 
[13] Q. Dong, D. Whitney, Designing a requirement-driven 
product development process. Proceedings of the 13th 
international conference on design theory and 
methodology (DTM 2001), September 9–12, 2001 
Pittsburgh, Pennsylvania, USA. 
[14] F. Danesi, N. Gardan, Y. Gardan, M. Reimeringer, 
PLM: A methodology for product lifecycle management. 
Computers in Industry 59, 2-3 (2008), pp 304-317. 
[15] J. Fenves. A core product model for representing  
design information, USA: National institute of Standards 
and Technology, NISTIR 6736, Gaithersburg, MD 20899, 
USA, (2001) 
[16] J. Fenves, S. Foufou, C. Bock, Ram D. Sriram, 
CPM2: A Core Model for Product Data, Journal of 
Computing and Information Science in Engineering, 8, 1 
(2008). 
[17] R. Sudarsan, H. Young-Hyun, S.C. Feng, U. Roy, W. 
Fujun, R.D. Sriram, K.W. Lyons. Object-oriented 
Representation of Electro-Mechanical Assemblies Using 
UML, National Institute of Standards and Technology, 
NISTIR 7057, Gaithersburg, MD 20899, USA, (2003) 
[18] R. Sudarsan, S. J. Fenves, R. D. Sriram, F. Wang, A  
product information modeling framework for product 
lifecycle management, Computer Aided-Design, 37, 13 
(2005), pp 1399-1411 
[19] F. Noël, L. Roucoules, D, Teissandier, Specification 
of product modeling concept dedicated to information  



134

A. Robert et al.  “High productive design methodology” for modular products design 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

sharing in collaborative design context, IDMME, 2004, 
Bath-UK, 
[20] S. Gomes, J-C. Sagot, A concurrent engineering 
experience based on a cooperative and object oriented 
design methodology, In Best papers book from 3rd 
International Conference on Integrated Design and 
Manufacturing in Mechanical Engineering, Kluwer 
Publishers, 2002. 
[21] J. Badin, D. Monticolo, D. Chamoret, S. Gomes, 
Moving toward a product model to manage data, 
information and knowledge for mechanical design and 
simulation, Knowledge Acquisition, Reuse and Evaluation 
(KARE 2010), December 15th - 18th, 2010, Kuala 
Lumpur, Malaysia. 
[22] C. W. Bytheway, FAST Creativity & Innovation: 
Rapidly Improving Processes, Product Development and 
Solving Complex Problems, Hardcover, ISBN: 1-932159-
66-5, 2007. 
[23] A.Kusiak, J.Wang, Decomposition of the design 
process, Journal of Mechanical Design, 115 (1993), pp 
687–695. 



135

  

 

 

Proceedings of the IMProVe 2011 

International conference on Innovative Methods in Product Design 

June 15th – 17th, 2011, Venice, Italy 

 

Vertical metadata in learning objects to recovery  

the industrial historical heritage 
 

M. Castro-García (a), J.I. Rojas-Sola (a), M.P. Carranza-Cañadas (b) 
(a) Department of Engineering Graphics, Design and Projects. University of Jaen. 
(b) Department of Engineering Graphics and Geomatics. University of Cordoba. 

  

Article Information 

Keywords: 
E-Learning 
Engineering Graphics 
Learning Objects 
Industrial Historical Heritage 
Windmill 
 

Corresponding author: 
J.I. Rojas-Sola 
Tel.: +34-953-212452 
Fax.: +34-953-212334 
e-mail: jirojas@ujaen.es 
Address: University of Jaén. Campus 
de las Lagunillas, s/n. 23071-Jaén 
(Spain) 

Abstract 

Every day, new methods and techniques to represent the past are investigated. Frequently, 
those innovations are incorporated in other knowledge areas where graphics engineering has 
previous experience in this important subject. As current examples can be cited the 
reconstruction of Virtual Reality (VR) with realism character covering the resource and to 
study the interaction with their environment, anthropological or otherwise, or Augmented 
Reality (AR) techniques with applications in museums or interpretive centres, among others. 

In particular, these techniques are mainly based on two-dimensional (2D) and three-
dimensional (3D) models, which in its development stage, Computer-Aided Design (CAD) 
techniques produce a lot of educational materials, likely to be used for training of future 
researchers in cultural heritage subject. 

Setting this idea as starting point, this article is based on the work of recovery in industrial 
heritage, such as windmills, to identify key learning points. Once detected these, it is possible 
to create Learning Objects (LO). Later, may be used in any educational system, for example, 
at Learning Management System (LMS). 

The proper functioning of the system depends on the existence of a standard vocabulary as 
SCORM, trying to be a reference to the creation of LOs using CAD techniques in the field of 
cultural heritage. 

1 Introduction 
Over time, archaeology has felt the need to incorporate 
into their research others scientific disciplines. The aim is 
to achieve a complete analysis of reality through including 
the perspectives of experts in several areas of 
knowledge. It is the way to attain a fully defined reality. 

Also, it is possible to consider that archaeology is a 
science that covers various fields of work, such as 
historical archaeology, industrial archaeology and 
ethnoarchaeology, among others. 

In particular, industrial archaeology has gained a 
greater presence as discipline over the years. The first 
person to use this term was Michael Rix in 1955, arguing 
that it was necessary to inventory and preserve the 
origins of industrialization. Later, Kenneth Hudson in 1963 
defined the industrial archaeology as 'the discovery, 
documentation and study of the physical remains of the 
industrial past, to meet them through the production 
process'. Later there were other milestones such as 
launching of the Journal of Industrial Archaeology in 1968 
and the establishment of The International Committee for 
the Conservation of Industrial Heritage (TICCIH) in 1973. 

In the other hand, graphics engineering is one science 
discipline most widely used for documentation and 
representation of industrial heritage. For the geometric 

description are employed graphics techniques like 
Computer-Aided Design (CAD). The subsequent analysis 
is performed using Computer-Aided Engineering (CAE). 
The processes and results achieved in situ tasks and the 
subsequent analysis will create the ideal resources for 
incorporation into educational tasks. Further, research is 
based on experience that "Engineering Graphics & 
Industrial Archaeology" group directed by Professor José 
Ignacio Rojas Sola, has in this field of science. 

The main objective of this paper is to create a specific 
vocabulary of LOs' metadata, in order to be searched in 
repositories dedicated to graphics engineering applied to 
archaeology. Thus, it is possible to train new researchers 
and professionals in the discipline. 

2 LOs of Graphics Engineering applied 
to Industrial Heritage 

The Industrial Archaeology uses graphic engineering to 
describe geometrically a resource or other remains type to 
analyze them through the virtual models. Moreover, it may 
include information relating to the future, as LOs at 
different stages of archaeological works. In this way, 
educational resources will be better structured and can be 
classified in more obvious way with the metadata 
vocabulary design. These resources will be inserted in 
repositories of different educational platforms, such as the 
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Learning Management Systems (LMS) or Learning 
Content Management Systems (LCMS). In particular, this 
software type is used for administration, documentation, 
monitoring and reporting of any educational activity. 
There are several experiences in different branches of 
knowledge which have been successfully implanted [1-2]. 

The LOs can be classified according to the main 
features of engineering graphics related to the 
representation in archaeology. So, there are three major 
sets of objects representation: Projection Systems, 
Modelling and Rendering Techniques. 

2.1 Projection systems 

The representation is based on the type of projection 
used to define a certain reality. This feature is chosen to 
allow discriminate LOs depending of the work system. 
The most relevant Representation Systems are: 

· Orthographic projection: it is a parallel and 
orthogonal projection system. The projection is 
done on two planes perpendicular among 
themselves. This way allows to measure directly. 
It is used in 2D representations. 

· Contour Map: it is based on parallel projection, 
being orthogonal to one of the main planes. It is 
the reason why we can measure directly in one 
of them. It is used in 2D representations. 

· Axonometric system: is a parallel projection and 
orthogonal over a tri-rectangle trihedral. It can be 
an orthogonal or oblique projection. It is 
employed in 3D representations. 

2.2 Modelling techniques 

Several archaeological research tasks require a 
geometric description which results in the generation of a 
virtual model. This process can be carried out mainly 
through three techniques. 

The first technique is the solid modelling. It consists in 
modelling Constructive Solid Geometry (CGS), both 
implicitly or solids processing. It can hold information on 
physical properties, aspect very important for further 
analysis. 

The surface modelling consists to obtain the model 
shape through using meshes of different nature, such as 
polygonal meshes, NURBS or T-Spline, among others. 
This modelling type is highly recommended if you use 
methods of analysis that are based on use of meshes, 
such as the Finite Element Method (FEM) or curvature 
analysis. 

Finally, the generative model is based on use of 
geometric design coming from nature shapes. It is 
composed of L-System (known as Lidenmayer), particles 
and fractals. These techniques are able to better fit the 
shapes of certain elements. 

2.3 Rendering 

Today, the graphical representations are possible by 
obtaining a 3D image by using models of ray tracing. 
Choosing the ray tracing model to obtain the virtual 
image, it is possible divided the rendering process into 
four main groups: 

· Radiosity: the first method used to simulate the 
interaction of light ray with a specific surface. It 
allows create realistic scenes because it displays 
the properties of colour and type of reflection 
from the nearest object. 

· Scanline rendering: it is based on an algorithm to 
determine the visible surfaces. The working 
principle is known as ‘row by row basis’. It can 
submit improvements such as the inclusion of Z-
buffer, improving performance and benefits. 

· Ray Casting: it uses an algorithm with the same 
name, it was presented by Arthur Appel in 1968 
[3]. It is based on ray tracing from the point of 
view of the observer. Initially it had the problem 
about the impossibility of occurrence of rebounds 
and, at the same time, reflections and refractions 
that it may affect the level of realism final. 

· Ray Tracing: it is the most complete technique. 
During the calculation process takes into account 
the incident ray that causes a refraction, 
reflection and shadow, to a greater or lesser 
extent. 

3 E-Learning Data 
Developing E-Learning tools has generated the need to 
create standards for the exchange of LOs. Thus, it seeks 
the same educational database for be used by the 
international community through different learning 
software. Furthermore, it is necessary employ a widely 
accepted standard with the aim of facilitate 
communication between different databases of several 
areas of knowledge. Also another important point to be 
considered is that standards in E-Learning institutions 
should be independent of country, language or any other 
regional circumstances in the process of creation the LOs. 

Today, institutions involved in standardization in the 
field of E-Learning tools are the Interoperable Learning 
Technology (IMS), The Aviation Industry CBT (AICC), 
Alliance of Remote Authoring and Distribution Networks 
(ARIADNE) and Advanced Distributed Learning (ADL). In 
addition, there are organizations with more integrative 
perspective such as International Organization for 
Standardization (ISO), Institute of Electrical and 
Electronics Engineers (IEEE) or Comité Européen de 
Normalisation/Information Society Standardization System 
(CEN/ISSS). 

3.1 SCORM 2004 4th Edition 

The specifications followed in this document correspond 
to the Sharable Content Object Reference Model 
(SCORM) [4], included in version SCORM 2004 4th 
Edition. As a goal, SCORM claims to be the standard in 
E-Learning environments, meeting the following 
requirements: 

· Reusability. 
· Accessibility. 
· Durability. 
· Interoperability. 

In the other hand, LOs are organized into the following 
levels: assets, Sharable Content Objects (SCOs), 
activities, content organization and content aggregations. 

Assets is the most basic building block of an 
educational resource. These are digital resources such as 
images, audio, objects, functions or documents, among 
others. These resources are described by metadata that 
can be searched in repositories. It is considered ideal for 
reuse and easy maintenance. 

A SCO is a set of one or more assets. The main 
feature is the ability to communicate with an LMS and 
LMCS using ECMAScript Application Programming 
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Interface for Content to Runtime Services Communication 
standard proposed by IEEE. 

Activities is a schema generated by the responsible 
educator of creating an educational environment, such as 
it is the case for the creation of a self-study or practice. 
The hierarchy is vertical and can be composed of sub-
activities. At the same time, it is related with educational 
resources such as SCO and Assets. 

Content Organization is a conceptual map that defines 
the design of instructional units, for example, the 
Activities. This sequencing can only be applied to 
Activities or Groups Activities where the educational 
intention will be reflected in the content organization. 

Finally, Content Aggregation describes the action of a 
set of Content Objects, as it shown in Figure 1. 

 

Fig. 1 Conceptual sketch of a content aggregation. 
Fuente: ‘SCORM® 2004 4th Edition Content Aggregation 
Model (CAM) Version 1.1.’. 

4 Metadata Structure  
Within the SCORM Content Model Components structure, 
it is necessary that the educator can find and use 
resources. This process is achieved through the analysis 
of the metadata associated to LOs, based on the IEEE 
1484.12.1-2002 Learning Object Metadata (LOM) [3]. In 
addition, SCORM encourages to follow the guidelines for 
the creation of IEEE LOM metadata. LOM XML offers 64 
metadata definitions elements which are classified into 
three groups. Those they are necessary appear as 
'Mandatory', the rest belong to 'Optional' or 'Not 
Permitted'. The parent is <lom> instance of which 
depends on other mandatory: <General>, <lifeCycle>, 
<metaMetadata>, <technical>, <educational>, <rights>, 
<relation>, <annotation> and <classification >. 
Each child has specific relationships with the rest [5] and 
it may have a vocabulary that is internationally accepted. 
In the vocabulary created in this research about the field 
of archaeology, including the industrial, we have been 
taking in account the details contained in LOM XML 
Binding [6]. 

4.1 <purpose> 

It gives an overview about the SCORM CAM. As sub-
elements are <source> and <value>. 

4.2 <taxonPath> 

Its aim is to create a classification system through a 
specific taxonomic path properly prepared. This element 
depends on two child: <source> and <taxon>. The first 
refers to the classification system selected and the 
second is using to refer to a field of general knowledge. Its 
structure is alphanumeric and has two sub-child: <id> and 
<entry>. They can appear simultaneously together or not, 
but the vocabulary chosen for this research requires the 
presence of <id>. The Figures 2, 3 and 4 shows the <id> 
of educational resources set out in the second section. 

 

Fig. 2 Sketch of classification of projection systems from 
computer graphics. 

 
Fig. 3 Sketch of classification of modelling techniques 

from computer graphics. 
 

 
Fig. 4 Sketch of classification of rendering from 

computer graphics. 
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4.3 <description> 

It aims to create a sense of purpose through a structured 
explanation with LangString data format. In the proposed 
vocabulary is considered like an optional description. It is 
employed to developing the idea when it is not fully 
reflected in <keyword> element. 

4.4 <keyword> 

Keyword contains the words to summarize the purpose. It 
is important to correctly select the keyword, trying to 
make the search as easy and intuitive as possible. 

5 Results 
As noted above, engineering graphics is used as support 
for multiple targets in the field of industrial archaeology. In 
fact, some final results in the industrial heritage is 
expressed through 2D or 3D representation of the 
realities under study and sometimes the creation of 
models are the starting point for further analysis. 

As a result, it has created a repository of engineering 
educational resources to learning graphics for use in the 
field of industrial heritage. The main classification learning 
this deposit was made on the basis of previously 
proposed metadata vocabulary, where the metadata 
element <taxonPath> plays an important role in the reuse 
and classification of the LOs, being employed as a 
planner of the subject at the same time. 

The chosen platform for E-Learning process is a 
widely distributed LMS called Moodle. This is a free 
software that is used in large schools like the University of 
Cordoba, among other 38 institutions in Spain as well as 
internationally. However, any other LMS that includes the 
LOM standard will be able to use the SCORM content 
packages generated. 

In addition, for the creation of SCORM content 
packages is used Reload © Editor that is based on 
Eclipse Rich Client Platform Supports IMS and MD 
(versions 1.1, 1.2.1 and 1.2.4), IEEE LOM, IMS CP 
(versions 1.1.1, 1.1.2 and 1.1.4) as well as SCORM 1.2 
and SCORM 2004 (3rd edition) Specifications. In Figure 5 
shows the creation of one of the modules for a course 
called Moodle active in Graphic Representation in 
Industrial Heritage through the SCORM package editor. 

 

Fig. 5 Reload Editor (Eclipse RCP Version) to creating a 
Moodle course. 

 
Once created the educational resources are 

integrated into the Moodle platform as shown in Figure 6. 

 
Fig. 6 Module 1 into Graphic Representation in 

Industrial Heritage course on Moodle platform. 
 
We conclude in this way the transfer of research 

results to the field of education where new professionals 
can rely on the experience of the most current in the 
industrial archaeology. 

6 Conclusion 
Although the recommendations of metadata standards 

for indicators that the line of action should be to 
homogenize the structure of the instances to the search 
engines, however, this paper shows the need to 
standardize the vocabulary of the disciplines involved in 
individual research. 

In this case, has resulted in a vocabulary designed to 
classifying graphics engineering applied to industrial 
archaeology. Thus, the strategy of creating the most 
obvious is to be well structured related metadata, as well 
as search and reuse of resources in other repositories e-
Learning platforms such as LMS and LCMS. 

It was tested on the LMS called Moodle, where the 
repository for the creation, reuse resources has enabled a 
specific search through its contents described to the 
precise language, particularly by <taxonPath>. 
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Abstract 

The aim of this paper is the development of a conceptual framework for the 
incorporation of the Value Analysis/Value Engineering techniques into a Product 
Lifecycle Management (PLM) system. This proposal would help to systematize the 
flow of knowledge and innovation, both internal and external, among all processes 
inside an industrial company, particularly those related to design and 
manufacturing. As a result of such incorporation, those techniques would 
contribute with their potential to a continuous improvement process of the 
company’s competitive position by means of increasing the ratio between the 
product’s quality as perceived by the customer and its cost. 

1 Introduction 
The current situation of worldwide competition in which 

companies are immersed today takes place within a 
context in which the off shoring of production to 
developing countries causes them to be very difficult to 
compete by offering lower prices. Therefore, in order to 
hold or improve its competitive position in the global 
market, the manufacturing companies in developed 
countries are forced to develop a constant attitude 
towards innovation. It must be present at every level and 
function of the enterprise, and especially in the design 
and manufacturing activities. Also, customers in 
developed markets are demanding a progressively 
increasing level of quality of products, and are not willing 
to accept a corresponding increase in prices, thus 
contributing to the pressure on manufacturing companies. 

On the other hand, the increase of product complexity 
and the maximization of the economies of scale by 
manufacturing companies led to the “virtual supply chain” 
(VCS) and “extended enterprise” concepts. They refer to 
a production configuration in which the product 
manufacturing process is distributed among different 
companies -multi-tier suppliers-, a typical situation in 
mature industrial sectors such as automotive, aerospace 
or shipbuilding industries. This makes more difficult the 
use of collaborative engineering (CE) techniques to the 
whole product, due to the required product information 
flows and the associated confidentiality and security 
requirements. So, the term “virtual collaborative 
engineering” (VCE) was created to define a situation in 
which the concurrent engineering process spans across 
several companies that are involved in the design and 
manufacturing of a product or family of products, with an 
intensive support of information technologies.  

At the same time, the request for fulfilling different 
national environmental requirements and the customer 
sensitivity on sustainability is forcing the companies to 
focus on the “extended product lifecycle”. In that 
approach, the whole product lifecycle is considered: 
beginning of life (BOL) -design, manufacturing-, middle of 
life (MOL) -distribution, use, support- and end of life (EOL) 
-retirement-, when traditionally the enterprise 
management systems were mainly focused on product 
design, manufacturing and logistics management. 

That is happening on a context of financial crises, with 
decreasing numbers in sales and benefits, and where the 
companies face serious difficulties to get funding for costly 
innovative projects. Thus, companies are constrained to 
look for improvement mainly through the better use of 
their own current assets, both tangible and intangible. 

By those reasons explained above, it becomes 
essential for industrial enterprises the implementation of 
those techniques, processes, organizational models, etc. 
that would allow them to reach a certain competitive level, 
good enough to guarantee a key position in its sector 
globally. Both the current products/markets combination 
and the launching of new products/expansion to new 
markets are to be taken into account for such strategic 
approach. To fulfil those objectives it’s necessary for the 
company to keep high the level of its products’ quality as 
perceived by current/potential customers, while staying 
competitive in pricing –which involves containing the 
design, manufacturing and distribution costs-, and at the 
same time offering a short delivery time -which compels 
the firm to optimize itself wholly at process level-.    

Since its development as an organized approach in 
1947, Value Methodology (VM) -commonly applied as 
Value Analysis (VA), Value Engineering (VE) and Value 
Management- is defined as a systematic method to 
improve the "value" of goods or products and services for 
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the users by focusing on their “functions”. VM has shown 
beyond expectations its effectiveness as a tool to improve 
both the quality and the cost of products/services in those 
companies that used it, allowing them to channel their 
knowledge and their creative flow in a systematic way, 
turning them into efficient competitive advantages.  

In spite of that, VM implementation in companies of the 
industrial sector is often fragmentary, punctual, and 
uncoordinated with the rest of the elements is the supply 
chain of the finished product. Thus, the full advantages of 
an integral implementation are not completely taken 
advantage of.   

Many firms already use Product Lifecycle Management 
(PLM) systems, but often the implementations are little 
ambitious, partial and/or badly integrated. Incorporation of 
VA and VE to PLM systems would contribute in an 
outstanding way to the manufacturing companies to make 
better use of their innovation capabilities, with an 
implementation that wouldn’t be very complex or 
expensive. Such innovation could be oriented in different 
ways -product, process, markets, logistics, etc.-, and 
could be based on the firm’s assets: resources, 
technology, experience, explicit or implicit knowledge   

In this proposal, adding the power of VA-VE to PLM 
systems would contribute to facilitate the transformation 
of those companies, not only allowing them to survive but 
helping them to evolution in the positive direction in this 
new global competition scenario.  

2 The Value methodologies 
The basics of VM were established by Lawrence D. 

Miles in 1947 when he was working at General Electric 
Co. He developed “Value Analysis” (VA) and began to 
use it as a novel way to apply innovation to redesigning 
industrial products, looking to reduce their manufacturing 
cost. 

Miles realized that customers did not demand objects 
to manufacturing companies, but rather demanded their 
capability to satisfy specific needs at a reasonable cost, 
and he set that as the basic foundation of VM. By that 
reason, if the company is able to produce functions at a 
low price, it will be selling products which have a high 
“value” for the customer. In fact, this is the central topic 
and the main objective of VA and VE.  

Therefore, VM is a function-oriented methodology that 
works looking to improve the “value” for the user of a 
product, service or process. It does so by studying its 
constitutive elements and their associated costs, and then 
trying to improve the components, either reducing their 
cost or increasing the value of functions, or both of them if 
it is possible. 

In this way, VM is applied by first establishing and then 
improving the “value” of a product/service through the 
understanding of its functions and their value, and the 
same is done to the constituting components and their 
attributed costs. All of it is carried out with the aim of both 
reducing costs and increasing the value of functions.  

VA and VE can be used over and across all the 
design, manufacturing and purchasing phases towards a 
common objective: to obtain from a product an equivalent 
performance, or even improve it, in such a way that its 
cost is reduced. VM looks to get rid of fractions of 
unnecessary cost without either compromising the 
necessary function or making it cheaper no matter what. 
This cost reduction usually entails an improvement in the 
product quality and other product enhancements such as: 
lead-time reduction, weight cut, improved 
manufacturability, enhanced operation, increased safety, 

etc. [1]. 
Literature on this subject treats as different the terms 

“Value Engineering” (VE) and “Value Analysis” (VA), 
depending if the Value Methodology is being applied to 
products in the design phase (VE), or to products which 
are already in the market with the objective of reducing 
costs or revitalize its commercial life (VA) [2][3]. By its 
side, the term “Value Management” applies to an 
enterprise management style in which the Value 
Methodology extends itself across the whole structure of 
the firm, looking to facilitate innovation into it with the 
objective of improving the global performance of the 
organization [4]. 

Even if VM kept always its fundamentally defining 
features since its emergence in the USA till now, its 
introduction into other countries, other activities and 
economic sectors gave way to different versions of itself, 
each having specific connotations. In this way, while the 
definition for the “Value” concept made by the Society of 
American Value Engineers (SAVE), the Society of 
Japanese Value Engineering (SJVE) and the U.K. 
Institute of Value Management (IVM) in their respective 
VM procedure guides is rigidly established as the 
minimum price to be paid to satisfy the function, the 
S.M.A.R.T. (Specific, Measurable, Attainable, Results 
Focused, Timed) variant of VM defines it as a compromise 
solution between quality and cost [5].   

Companies and government agencies that decided to 
bank on this methodology obtained substantial and 
undeniable benefits from setting up VM projects, showing 
high values of return of investment (ROI). That led to the 
U.S. government asking since 1993 –it was already being 
encouraged since 1988- for a compulsory use by every 
department and federal agency of VE as a management 
tool, when applicable, in order to cut purchasing and 
maintenance costs. Also, VE has been adopted strongly 
in the fields of building and construction by developed 
countries such as Japan, United Kingdom and Australia 
[6], and more moderately by others such as France and 
Germany. Since the 1990’s a trend towards stagnation in 
the use of VM could be noticed, considering it as an out 
fashioned method, possibly due to its heavy support on 
group dynamic techniques, to the exigency of a 
multidisciplinary approach -facing a reality of departmental 
information silos-, and to a frequent necessity of 
specialized external consulting along the development of 
the so-called VM “Job Plan” [1]. 

However, in the last decade an increase in academic 
literature about VM is shown, remarkably in developing 
countries such as the Arabic countries [7], India [8], 
Malaysia [9] and China [10]. An interest is shown also on 
updating the methodology, introducing the use of 
communication and information technology and bringing 
VM application in new fields.  

2.1 Value methodology in Spain 

In Spain, since the mid 1980’s some regional 
organizations such as Instituto Andaluz de Tecnología 
(IAT) [11] and Instituto Tecnológico de Galicia (ITG) [12] 
work on the promotion and spreading of VM, the training 
of Value professionals, and the development of training 
resources and materials. Moreover, financially supported 
by governmental programs for promoting innovation 
specifically oriented to small and medium enterprises 
(SMEs) such as INNOVALOR, GESVALOR, CONVALOR, 
etc., those organizations collaborated with companies in 
setting up notably successful pilot VM experiences.  

In 2004, IAT and ITG, together with other Spanish 
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regional associations and foundations, established the 
Centro para la Gestión del Valor (CGV) [13] as an 
organization for the certification of VM professionals. 

Those experiences resulted in the development of their 
own variant of the Value Methodology for its application in 
SMEs, which has already been described by the authors 
in former INGEGRAF conference editions [14]. This 
variant has been eventually formalized in the form of 
several official Spanish standards published by 
Asociación Española de Normalización y Certificación 
(AENOR) [15][16].  

The VM fundamental concepts that are defined in 
these standards, which match exactly with those included 
in the EN 12973 European standard, are the following 
[15]: 
- Value: Ratio between the degree of satisfaction of 

needs and the amount of resources which are 
necessary to satisfy those needs (eq. 1).  

   
 

               (2) 
                
 

The a symbol means the ratio is only a 
representation or equilibrium between both factors. 
Also, Value is not an absolute term, but it is relative 
to the circumstances of the Value study. 

- Need: What is needed or wanted by the user when 
he’s buying the product or service. 

- Functions: The effects from the product or from its 
components. 

- Resources: All that is required to satisfy the needs 
has to be included. 

- Value Comparison: Once the degree of satisfaction 
of needs and the use of resources have been 
assessed, either in absolute or relative terms, its ratio 
gives a measure of value that may be used to 
compare and rank the different alternatives. 

2.2 Stages in the VA-VE job plan 

The mentioned VM methodology is strongly supported 
on the functional analysis and breakdown of the 
product/process to be studied, on a structured way, using 
the FAST (Function Analysis Systems Technique) 
diagram. This diagram is a basic element in studying the 
importance of the different functions, either related to the 
user or related to the product/service itself, and the 
existing relationships among them [17][18]. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Stages in the VA-VE job plan. 

A specific multidisciplinary work team will have to be 
formed, with a recommended number of members 
between five and eight people from the company. 
Together, if necessary, with an external consultant, the 
team will go through the six basic stages which comprise 
the VA-VE job plan, as shown in fig. 1.  

Along each from those successive stages, an 
information dossier will be assembled to include work 
data, analysis processes and results, and the conclusions 
reached. Standard forms will be used for data cards, 
matrices and tables [16], that will be incorporated to the 
final dossier of the Value study, in order to guarantee the 
traceability of the procedures carried out along its 
development. 

The summarized contents of the stages in the VA-VE 
job plan [16] are as follows: 

 
- Stage I:  Preparation and orientation: Definition of the 

project details; selection of the members of the Value 
work team; job planning and scheduling. 

- Stage II:  Information: Compiling of internal and 
external data for the study; selection of data sources 
and customers; identification and weighting of needs 
and their associated costs. 

- Stage III:  Functional and cost analysis: Analysis of 
functions, their cost and contribution to the 
satisfaction of the customer’s needs; calculation and 
interpretation of Value indices; determination of the 
associated equilibriums. 

- Stage IV:  Innovation and creativity: Generating ideas 
that increase the Value of the product/service; 
Grouping of alternatives. 

- Stage V:  Evaluation of alternatives: Evaluating 
alternatives by means of multi-criteria decision 
analysis; prioritization of alternatives according to 
their calculated Value indices.  

- Stage VI:  Implementation and monitoring: Planning 
for the implementation; monitoring of the 
implementation process. 

Those consecutive basic stages admit to be broken out 
with more detail when scheduling the tasks to be carried 
out. According to their contents, some of these tasks are 
to be performed simultaneously and/or consecutively, 
either by the whole team or by selected sub-teams or 
individuals from the team.  

The above mentioned six basic stages are to be 
considered in order to study the incorporation of the VA-
VE methodology to a PLM system, regarding them as a 
coherent and basic work structure, backed up by 
recognized European and Spanish standards. This Value 
work structure is also easily expandable or broken down if 
it were necessary.  

2.3 Integration of the Value Methodology 

Along the literature found on VM, several proposals of 
integration with other recognized techniques and tools for 
innovation and quality improvement were found, either 
based on coincidence of procedures or based on their 
objectives. A non-exhaustive list of some of those 
proposals, which have been considered as relevant 
because of their interest in the proposed subject, is shown 
hereafter:  
- Knowledge management (KM): stages II-V 

[8][19][20]. 
- Quality Function Deployment (QFD): stages II-V [21] 

[22][23]. 
- Lean Manufacturing: stages III-V [24][25][26]. 
- Failure Modes and Effects Analysis (FMEA): stages 

IV, V [27]. 
- Target costing: stages III-V [28][29][30]. 
- Reverse Engineering/Benchmarking: stages IV, V 

[31]. 
- Information systems support: all stages [32]. 
- Concurrent Engineering (CE): all stages [33]. 
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- TRIZ:  stages IV, V [34][35][36]. 
- Kano method:  stages II-V [28]. 

Nowadays these techniques mentioned are commonly 
accepted and widely used by companies, and even 
sometimes in certain sectors firms are forced by their 
customers to use them. Usually, world-class companies 
use on a constant basis many or all of those techniques 
into their internal procedures.  

  Many of the proposals of integration mentioned above 
open a wide range of possibilities to obtain synergies from 
using those techniques besides VM. Also, many of them 
have been already adapted by software developers to be 
integrated into commercial PLM systems. Thus, the 
incorporation of the VA-VE methodology into those 
systems would allow improving their competitive 
approach, and at the same time it would open new paths 
for innovation inside the enterprise.     

3 Product Lifecycle Management and 
PLM systems 

More than a technique, Product Lifecycle Management 
(PLM) for manufacturing companies is actually a 
philosophy of work and an enterprise management 
strategy. The basics of the PLM approach are the storage 
and the management of all the product data along its 
lifecycle, from the initial concepts until its retirement, with 
the aim of optimizing its costs, its quality and its time-to-
market. 

This concept appeared in the mid 1980’s as a 
consequence of the evolution of the technology and of the 
market. Products become more complex every day: 
complex to design, complex to manufacture and complex 
to maintain: mechanics, electronics, world markets, global 
design and manufacturing, regulatory compliance, life 
cycle profitability, etc. adds to this complexity. The 
number of product configuration increases, design cycles 
shrink, and data is subject to a constant process of 
change along the design and manufacturing phases.  

Tendency for manufacturing companies in the last two 
decades has been the increasing complexity both of the 
product on its own and of its manufacturing processes. 
Developing and supplying profitable products to the 
market has become for these firms an every time bigger 
challenge. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 The PLM model [37]. 

The term Product Lifecycle Management (PLM) has 
become very popular in the last decade, despite of having 
been subjected to different definitions according to its 
source: the potential user industry, PLM software 
companies or scientific literature. A reference in the PLM 
field, the consulting firm CIMdata [38] quotes Grieves [37] 
(fig. 2): “PLM is a strategic business approach that 

applies a consistent set of business solutions in support of 
the collaborative creation, management, dissemination, 
and use of product definition information across the 
extended enterprise from concept to end of life, 
integrating people, processes, business systems, and 
information". 

There is a certain consensus about the origins of PLM 
being in the Product Data Management (PDM) software, 
born in the mid 1980’s with the aim of storing, relating and 
controlling changes in product data, mainly data about 
product design and manufacturing processes. 

Unlike PDM, PLM isn’t just “buy, install and use”, but it 
is rather a strategy that the company has to develop in 
order to generate, manage, distribute and use the product 
data, by means of the collaboration of all the firm’s 
departments, in order to improve its market position, to 
avoid inefficiencies and to ensure its aims are reached.  

PLM technology provides the tools to centralize product 
data, standardize business processes, and speed up the 
data exchange among the product distributed design 
teams. PLM helps the manufacturing companies to face 
the market pressure and to keep its competitive 
advantage by means of shortening product development 
cycles, improving product quality and speeding up the 
time-to-market.    

In this way, PLM constitutes an integral environment for 
sharing information and for ensuring that all the 
stakeholders have the right access level to accurate and 
actualized data. PLM software is programmed to manage 
product data across its whole life cycle, from concept to 
design, to manufacturing, to maintenance, and to 
retirement. 

It is necessary to stress that PLM is not that much of a 
technology or a computer system than an enterprise 
strategy to take advantage of such technology, in which 
processes are at least as important as the data being 
managed. PLM systems must be able to integrate the 
different information islands that exist inside the company, 
caused by sequential and fragmentary processes. These 
processes are often based on unconnected information, 
require a lot of human intervention, cause slow product 
launchings, misuse resources that are scarce, have poor 
visibility, and are difficult to manage and monitor.   

The first companies to apply PLM were, in the 1980’s, 
the discrete products manufacturers, particularly the 
automotive and aeronautics firms, in which the 
development cycles and life cycles of products are very 
wide, and a big amount of agents take part in them all 
along. 

3.1 PLM systems in the enterprise 

PLM expands along the following dimensions [39]: 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Dimensions of PLM [39]. 

- People: Product development and product innovation 
expand across the firm towards more people from 
inside and outside the business. 

- Product:  A “product” consists of more than R&D or 
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engineering specifications, with a richer vision that 
includes commercial considerations in order to deal 
with the “product as a whole”. In addition, technical 
vision is growing, expanding on its scope to include 
mechanics, electronics and implanted software 
designs. 

- Lifecycle: Processes related to the product are being 
integrated by means of functions formerly disperse, 
providing integral access to Supplies, Manufacturing, 
Service and other departments that previously did not 
have access to this kind of product data. 

- Process:  PLM processes are being expanded and 
integrated along these three directions above. It is 
this process extension and process integration what 
really provides the value of PLM, as without the 
processes the other three dimensions are just not 
possible.     

Within an integral approach of the enterprise (e-
enterprise), PLM systems are listed in the enterprise 
information systems category, together with the 
Enterprise Resource Planning (ERP) systems, the 
Customer Relationship Management (CRM) systems and 
the Supply Chain Management (SCM) systems (fig. 4). 
Some sources include also the Manufacturing Execution 
Systems (MES). 

Fig. 4 Relationships among enterprise information systems 

according to CIMdata [38]. 

The scope and approaches of these other four 
systems are substantially different to those formerly 
mentioned for PLM: 
- Enterprise Resource Planning (ERP): Integrates the 

internal and external management information across 
the whole organization (accounting/finances, storage, 
manufacturing, sales, service, etc.). ERP does that 
using a specific software system working on a 
common database set, with the aim of facilitating the 
information flow across all the business functions in 
the firm.  

- Customer Relationship Management (CRM):  
Manages the interaction of the organization with 
customers, users and sales agents, using 
technological solutions to organize, automate and 
synchronize the business processes, mainly 
commercial but also marketing activities. CRM’s 
objective is to find, attract and gain new customers, 
take care of and retain those the company already 
have, get back former customers on the client list, 
and reduce marketing and client service costs. 

- Supply Chain Management (SCM):  Manages the 
interconnected business net implicated in the 

ultimate supply of a product or service demanded by 
final customers. SCM covers all movement and 
storage of raw materials, on-going inventory, and 
finished product from point of origin to point of 
consumption (supply chain), aiming at creating net 
value for the company building a competitive logistic 
structure, synchronizing supply and demand and 
measuring globally the firm’s performance. 

- Manufacturing Execution System (MES):  Sometimes 
also called Manufacturing Enterprise System, it 
manages the manufacturing operations in the 
factories. MES include activities such as: product 
definitions management, resources management, 
production processes scheduling, launching of 
manufacturing orders, execution of manufacturing 
orders, production data collection, manufacturing 
performance analysis, manufacturing process 
monitoring, etc. 

Similarity between PLM and ERP information systems 
as data storage systems is only apparent, as ERP is “data 
centric” and works fundamentally with financial data, 
human resources data, material resources data, etc. –“flat 
data”-. Meanwhile, PLM is “workflow-centric” and the data 
it handles are more complex -“smart objects”- where 
information reflects design data, specifications, 
configurations, etc. 

Anyway, PLM implementation in its integral concept 
requires of the integration with those information systems 
already mentioned. Data must flow among them inside the 
“360º PLM concept” of the company to guarantee all the 
profits from such integration are obtained. 

Fig. 5 The engineers’ use of time [40]. 

From the design processes point of view, the PLM 
system contributes radically to raise productivity, by 
making available to the engineer all the information the 
company has in relation with the product or products in 
each of the life cycle stages, actualized and in real time. 
Moreover, in collaborative engineering environments this 
system guarantees that all team members work on an 
already validated version of the design, giving warnings 
about possible inconsistencies. At the same time, PLM 
systems allow the access to product data to be filtered 
according to the system user’s access type and/or access 
level. 

This is a way to try to get rid to a great extent of the 
time waste inherent to the practice of traditional design 
activities (fig. 5). In this aspect, by cutting unnecessary 
costs PLM systems allow to take the “lean” strategy to 
each of the company’s departments. 

3.2 Structure of a PLM system 

In the same way that the definition of PLM varies 
according to its source, the same happens with respect to 
the structure of the PLM systems (fig. 6). Three main 
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approaches exist among the developers of these software 
systems: 
- The “from ERP” approach:  Considers the PLM 

system as an additional module to be added to, and 
integrated into, the ERP system of the developer, 
with direct access to its databases. This is the case 
of PLM systems from SAP® and ORACLE®. Access 
to product data must be done either by using legacy 
software outside the PLM system or by using 
visualizing tools, but on the other hand ERP can 
“see” directly product data. 

- The “from CAD” approach:  The PLM system is built 
around the developer’s CAD/PDM system, 
integrating their databases into PLM’s database. 
Thus, the access to product data can be done from 
the PLM system itself, as it incorporates CAD/PDM 
functionalities. However, access to data from/to the 
ERP system would have to be done through some 
interconnecting “middleware” software. This is the 
case with DASSAULT SYSTEMES PLM solutions. 

- The independent approach:  Typical of PLM software 
developers that define their product as an unattached 
business software solution, with capabilities for 
linking to other developers’ ERP and CAD/PDM 
software, access to product data is done using 
specific software or visualization tools. This is the 
case with SIEMENS TEAMCENTER®. 

Fig. 6 Structure of a PLM system [40]. 

From the PLM system architecture point of view, three 
basic components exist: the Data Vault that stores all 
data, the Metadata Base that guarantees data integrity, 
and the Application that performs the management 
functions of the other two, and interacts with the user. 

With regard to the functions a PLM system must 
perform (fig. 7), in spite of the disparity of versions the 
following require to be mentioned [40]: 
- Item management (information, status and 

processes). 
- Product structure management and maintenance. 
- User privilege management. 
- Maintenance of the state or status of documents and 

items. 
- Information retrieval. 
- Change management. 
- Configuration management. 
- Management of tasks (messages), also known as 

workflow management. 
- File/document management. 

- Avoidance of information loss during updating. 
- Backup management. 
- History/System log. 
- File vault (electronic vault). 

Even if there are specific PLM solutions oriented to 
specific sectors available in the market -textile, 
shoemaking, shipbuilding, etc.-, the most used PLM 
systems offer implantations that can be adapted to a wide 
range of enterprise sectors. This flexibility is usually 
reached using a modular approach, with developers that 
sometimes even offer their customers the possibility of 
buying additional modules on-line in real time depending 
on the user’s needs (Software on Demand, SoD). In other 
cases the developer offers to host the PLM system in his 
servers, with the customers acceding via Web, paying a 
service fee according to their actual use of the resources 
made available to them (Software as a Service, SaaS).  

Fig. 7 Functions in a PLM system [41]. 

Furthermore, it is extremely relevant the possibility of 
customizing the PLM system in order to fine-tune it to the 
actual enterprise’s needs, processes and internal 
functions. This is usually done using standard 
programming languages by means of Application 
Programming Interfaces (APIs), defined as “a particular 
set of rules and specifications that a software program 
can follow to access and make use of the services and 
resources provided by another particular software 
program that implements that API, serving as an interface 
between different software programs and facilitating their 
interaction”. Thus, APIs allow both the PLM systems to be 
linked to other enterprise information systems that no 
translator is available for, and to develop new functional 
modules adapted to the particular needs of the 
continuously changing businesses processes of the user 
firm. 

3.3 Research trends on PLM systems 

The consulted academic and commercial literature on 
PLM systems is quite diverse, and some of it deals with 
the following research trends, that are seen as of interest 
for the objectives of this paper [42]: 
- Virtual Collaborative Engineering [43], allows design 

teams from different partner companies to collaborate 
along the Virtual Supply Chain inside the extended 
enterprise model, keeping the right conditions of 
security and confidentiality of data [44][45]. 

- PLM integration with other enterprise information 
systems [46][47][48][49]. 

- Model-based definition (MBD), incorporation of 
design knowledge to CAD models and its traceability 
[50][51]. 

- Multi-module products, multi-lifecycle management 
and holistic PLM [52]. 
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- Ontology-based data integration [53]. 
- PLM 2.0, SOA, and cloud computing [54][55][56]. 
- Closed-Loop PLM and Product Embedded 

Information Devices (PEID) [57][58]. 
- Digital/Virtual Manufacturing [59][60]. 

4 Integrating VM into PLM systems 
To carry out the design of the proposal for a 

methodology to integrate VM on PLM systems, a generic 
process-oriented [61] PLM system will be considered in 
order to evaluate the feasibility of incorporating Value 
Analysis (VA)1 into it, following the job plan and the 
procedures and stages established by the mentioned 
literature [15][16].   

Thus, the minimum requirements to be satisfied in 
order to carry out successfully that integration will be 
studied, in such a way that it makes possible to fulfil 
correctly each of the VA stages shown in section 2.2. 
Those requirements will be classified according to the two 
following categories: 
- Data:  Data and other information necessary to deal 

with and fulfil each of the stages of the Value 
methodology. It can be already available in the PLM 
system itself or not, in which case it will have to be 
obtained from other sources. 

- Functions:  Processes that are necessary in order to 
carry out properly each of the mentioned VA stages, 
which can be implemented on the PLM system itself 
or by using alternative approaches -“middleware”, 
etc.- if its results are more efficient. Also, some of the 
functions will span and will have to be made available 
across all stages of the VM study. 

It will be also necessary to mention the possible 
sources where to obtain the considered data, both if it is 
internal and if it is external to the company. In case the 
data is external, the appropriate enterprise information 
system to be used in order to obtain such data will be 
mentioned. 

4.1 Resources necessary for the VA stages 

The necessity of those above mentioned two classes 
of minimum resources will be studied and evaluated stage 
by stage, according to the objectives of each stage. This 
study will be carried out using a generic approach, 
avoiding focusing on a particular kind of industry or on a 
certain sector. It will use an approach of minimum 
requirements, and it doesn’t try to be exhaustive because 
of the wide variability of circumstances at companies. 
1) Stage I: Preparation and orientation. The project 

definition begins with the selection of the product to 
be studied -Value Object-, often after performing an 
ABC analysis using for instance internal and external 
incident reports: quality issues, costs issues, sales 
issues, etc. 

 
 Item Source 

Data 

Enterprise Strategic Plan 
Market positioning 
Quality reports 
Financial data 
Sales data 

SEMS2 
CRM 

QMS3 (ERP) 
ERP 
ERP 

                                                 
1 The study of incorporating Value Engineering (VE) would 
involve only minor changes with respect to VA, which would not 
void this analysis: a little less complexity in the initial stages, 
more indetermination in the costs calculations, etc. 
2 Strategic Enterprise Management System 
3 Quality Management System 

Regulatory compliance data 
Human and material resources 
Internal and external suggestions 
Maintenance reports 
Sick leave reports 
Fines/disciplinary measures 
Legal claims 
Relevant press articles 

CRM / PLM 
ERP 

QMS (ERP) 
ERP 
ERP 

QMS (ERP) 
QMS (ERP) 
QMS (ERP) 

Functions 

Support to group dynamics problem-solving work. 
Support to procedure documentation. 
Statistical treatment of data. 
Multi-criteria analysis. 
Project planning. 
Project scheduling and monitoring. 
Assignation of tasks to people. 
Cost estimation. 

Tab. 1 Resources for Stage I. 

2) Stage II: Information. All relevant data and 
information regarding the Value Object -internal or 
external to the company, historical or current, 
quantitative or qualitative- will be compiled with 
traceability criteria. Special attention will be given to 
the most qualified customers and information 
sources. All the customer needs regarding the Value 
Object will be identified and weighted, as will be all 
costs associated to it. 

 
 Item Source 

Data 

Technical data 
Technological information 
Costs data 
Benchmarking reports 
Industrial property 
Laws and regulations 
Market information 
Budget information  
Information from customers 

PLM 
SVS4 / PLM 

ERP 
PLM 

PLM / SVS 
QMS (ERP) 
CRM / SCM 

ERP 
CRM / SCM 

Functions 

Support to group dynamics problem-solving work. 
Support to procedure documentation. 
Statistical treatment of data. 
Product data management. 
Project scheduling and monitoring. 

Tab. 2 Resources for Stage II. 

3) Stage III: Functional and cost analysis. The product 
will have to be broken down in its necessary 
functions, classifying them and establishing the target 
levels an acceptable variation ranges. For each of the 
functions its contribution to the whole product value 
for the customer will be calculated, as will be its 
contribution to the product cost. 

 
 Item Source 

Data 

User needs data 
Functions data 
Costs data 
Industrial property 
Laws and regulations 

Stage II / QFD5 
Stage II / QFD 

Stage II 
Stage II 
Stage II 

Functions 

Support to group dynamics problem-solving work. 
Support to procedure documentation. 
Product data management. 
Function diagrams (FAST) construction. 
Required product functional specification lists 
construction. 
Safety diagrams (FMEA) construction. 
Relations diagrams construction. 
Project scheduling and monitoring. 

Tab. 3 Resources for Stage III. 

                                                 
4 Strategic Vigilance System 
5 Quality Function Deployment system 
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4) Stage IV: Innovation and creativity. Ideas to increase 
the value of the product will be generated and sorted, 
assembling them in the form of alternative proposals. 

 
 Item Source 

Data 

Function diagrams (FAST) 
Required product functional 
specification list 
Level of importance of functions 
Characterization of functions 
Cost of functions 
Value indices of functions 
VA matrices 
Objective cost of functions 
Undesired functions 

Stage III 

Functions 

Support to group dynamics problem-solving work. 
Support to various creativity techniques. 
Support to procedure documentation. 
Product data management. 
Cost estimation. 
Project scheduling and monitoring. 

Tab. 4 Resources for Stage IV. 

5) Stage V: Evaluation of alternatives. The alternatives 
generated in Stage IV will be evaluated using multi-
criteria analysis, ranking them according to their 
value. 

 
 Item Source 

Data 

Design alternatives data 
Current product data 
Design alternatives value indices 
Current product value indices 
Industrial property 
Laws and regulations  
Human and material resources 
Financial data 

Stage IV 
Stage II 
Stage IV 
Stage IV 
Stage IV 
Stage II 
Stage II 
Stage I 

Functions 

Support to group dynamics problem-solving work. 
Support to various creativity techniques. 
Multi-criteria analysis. 
Enterprise strategic and financial analysis. 
Support to procedure documentation. 
Product data management. 
Project planning. 
Project scheduling and monitoring. 

Tab. 5 Resources for Stage V. 

6) Stage VI: Implementation and monitoring. The 
implementation of the proposed alternative will be 
planned, scheduled and monitored.   

 
 Item Source 

Data 

Full documentation about the 
selected alternative. 
Enterprise Strategic Plan 
Human and material resources 

Stage V 
 

Stage I 
Stage I 

Functions 

Support to group dynamics problem-solving work. 
Project planning. 
Issue information to all the company staff. 
Support to procedure documentation. 
Product data management. 
Project scheduling and monitoring. 

Tab. 6 Resources for Stage VI. 

Those requirements above mentioned must allow a 
secure, fully traceable, auditable and verifiable storage of 
process data, subject to criteria of selective access 
restriction to all agents according to different authorization 
levels.  

Also, the AV module itself will have to record 
accurately and with detail the use of all resources along 
each VA study -material, human, data access, use of IT 
resources, etc.-, in such a way that its final cost could be 

determined and its ROI could be calculated. 

4.2 Implementing the basic VA methodology 

A quick analysis performed on the list of resources 
required for the VA implementation, as determined on 
section 4.1 above, shows clearly that their availability 
doesn’t get intro contradiction in any way with the PLM 
intrinsic strategy. It doesn’t interfere either with the 
strategic or operative objectives of the enterprise, but it 
can clearly be used to help reaching them more efficiently. 

The necessary functions to be implemented in order to 
attend the six stages of the VA study are basic in content 
and hardly complex, even if they must be programmed to 
manage a specific data type in each case, allowing to be 
used on a collaborative work environment. 

In order to keep the coherence of the integration 
proposal into the PLM data structure and functions, it 
would be advisable to pack the set of VA functions into a 
“Module for VA studies” included in the PLM system 
software. This module could then be installed in the 
workstations of the potential users during the installation 
of such software, and the access could be limited 
dynamically to the members of the different VA work 
groups.    

On their part, most of the necessary data for the VA 
process are already easily available inside PLM itself and 
the other corporative information systems. Accessing to 
them would only require setting up the right data 
interfaces, which should allow such access from the VA 
studies module according to the user’s authorization level. 

Regarding the information generated along the Value 
study, its strong links with the product subject to VA 
makes advisable to store it into the PDM database of the 
PLM system. The connections of the final product data 
with the initial data used in stages I, II and III, and the 
links with the information generated in stages IV, V and VI 
should be also stored on that database.  

The dossier should include a final report containing all 
data relative to the Value study: name, position and 
contact of participants, duration in man-hours, total and 
broken down costs, and calculated value of ROI. 

4.3 An advanced implementation of VA 

Along the former sections of this paper, the feasibility of 
a basic implementation of the VA methodology in PLM 
systems has been studied and demonstrated, according 
to the concepts and job plan defined in the UNE 
standards [3][4][15][16]. 

Not having any doubt about the advantages which this 
basic integration of VA methodology would provide to 
enterprise innovation, its true performance potential would 
be radically increased by incorporating to the mentioned 
proposal a number of advanced functionalities that are 
already available in some commercial PLM systems, as 
follows:    
- Remote collaboration (VCE):  Makes possible for the 

Value group activities along the six VA stages to be 
carried out in “virtual meetings”, either inside the PLM 
2.0 system itself or by means of Web 2.0 specialized 
corporation platforms. Besides that, VCE creates new 
collaboration possibilities across the extended 
enterprise, allowing professionals from other partner 
companies in the product’s Virtual Supply Chain to 
participate in the Value team, always keeping the 
necessary security and confidentiality safeguards. 

- Virtual Reality (VR):  Allows a better understanding of 
the product’s geometry, features and operation along 
each of the VA stages. 
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- Digital Manufacturing (DM):  Makes possible to 
improve the resources and costs estimation and to 
verify the feasibility of manufacturing processes for 
the different alternatives to be considered in stages 
IV and V. 

- Model-based definition (MBD):  By establishing a 
model definition of the product in terms of functions, it 
is very helpful along stages III and IV. 

- Knowledge management (KM):  Makes available a 
number of already validated design alternatives, and 
allows evaluating others against the requirements, for 
the different product functions in stages IV and V. 

- Quality Function Deployment (QFD): Its initial phases 
can overlap with the first VA stages, as both of them 
use product information coming from customers, and 
define the product by means of a functional 
approach, providing a different viewpoint on the 
degree of satisfaction of the customer requirements. 

- Kano Method:  Provides relevant information about 
how the product functions satisfy the user needs, in 
stages III to V. 

- TRIZ:  Complements the creative approach in stage 
IV, contributing by means of systematic processes to 
identify inventive solutions for implementing the 
product functions. 

This list is not intended to be exhaustive, but only to 
describe those functionalities which have a higher 
potential of contribution to increase the profitability for 
companies of the use of the Value Methodology 
integrated into PLM systems. 

5 Conclusion 
Value Methodology has proved along a history of more 

than 60 years to be a tool capable of improving the 
competitive situation of companies which have adopted it 
as an innovation technique. 

PLM systems are increasingly present in industry, as 
they are a very powerful strategic tool that allows the 
companies to integrate in an only repository all 
information about the life cycle of their products. Such 
data is kept actualized and is made available to all 
departments in the company, breaking the classical 
departmental approach of “information silos”. 

The study carried out in this paper shows the 
possibility of integrating into a PLM system the necessary 
tools to perform at a basic level the six typical stages of 
the Value Methodology when applied to product 
innovation. Also, a proposal is suggested to make use of 
a number of advanced functionalities, already available in 
some commercial PLM 2.0 systems, which would allow 
VM to increase its potential for enterprise innovation with 
a reduced cost. 

The use of PLM 2.0 virtual collaborative engineering 
(VCE), together with Web 2.0 tools, makes possible for 
the Value teams to carry out the different activities from 
the VM stages without having to meet physically in the 
same room, cutting displacement costs and times.  

In the same way, it could be made the most of the 
potential for collaboration, inside the product virtual 
supply chain of the extended enterprise, by allowing the 
professionals form partner firms to participate in the Value 
team. With this approach the VM processes could reach 
new conceptual and development levels in product and 
process innovation, creating real value for all the 
companies involved in the collective process of 
“collaborative Value Methodology”. 
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Abstract 

Purpose: 
In a scenario characterized by high competitiveness, companies have to apply methods and 
tools in order to respond to the customer needs while maintaining a constant control on 
product cost. For this objective, product designer should evaluate different design alternatives 
by using criteria related not only to function but also to manufacturability and cost. The idea of 
the present approach is to provide designers with a Knowledge-Based (KB) tool (called 
LeanCost) that analyzes the product design information by using a manufacturing knowledge 
base in order to automatically obtain the estimation of manufacturing cost. 

Method: 
The method proposed in this work originates from the concept that several company 
departments (product design, process engineering and purchasing) should base their activity 
on a shared cost model and a related cost estimation tool. The approach is schematised as a 
single cost estimation software, used in the three main phases of the product development 
process (design, industrialization and manufacturing). When this kind of software will 
deployed by a company, each designer will use a Knowledge-Based (KB) tool that analyzes 
the product design information by using a manufacturing knowledge base in order to 
automatically obtain the estimation of manufacturing cost. 

Result: 
In order to evaluate the reliability of this estimation software tool, it is relevant to gather 
experimental results and evaluate deviation between the standard cost and the estimated 
one. Standard cost is that one manually calculated by product engineering, while estimated 
cost is calculated by the designer using the estimation tool. Results analysis will provide 
useful information to improve the reliability of LeanCost, in terms of parameters and functions. 

Discussion & Conclusion: 
The LeanCost software tool has been appreciated for its fast and ease of use on almost all 
the operations required to produce mechanical components, especially for carpentry and 
sheet metal operations. Improvements are related to the recognition of manufacturing 
features on 3D CAD models represented by neutral data formats, such as .STEP and . IGS.  

1 Introduction 
Market globalization drastically increased 

competitiveness. Customers ever more have the 
possibility to choose products by evaluating a large 
number of market proposals. In this context, if a company 
is able to offer high quality customized products in a 
reasonable delivery time can gain relevant market shares. 
Anyway personalised products imply new efficient and 
agile approaches along the whole product development 
process, from ideation to manufacturing. In this scenario, 
companies have to apply methods and tools in order to 
respond to the customer needs while maintain a constant 
control on product cost. Manufacturing cost is one of the 
main important aspects. It should be evaluated in the 
early design phases in order to rapidly compare different 
customized technical solutions. 

Manufacturing cost estimation is complex due to the 
huge amount of information that influences the result. In 
fact, it is necessary to decide which manufacturing 

process should be adopted, which manufacturing 
parameters should be chosen, which materials, which 
equipments have to be realized, the size of production lot, 
etc. On the other hand, the product designer in the early 
design phase has at disposal only a preliminary 3D CAD 
model that has been mainly conceived in order to satisfy 
the functional requirements. This dichotomy generates 
errors and numerous iterations between design and 
manufacturing departments. A consistent improvement 
can be achieved if product designer can evaluate different 
design alternatives by using criteria related not only to 
function but also to manufacturability and cost. In order to 
overcome this problem, manufacturing knowledge should 
be shared across the company and used as one of the 
drivers of product design. 

The idea of the present approach is to provide 
designers with a Knowledge-Based (KB) tool that 
analyzes the product design information by using a 
manufacturing knowledge base in order to automatically 
obtain the estimation of manufacturing cost. 
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The 3D feature-based CAD model contains the product 
structure that is concretized through geometrical features, 
components, assemblies, and not geometrical data 
(roughness, tolerances, material, etc.). The knowledge-
based tool analyzes the CAD data structure and extracts 
the design information it needs. Manufacturing and 
process planning rules are collected in the knowledge 
base. The manufacturing operations are automatically 
linked to the design features. In order to make this 
combination in a robust way new clusters of data, called 
advanced manufacturing features and simple modelling 
features, are defined. Finally, after design and 
manufacturing features mapping, the system generates 
the cost estimation. 

Currently, the developed software tool manages the 
main mechanical manufacturing operations from 
machining to welding. Starting from the shared knowledge 
base it has been conceived to be used in different 
company departments: the design department, the 
product-engineering department and the purchasing 
department. The tool is under test in collaboration with a 
company that realizes woodworking machines. 

The paper, after a brief review of the research 
background (section 2), describes the manufacturing 
product costing methodology (section 3) and the 
implemented software tool (section 4). Numerous 
examples are reported (section 5) in order to evaluate the 
software system usability and reliability. 

2 Research background 
The Design for Cost (DfC) methodologies have been 

studied and formalised since 1985 [1]. The DfC problem 
can be resumed in the following way: studying and 
developing methods and tools allowing the designer to 
calculate costs in the early design phase by managing the 
knowledge of production processes and, hence, costs 
incurred therein [2]. Many CAPP (Computer Aided 
Process Planning) systems have been developed during 
the last years but they are too complex to be used in the 
design phase because they require a lot of information 
beyond the product characteristics and they are, 
generally, not available during the first stages of design 
process. 

A large number of approaches and methods for cost 
estimation have been presented in literature [3]. An 
interesting classification has been reported by Duverlie 
and Castelain [4]. In Niazi et al. [5] a detailed review of 
the state of the art in product cost estimation covering 
qualitative and quantitative techniques and methodologies 
are described. The qualitative techniques are further 
subdivided into intuitive and analogical, and the 
quantitative ones into parametric and analytical. A recent 
review concerning the cost estimation software systems 
usable during the product development process is 
reported in Cheung et al. [6]. 

According to Weusting et al. [7] cost estimation can be 
divided into two basic methodologies: generative cost 
estimation and variant based cost estimation. In the first 
case, the estimate is based on the decomposition of costs 
related to the expected production processes. In the 
second case, the analysis of similar past products allows 
the evaluation of new ones. It can be stated that a 
suitable cost estimation tool should include a combination 
of these two approaches. Feature-based costing [8] can 
be considered an optimal compromise between them. In 
fact, features can be used in order to describe the 
geometric information of product at different levels of 
detail, and they can be used to collect all functional and 

technological information (tolerances, surface finishing, 
manufacturing cycle, etc.). Yet, features defined in a 
previous product can be reused for the new solutions 
inheriting all process information.  

Parametric feature-based 3D CAD modeling systems 
can provide the practical support to manage cost 
information along with functional product definition and its 
virtual representation. Several feature-based costing 
technology applications are reported in scientific literature, 
an overview is provided in Layer et al. [9]. For example, in 
Ten Brinke [10] an interesting system for estimating costs 
of sheet metal components is described.  

However, there exists no satisfactory computer-aided 
support for the cost estimation task related to all 
manufacturing operations domain. Important research 
works have been carried out in machining operations [11-
12], but the developed systems are not well integrated in 
the design process flow. An improvement has been 
described in aircraft design field by Watson et al. [13]. An 
approach where cost estimation has been applied during 
design phase is reported also in Germani et al. [14]. The 
work shows how a cost estimation method can be used 
effectively within a framework in order to manage the 
configuration of a product variant. Other interesting cost 
estimation approaches usable in the early design phases 
are described in Shehab and Abdalla [15] and Mauchand 
et al., [16]. Both papers propose methodologies and tools 
in order to support designer choices oriented to optimise 
manufacturing cost at early design phases, i.e. selection 
of material, selection of process etc. These rules are 
important in conceptual design phase. An interesting 
applicative example representing a step towards the 
applicability of cost estimation in the early design stage is 
reported in Castagne et al [17]. 

From a technological point of view commercial software 
packages are not still available for cost estimating without 
excessive effort in manufacturing process modelling, i.e. 
Delmia by Dassault Systemes. 

The proposed system try to overcome the state of art 
by developing a robust KB system able to support the 
whole product development process in the most critical 
phases by providing the right level of detail of product cost 
information. 

3 Design to cost approach 
During a generic product development process, mainly 

three company departments are involved in product 
costing. Firstly, product design department where product 
cost is created by adopting specific technical solutions. 
Secondly, process engineering department where product 
feasibility is studied, manufacturing operations are defined 
and, thus, detailed cost is calculated. Finally, the 
purchasing department that interacts with the supply chain 
in order to establish prices and choose the best suppliers.  

Engineers of these three departments interact with 
product cost from different viewpoints. Product designers 
need to understand the incidence of a single cost feature 
on the total manufacturing cost without a specific skill on 
manufacturing operations during the design phase. 
Product engineers (or manufacturing technologists) 
possess the specific knowledge about the manufacturing 
activities necessary to determine the detailed cost. 
Purchasing staff is interested to the cost calculated by the 
product engineers, in order to select the supplier for every 
component.  

The proposed approach originates from the concept 
that above departments base their activity on a shared 
cost model and a related cost estimation tool. In this way 
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are avoided problems due to a scarce awareness of 
designers to the cost problem, shifting toward the product 
engineers all cost evaluation activities. Such a situation 
implies errors and, consequently, numerous and time-
consuming iterations. The approach is schematised in 
figure 1where a single software cost estimation tool is 
used in the three main phases. This work aims to 
overcome the problem by developing a software tool 
dedicated to the design department but also providing a 
specific view of the product cost model for the other two 
user typologies (figure 1).  

A shared manufacturing knowledge base is used as 
key element in order to define this multilevel framework. 

In order to make usable this framework to all users, it 
is necessary to develop a detailed estimation method 
aimed to satisfy the deepest user, who is the product 
engineer.  

Estimation methods can be classified in four 
typologies: intuitive, analogical, parametric and analytical. 
Among them, the most coherent with the proposed 
objective is the analytical method. In fact, it allows 
evaluating the product cost by the decomposition of work 
required into elementary activities (an example of an 
elementary activity is a machine tool operation).  

Evaluating production processes for the company’s 
components, this tool gives information also for a 
processes optimization. Analysing each file generated by 
LeanCost, it’s possible to understand all the operations 
required for components production, in order to define a 
set of standard processes which must be used for product 
machining, with the aim to reduce the overall production 
costs. 

Manufacturing processes have been classified in six 
groups, called environments: chip forming, carpentry, 
painting, covering, heat treatments and shaping. Each 
environment is further composed by several groups of 
operations, such as milling, turning, grinding, broaching, 
etc., for chip forming environment. In conclusion, a group 
contains the operations which are used to define the 
component working schedule (external cylindrical turning, 
external cylindrical slot, etc, for the turning group). 

 

 

Fig. 1 Cost estimation process related to the three different 

departments. 

At the design stage, by using the analytical approach it 
is necessary to determine all activities needed for 
component/assembly manufacturing. While product 

engineers have experience for cost estimation, the 
designer rarely has the same kind of knowledge. Hence, it 
is essential to formalise the manufacturing knowledge in 
order to apply it during the early cost evaluation. 

The product engineer knowledge has been structured 
in order to support the analysis of product design 
information and translate it in manufacturing operations 
and, hence, in manufacturing cost. 

Manufacturing technologies have been analyzed and 
divided into classes as follows: chip-forming machining, 
mechanical carpentry, painting, thermal treatments, 
superficial covering, metallic alloy molding and plastic 
molding. Classes have been further divided into 
categories, for example the machining class has been 
subdivided in milling, turning, grinding, gear cutting, 
broaching and slotting. Within these category have been 
defined the operations, for example typical operations for 
milling are face milling, slot execution, etc. Then, the 
geometrical parameters have been determined in order to 
univocally characterize the operations. For example the 
face milling operation is characterized by length, width, 
depth, geometrical tolerance (planarity) and roughness.  

In the proposed knowledge base, the operation is the 
most important level of data aggregation.  

The operations have been univocally mapped with a 
specific set of geometric and non-geometric elements that 
have been defined advanced manufacturing features. In 
this way the product model can be represented as a 
collection of advanced manufacturing features and simple 
modelling features. The recognition of these features on 
the product model allows establishing the operations and 
their sequence.  

In more detail advanced manufacturing features are a 
set of geometrical elements (faces and axis) conveniently 
arranged in a recognisable topological shape with specific 
dimensional constraints and with specific manufacturing 
information (tolerance and roughness). This information 
determines a group that can be associated to a specific 
operation. Feature recognition algorithms deployed in 
LeanCost, analyze the body of specific CAD model, 
enriched by user with several Product Manufacturing 
Information (PMI), such as roughness and dimensional 
tolerances. During the analysis phase, faces, edges and 
vertices (topological information) with relative geometrical 
information, are taken in consideration and compared with 
the advanced manufacturing features, during iterative 
processes (FOR cycle), with the aim to establish if a group 
of faces could be machined with the manufacturing 
feature of the ith step of FOR cycle. 

Tab. 1 Examples of advanced manufacturing features. 

Advanced 
Manufacturing 

Feature 

Definition 

External cylindrical 
slot 

External cylindrical surface enclosed by surfaces 
with a diameter greater than reference one, and 
the cylinder length is greater than 6 mm., 
furthermore it should be guaranteed the radial 
accessibility of the tool 

External cylindrical 
turning 

External cylindrical surface which does not have 
any faces with a radial range greater than the 
machining surface diameter, moving from the 
machining surface to the tailstock, furthermore it 
should be guaranteed the radial accessibility of the 
tool. 

Frontal slot Planar surface enclosed by cylindrical surfaces 
(one external and the other internal) in order to 
form a solid angle greater than π. It should be 
guaranteed the axial accessibility of the tool. 
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The advanced manufacturing features have been 
defined because it is not always possible link the CAD 
modelling feature to a machining operation. In many 
cases, in fact, in order to manufacture a feature it could 
be necessary more than one operation, otherwise more 
features could be machined with a single operation. This 
problem is typical for the chip forming machining, where 
different ways could be adopted in order to realize a 
component. In the following table (table 1) examples of 
advanced manufacturing features are reported. 

In other cases the simple CAD modelling features can 
be directly linked to the operation; for instance the thread 
hole definition as represented in the CAD model data 
structure is sufficient to determine the corresponding 
operation. 

The second knowledge level is oriented to the 
determination of manufacturing cost, starting from the 
operations list with their geometrical parameters. This 
level is based on the definition of algorithms that the 
product engineer uses in order to determine all 
technological parameters necessary for cost estimation 
process.  These algorithms need a lot of data (raw 
material cost, standard equipment time, etc...) and 
relations (material-cutting speed, material,-machine-tool-
feeding rate, welding speed-bead dimension-material, 
etc...) that can be stored within a technological database. 
The values extracted from the database are elaborated by 
specific formulas used to calculate the estimation 
parameters and the final component cost. Typical 
formulas, within the metal working machines field, are 
those used for the calculation of tool paths length, 
working time, cost, etc. 

In order to understand how the proposed approach is 
able to estimate the manufacturing cost a simple example 
is reported. It interests the external cylindrical slot 
advanced manufacturing feature (figure 2). The 
taxonomic definition of this feature is reported in table 1. 

The data structure of the 3D CAD model is analyzed 
and proper algorithms compare the definition of external 
cylindrical slot feature with the geometric model in order 
to recognize it with its geometrical parameters (on the 
basis of classification as in table 1): initial diameter (Di), 
final diameter (Df), radial allowance (P), slot length (L) 
and roughness (R).  

 

 

Fig. 2 Grey faces represent the external cylindrical slot. In 

the centre and below the first and second phases of the 

turning operation are respectively shown. 

Once the geometry has been identified it is possible to 
determine all activities necessary for slot execution. In 
this case by using a rule based on the roughness value 

can be chosen the needed activities and the machines 
tools for machining: 
IF  R ≤ 0.8 μm  THEN turning (roughing and finishing) + grinding  
IF  0,8 < R ≤ 3,2  THEN turning (roughing and finishing) 
IF  R > 3,2 μm THEN turning (roughing) 

Hence, the necessary phases for slot realization are: the 
execution of the initial relief and the external cylindrical 
turning. Taking into account only the second phase, the 
formulas used in order to calculate the machining time are 
as follows: 

Roughing passes  
Pp

P
NPs

Pp
  (1) 

Medium diameter  
2

DfDi
Dm

DfDi   (2) 

Rotational speed   
Dm

Vc
n

1000
  (3) 

Roughing feeding rate  AsnVAs n   (4) 
 
Finishing feeding rate  AfnVAf n   (5) 

 
Working time 

25.125.1 NPf
VAf

EPL
NPs

VAs

EL
Time  (6) 

 
Where Pp is the cutting depth, Vc the cutting speed, As 
the roughing feed, Af the finishing feed, NPf the pass 
number for finishing, E the extra traverse and 1,25 is used 
to consider the rapid traverse. 
By linking a specific database where companies store the 
unit cost of each machine it is possible to quantify the 
feature cost. In order to completely estimate the cost of 
component it is also indispensable to define the cost 
framework. It is determined summing the cost of the stock 
with the machining cost, composed by fixed (cost which 
must be subdivided for the number of lot components, 
such as equipment cost) and variable cost (it is the direct 
cost of machining). In the same way is performed the 
welded assembly cost estimation; in this case before each 
component is separately evaluated and then the welding 
cost for assembling them. 

4 LeanCost software system 
The described approach has been implemented in a 

software tool called “LeanCost”. In figure 3 is represented 
the system structure.  

This tool is a Windows-based application that currently 
can estimate the cost of components and welded 
assemblies. In particular it has been implemented taking 
into account the context of companies where Product 
Lifecycle Management (PLM) systems are present. PLM 
system contains engineering data such as CAD models, 
drawings and documents stored in the PLM database. 
LeanCost interacts with the PLM system in order to 
extract the needed geometric and non-geometric 
information.  

The structure includes also specific databases about 
machine tools, materials and cutting parameters (cutting 
speed, setup time, etc.). 

The LeanCost application supports three different user 
access levels:  
 Designer user: the access is integrated within the 

CAD system user interface; the system performs 
automatically the cost analysis. As output he/she 
examines a cost report that highlights the different cost 
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drivers. In this way the system suggests which factors 
should be changed. 

 Technologist user: he/she inherits the cost analysis 
from the design phase; this user verifies the results 
and analyses various reports in order to plan the 
manufacturing activities. The technologist user can set 
the process and working cycle parameters. 

 Purchase department user: this access level is 
limited to the cost reports; they are used to choose the 
most suitable suppliers. 

As shown in figure 3 the LeanCost tool is composed of 
four main modules: 

 CAD Interface Module: this module, that is 
developed using Visual Basic.NET programming 
language, analyses the CAD model and the related 
not geometrical information in order to identify the 
advanced manufacturing features. This module is 
linked to the PLM system (in this research is used 
Solid Edge.20, by Siemens Gmbh). The extraction of 
information from the CAD model is made by reliable 
classes and functions properly developed. They 
perform a topological analysis of all geometrical 
entities. The module generates as output an ordered 
set of advanced manufacturing features represented 
through geometrical entities (faces, loops, edges), 
dimensions, finishing, tolerances and physical 
properties (mass and density). This module identifies 
also the simple modelling features. 

 Process Allocation Module: the set of ordered 
advanced manufacturing features and simple 
modelling features are converted in a set of 
operations using this module. Then all geometrical 
and physical data are elaborated in order to semi-
automatically determine each manufacturing process. 
This tool establishes the necessary processes to 
manufacture the component, and it proposes possible 
machines tools with their cutting parameters. This 
module interacts with external databases that store 
machine tools, materials and cutting parameters.  

 Calculation Engine: a stand-alone module 
automatically calculates the manufacturing time by 
using proper computation functions related to the 
different processes. Then it translates the 
manufacturing time in product cost. 

 Report Generation Module: it manages all calculated 
data and processed by the other tools. 
 

 

Fig. 3 LeanCost system structure 

The different user interfaces are reported in figure 4. 
A typical cost estimation work session implies the 

following stages. The designer works on the project for 
each product model (component or assembly). He/she 

uses the CAD system and generates the product cost 
estimation by using LeanCost. By analyzing the cost of 
different solutions, the designer can identify the best one. 
The created project is stored into a shared database, so 
the technologist can retrieve it. This user works on project 
elaborated by the designer in order to refine the estimated 
cost and modify, if necessary, the cost of specific 
processes. The calculated cost with notes related to the 
feasibility or improvements can be sent back to the 
designer. LeanCost is able to trace the communication 
between the design and process engineering 
departments. When this iterative process is completed the 
project is released. The released project by the 
manufacturing technologist, then, is ready to be sent to 
the purchasing department, for the supplier selection. 

5 Experimentation and results 
discussion 

LeanCost is a multi-users software system, because 
different user profiles can access to an estimation file, by 
using specific interfaces. 

 

 

Fig. 4 Graphical User Interfaces (GUI) proposed to the 

“LeanCost” 

The technologist interface used by technicians, allows 
them to manually define the production process by 
defining operations, adjusting each operation parameter 
and finally determining cost. In this way, this cost is 
recognized as “standard cost” that is cost used by 
purchaser to negotiate with company’s suppliers. On the 
other hand, the LeanCost designer interface is used to 
estimate production cost during the embodiment design 
phase. LeanCost designer interface is like a “wizard”, 
where step-by-step software automatically recognizes the 
manufacturing process and it calculates cost items for 
analyzed part or assembly. In this procedure, designer is 
an “onlooker” who confides in the final result proposed by 
software. For each estimated component through 
LeanCost designer interface, the designer has not 
introduced any manual information, then we can say that 
the final cost has been automatically calculated by 
LeanCost, starting from 3D CAD model. In order to 
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evaluate accuracy of estimated cost numerous cases 
have been tested, within the fields of chip forming 
operations and carpentry. 

Test cases have been chosen in collaboration with 
Biesse Group S.p.A., a world leader company producing 
woodworking machines. First of all has been defined a 
schema in order to gather data during testing phase. 
Information contained in this document, should be 
considered as to have a double function: to formalize the 
deviation between estimated and standard cost, both 
calculated using the two different LeanCost interfaces 
(one for designers and the other for production 
technologists) and  to guide LeanCost improvement road 
map, in terms of algorithms and data within database. 

The testing summary document (table 2) is constituted 
by several sections, each of them containing specific 
information, which will be used to draw appropriated 
conclusions. The first section is used to note the four cost 
items managed by LeanCost: working (milling, turning, 
bending, painting, heat treatments, etc.), stock (sheet 
metal, stock, forged components, etc.), accessory (tool 
change, part change, spindle change) and machines set-
up (tools set-up, tools pre-setting, working test cycle, 
etc.). For each item, the percentage deviation has been 
calculated, in order to understand the main sources of 
error. This data, however, are not sufficient to give further 
information about the issues sources, because, the cost, 
for a common mechanical component, depends by 
thousands geometrical and technological parameters.  

Three other groups of information have been further 
defined. The first one is used to store general information 
for tested component, such as the lot dimension (in case 
of small lots, the incidence of set-up cost on every 
component could be very high), recognized operations 
and number of operations whose have same geometrical 
parameters (dimensions) between standard and 
estimated cost.  

The second group of information is used to 
characterize the stock. Regardless the stock type, its cost 
is calculated by its unitary cost (generally a cost for a unit 
weight) and weight (part weight plus scraps). Another 
information will be provided in order to see if LeanCost 
has been able to automatically detect the best and 
suitable stock to use for final product. This section will be 
used to explain deviation about stock cost. 

The last part of this document contains the list of 
machines used to work the part or assembly. Operations 
are then grouped for their own machine (lathe, grinder, 
milling, laser cutting, bender, etc.). For each machine 
group, the following parameters will be defined: machine 
type (milling, grinder, etc), number of operations 
(operations performed by selected machine), working 
time (sum of working times for each operation done on 
this machine; the accessory times must not be taken into 
account), machine unitary cost, number of tools, time for 
tool and part change, and finally a Boolean value to 
indicate if the machine we are comparing for standard 
cost is equal to that one for estimated cost. This block of 
information are useful to determine what are the deviation 
sources for working, accessory and set-up costs. 

LeanCost (designer interface) provides five wizards 
(automated procedures), which could be used to 
automatically estimate manufacturing cost for prismatic 
and axisymmetric components, beams, sheet metals and 
assemblies (the last ones are generally carpentry 
assemblies). Test components (as shown in figure 5) 
have been selected in order to validate these five 
procedures. They range in complexity for shape and 

manufacturing process from a minimum of 7 operations to 
a maximum of 193. As direct consequence, the total costs 
range from about 10€ to almost 130€. Stocks are included 
in a range of small grams (about 200 grams for small 
prismatic components, machined by millings) up to tens 
kilograms (about 40 kilograms in case of big sheet 
metals). The production dimension, instead, is ranging 
from very small lots (2 pieces) to small-medium ones (20 
components). Tested components generally require 
turning, milling, boring, grinding, laser, oxyacetylene and 
beams cutting and bending, operations. 

 

Fig. 5 components used for LeanCost testing 

From the table 2 can be noted that achieved deviation 
is acceptable for axisymmetric, sheet metal and beams 
components, while it needs improvements in case of 
prismatic components. 

By analyzing results gathered during testing period, 
further interesting considerations are listed. Some of them 
refer to misalignment between parameters (also a unitary 
cost is a parameter) within database and real parameters 
(for example the current cost of a commercial material), 
which cannot be considered as real bugs. Some 
parameters within database could be obsolete, because 
new technologies appeared on the market, such as new 
tools or machines, or the cost of raw material is changed 
due to the market dynamicity, and so on. A continuous 
maintenance work on databases will avoid this kind of 
issues. 

The other group of issues refer, instead, to bugs or 
improvements required for LeanCost: 

- algorithms to recognize operations from a 3D CAD 
model. The working cost depends by the operations 
recognized using manufacturing features recognition 
algorithms. Sometimes, a CAD model (in particular 
prismatic models machined with milling operations) are 
characterized by a very complex shape, where it is pretty 
difficult to identify the exact working schedule. Errors 
committed by software, for this group, are represented by 
the non-correct number of recognized operations and the 
non-exact geometry for the identified operation. When an 
estimate coming from the design phase with this errors, is 
opened by a production technicians, these errors are quite 
laborious to solve, because the working schedule should 
be manually double checked. 

 
 
 

 

 



156

M. Mandolini et al. LeanCost: Knowledge based tool for early product cost estimation 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

 
Unit of 

measure 

FNV4800015_axisymmetric N0914N0216_prismatic 1320K0178_SheetMetal 1320K0160_Beam L1028L0003_Prsimatic 

 

Standard Cost 
Estimated 

Cost 
Standard 

Cost 
Estimated 

Cost 
Standard 

Cost 
Estimated 

Cost 
Standard 

Cost 
Estimated 

Cost 
Standard 

Cost 
Estimated 

Cost 

Working cost 
€ 

€                
3,44 

€                   
3,16 

€              
72,48 

€                
55,26 

€              
14,47 

€                
14,47 

€                
1,08 

€                   
1,08 

€                
4,05 

€                   
1,39 

Stock cost 
€ 

€                

0,22 

€                   

0,18 

€              

20,25 

€                

22,95 

€              

29,25 

€                

29,25 

€                

8,65 

€                   

8,65 

€              

16,53 

€                

16,08 

Accessory 
cost 

€ 
€                

0,40 
€                   

0,56 
€                

3,53 
€                   

4,07 
€                

0,83 
€                   

0,83 
€                

0,39 
€                   

3,07 
€                

2,55 
€                   

3,77 

Machine  
set-up cost  

€ 
€              

24,58 
€                

32,17 
€              

33,85 
€                

21,60 
€                     
- 

- 
€                

1,81 
€                   

1,81 
€                

4,71 
€                   

3,56 

Total cost 
€ 

€              

28,64 

€                

36,07 

€            

130,11 

€              

103,88 

€              

44,55 

€                

44,55 

€              

11,93 

€                

14,61 

€              

27,84 

€                

24,80 

Lot 
dimension  

2 2 4 4 20 20 20 20 20 20 

 
           

N° 
recognized 

operations 
 

9 10 193 195 22 22 7 8 21 11 

N° of 
operations 

with same 
geometric 
dimensions 

 
- 8 - 191 - 22 - 7 - 5 

 
           

Same stock 
 

- no - yes - yes - yes - yes 

Unitary cost 
of stock 
material 

€/Kg 0,98 0,73 3 3,4 0,7 0,7 0,9 0,9 9,5 9,5 

Stock weight Kg 0,22 0,25 6,75 6,75 41,78 41,78 9,6 9,6 1,74 1,67 

 
N° machines 

 
1 1 2 2 2 2 2 2 2 2 

 
  

 
 

 
 

 
 

 
 

 Machine 1 
           

Is equal 
 

- yes - yes - yes - yes - yes 

Type  
beam cutting beam cutting beam cutting beam cutting Laser cutting Laser cutting 

Beam 

cutting 

Beam 

cutting 

Beam 

cutting 

Beam 

cutting 

N° of 
operations  

1 1 1 1 20 20 1 1 1 1 

Working 
time 

minute 0,11 0,24 0,85 0,85 5,22 5,22 0,14 0,14 0,41 0,41 

Working 

time 
deviation 

% 118% 

 

0% 

 

0% 

 

0% 

 

0% 

 Unitary cost €/h 25 25 25 25 90 90 25 25 25 25 

Unitary cost 

machine tool 
deviation 

% 0% 

 

0% 

 

0% 

 

0% 

 

0% 

 N° of tools 
 

- - - - - - - - - - 

Time for tool 

change 
minute - - - - - - - - - - 

Time for 
piece change 

minute - - - - - - - - - - 

 
  

 
 

 
 

 
 

 
 

 Machine 2 
           

Is equal 
 

- no - no - yes - yes - no 

Type 
 

Lathe Lathe Milling Milling Bender Bender Milling Milling Milling Milling 

N° of 
operations  

8 9 192 194 2 2 6 7 
  

Working 

time 
minute 4,48 4,83 96,16 94,13 4 4 1,75 1,75 5,17 2,09 

Working 
time 

deviation 

% 8% 

 

-2% 

 

0% 

 

0% 

 

-60% 

 Unitary cost €/h 45 38 45 35 99,5 99,5 35 35 45 35 

Unitary cost 
machine tool 

deviation 

% -16% 

 

-22% 

 

0% 

 

0% 

 

-22% 

 N° of tools 
 

6 10 17 19 - - 2 2 15 14 

Time for tool 
change 

minute 0,08 0,08 0,2 0,1 - - 0,2 0,1 0,1 0,1 

Time for 
piece change 

minute 0,05 0,05 0,3 5 - - 0,3 5 1 5 

 
           

 
 

Deviation Reason Deviation Reason Deviation Reason Deviation Reason Deviation Reason 

Working cost 

deviation  
% -8% 

 
-24% 

 
0% 

 
0% 

 
-66% 

 

Stock Cost 
deviation  

% -18% 
 

13% 
 

0% 
 

0% 
 

-3% 
 

Accessory 
cost 
deviation  

% 40% 
 

15% 
 

0% 
 

687% 
 

48% 
 

Machine set-
up cost 
deviation  

% 31% 
 

-36% 
 

0% 
 

0% 
 

-24% 
 

Total cost 
deviation  

% 26% 
 

-20% 
 

0% 
 

22% 
 

-11% 
 

 

Tab. 2 Results concerning tested components. 
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- algorithms to choose machines. The machine choice 
is very important because it influences three cost items: 
working, accessory and set-up. Working time depends by 
the machine because each machine has its own cutting 
speed, feeding speed, etc. and unitary cost, accessory 
cost because each machine has specific times for tool 
change or part change and, finally, the set up cost 
because each machine has characteristic set up 
procedures. The incidence on the final component cost, 
given by the machine choice, it increases while the lot 
dimension decreases, because set-up cost becomes 
more important. The machine has to be chosen according 
to the shape of the component to be machined, its weight, 
the production lot dimension, needs of specific machining 
operations, etc. 

- to introduce new algorithms, formulas or rules to 
calculate specific parameters. Some parameters have 
been supposed constant, such as the time to change a 
part on a machine (accessory time). This is not sufficiently 
correct because changing the components dimensions 
and weight, this time can noticeably change. 

- algorithms to calculate tools. The tools number 
influences both accessory (each time a tool is used it 
should be changed) and set-up cost (each tool must be 
loaded on machine and then set). The algorithms used to 
calculate the tools requires an improvement, because the 
tools number, in several cases, is different respect real 
situation. 

Taking a look to the results analyzed during testing 
period, the following conclusions could be derived: 

- algorithms used to calculate the stock cost are 
generally reliable. Sometimes the standard cost is equal 
to estimated one, and, in case of great deviations (> 
10%), the issue is given by the misalignment of unitary 
stock cost within database with real values. The kind of 
stock chosen by LeanCost is often exact; 

- the manufacturing features recognition algorithms 
used to estimate sheet metals and beams are very 
reliable, sometimes standard cost and estimated one are 
the same. In case of prismatic (milling operations) or 
axisymmetric components, further improvements are 
required in order to maintain the working cost deviation 
less than 10%; 

- new algorithms to chose machine should be 
developed. Now, there is a default machine for each 
category (milling, lathe), but this solution is too simple to 
consider real needs; 

Conclusions and future developments 
This paper describes a knowledge system that can be 

used in three different company departments (design, 
manufacturing plan and purchasing) in order to develop a 
shared cost model based on analytical methodologies for 
cost estimation of components and welded assemblies. 
When the user is the designer, LeanCost is able to 
automatically estimate the production costs of many kinds 
of components, prismatic, machined with milling, 
axisymmetric, cogwheel, sheet metals, beams and 
assemblies. Common operations managed by this 
software are: milling, turning, grinding, toothing, 
broaching, laser and oxyacetylene cutting, bending, beam 
cutting, welding, heat treatments, superficial covering, 
and forming (foundry, forming, etc.). 

The developed system has been tested on several and 
different components, in order to analyze its reliability.  
For some components, results are very good, because 
the estimated cost is almost equal to real and standard 
cost; deviation is about 10%. For some other type of 

components and operations, certain improvements are 
required in order to maintain the reliability under an error 
threshold. These improvements mainly concerns 
algorithms for feature recognition and for the best 
machine choosing. Algorithms for stock calculation can be 
considered reliable, because they often have returned 
valid values. The objective is to maintain, for every 
component, the deviation between estimated cost and 
standard cost less than 10%. Designer should be able to 
know the cost of a component, in a completely automatic 
way, without giving no detailed information, with a 
reliability of 10%. A single component should be 
estimated in few minutes, from a minimum of two, for easy 
components, to 5 minutes, for complicated ones. 
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Abstract 

Purpose: 
Purpose of this work is to summarize some possible improvements to the traditional 
parametric approach for virtual prototyping, by illustrating a particular application case: the 
preliminary design of a heat recovery system. Reference is made to the following scenario: 
conceptual design being accomplished, the team of designers has to face problems typical of 
system design, e.g. assigning a common value for variables to establish some guidelines, or 
evaluating alternative solutions. In such a case, a fast, flexible way to generate many 
versions of the same feature could be profitable.     

Method: 
Fast evaluation of alternative solutions will be accomplished by using the knowledge-based 
capabilities of one of the most popular CAD platform, Catia V5. A simplified predictive model 
of the thermo fluid dynamic behavior of the heat recovery circuit, based on a computing 
worksheet, will be interfaced with the CAD by a project table: in this way, all the current 
values assigned to the degrees of freedom will be transmitted to the virtual prototype. The 
CAD model will be featured with some checks, rules and automatic procedures: hence, it’s 
possible to select all the configurations compatible with some imposed constraints, and save 
them in a new project table, to easily recall and transmit  them to project partners. 

Result: 
Through the model it was possible to find, select and automatically reconstruct all the 
configurations (defined by combinations of values for degrees of freedom) compatible with 
the imposed constraints.  

Discussion & Conclusion: 
The use of the knowledge base capabilities of the Catia V5 platform, and the interface with a 
scientific computing software by a project table, allowed the development of automatic 
procedures to evaluate the alternative configurations of a heat recovery system and check 
their compatibility with specific requirements. 

 

1 Introduction 
In a typical scenario duringthe design of complex 
systems, after the early conceptual phase of a project, 
characterized by technology and component type 
selection, designers must establish some specific 
requirements and compare alternative solutions to meet 
them. Therefore, they need some methods to ease and 
fasten this process. Virtual prototyping is one possible 
strategy; in particular, a parametric approach can be 
profitable: it makes possible to change values of 
parameters and evaluate their impact on product 
functionality. However, implementing a Knowledge Based 
approach can bring further improvements, expecially 
when a team of specialized designers must cooperate at 
the same project: in factaccording to Lovett and others 
[1], “a knowledge-based system (KBS) is the one that 
captures the expertise of individuals within a particular 
field (the “domain”), and incorporates it and makes it 
available within a computerized application”. The same 
authors distinguish the functionalities of KBE (“Knowledge 
Based Engineering”) applications in three categories: 

- Geometry (built-in CAD capabilities or CAD-
interfacing tools); 

- Configuration (“matching of valid combinations of 
components”); 

- Engineering knowledge, enabling “manufacturing 
and other considerations to be built into the 
product design”. 

Cugini et al. [2] and Rosen et al. [3] focus on the problem 
of taking into consideration different criteria in Product 
Development Process (“PDP”), regarding functional, 
technological and other aspects: in fact, the optimization 
cycle of virtual models often cause the loss of related 
information, resulting in products which may be too 
expensive, or not manufacturable, or violate design 
constraints, standards or functional aspects. This loss of 
information leads the designer to “model the geometry 
again interpreting the results obtained by the optimization 
process, and considering standards and manufacturing 
features and constraints”. 
Cooper and La Rocca [4] stated “KBE was originally a tool 
for the research laboratories of deep-pocketed 
companies”, therefore “for roughly 20 years, KBE has 
been applied to challenging design and engineering 
problems, mainly in capital-intensive industries such as 
automotive, civil engineering and, especially, aerospace”. 
The reason to this poor diffusion is mainly due to high cost 
and technical effort, which become reasonable only in the 
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described scenario. However, latter improvements in 
computer technology made the diffusion of KBE 
methodology more suitable in less complex projects. In 
this work, a fast and simplified KBE application to a 
specific case study is proposed, with particular regard to: 

- compatibility checking of a set of parameters 
values (defining a “configuration” of the system) 
with system requirements; 

- managing different configurations with one single 
parametric virtual prototype, through project 
tables and catalogues, making the creation of 
different models unnecessary; 

- storing different and acceptable configurations 
automatically, making them accessible for further 
operations; 

- creating adaptative virtual prototypes, available 
in several configurations, to match different 
functional conditions. 

2 The case study: a Heat Recovery 
System 

The case study concerns a Heat Recovery System for a 
mCHP (micro Combined Heat and Power) system. 
Fig. 1illustrates a possible layout. Please note the 
presence of a heat recovery circuit for lubrication fluid 
(SAE 10W-30 oil in this case): in detail, it can be 
essentially schematized by a heat exchanger and a 
circulator (pink-highlighted subsystem). This work 
concerns with a simplified, integrated procedure for sizing 
both of them, and automatically select and store 
acceptable configurations, for further operations. Note 
that the results of conceptual design and technology 
selection will be assumed: in particular, some component 
parameters will be considered as imposed. 
 

 

Fig. 1 Example of mCHP layout 

2.1 Plate Heat Exchanger 

It is assumed that the previous conceptual design had led 
to the selection of a chevron-type plate heat exchanger 
(see Fig. 2). Material is AISI 316, while plate parameters 
are the following [6]: 

- a: amplitude of sinusoidal corrugation 
- Λ: pitch of corrugation 
- α: chevron angle 
- L,w,b: length of plate, width of plate, distance 

between two consecutive plates (m) 
- s: plate thickness 
- N: number of plates 

All values of the above parameters are imposed, except 
for the number of plates: therefore, it will be considered 

as a degree of freedom, defining the possible 
configurations of the system. 
 

 

Fig. 2 Plate Heat Exchanger 

2.2 Pump 

The pump is the other main component of the heat 
recovery circuit. Suppose that the previous conceptual 
fase imposed a centrifugal pump; the geometry and the 
dimensions of the impeller are set. The geometry of the 
volute is influenced by fluid volume flow and by geometry 
(and angular velocity) of the impeller [7]. Therefore, two 
types of volute geometry can be adopted: 
 

a) Rectangular section with logarithmic spiral 
profile; 

b) Circular section with exponential spiral profile. 
 

 

Fig. 3 Impeller 

 

 

Fig. 4 Volute with rectangular cross section 

Fig. 3, Fig. 4 and Fig. 5 illustrate a virtual model of the 
impeller and of the two volutes. 

Internal combustion
engine

Fuel

Refrigerating fluid Water

Water
Exhaust gas

Lubricating oil

Water
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Fig. 5 Volute with circular cross section 

2.3 Targets and constraints 

This sections describesin detailthe targets and the 
imposed constraints. 

2.3.1 Targets 

Suppose a certain heat flux through the heat exchanger 
must be obtained, the hot fluid being the lubricant 
(SAE10-W30) and the cold one being water. The values 
of temperature of the two fluids are imposed or calculated 
(see the “Heat Flux Model” at par. 3.1), and so the volume 
rate of water: in this case, being the plate geometry 
already set, only two parameters remain unset: oil volume 
rate (“Qoil”) and number of plates (“N”). Naturally, the 
entity of heat transfer depends on both parameters. 
Consider also their influence on hydraulic loss, that 
influences the choice of the circulator: provided the 
geometry, one degree of freedom is represented by 
angular velocity of the impeller (or by the number of 
electric poles). Both volume rate and rotational velocity 
affect the geometry of the volute, influencing the profile 
[7]. Moreover, another degree of freedom considered in 
this case study is volute geometry, as described in 2.2. 
Beyond technical aspects, also economical ones should 
be considered: an increase in plate number leads 
toincreased costs. 
Finally, the target is to identify and collect several set of 
values (for volume flow rate, N, number of poles or 
rotational speed, geometry of the volute) which define the 
configurations compatible with constraints, described in 
next paragraph. 
 

2.3.2 Constraints 

Paragraph 2.3.1 describes the target, the parameters 
which define the system configurations and their relations. 
With regard to the acceptability criteria for configurations, 
they are: 

1) The difference between the obtained heat flux 
and the target one must be lower than a 
specified value. 

2) The size of the pump must be compatible with a 
specified limit. 

3) The cost of the heat exchanger must be lower 
than a specified value. 

 

3 Methods 
In this section, methods used to reach the target will be 
discussed. The scheme of Fig. 6 illustrates the model 
implementation. 
 

 
 

Fig. 6: Model implemetation 

 
First, some parameters, inputed by user, are elaborated 
by a thermodynamic system model, implemented in a 
computing worksheet (HFM, “Heat Flux Model” in figure), 
which allows a first validation of free project parameters. 
Then, the validated values are transferred to the 
knowledge-based CAD model (via an Input Project Table) 
capable of refining the selection of acceptable 
configurations. Last, only the validated ones are saved in 
an Output Project Table. The following paragraphs 
describe, in detail, the construction of the reported 
scheme, by the following steps: 

1) The implementation of the HFM, to obtain values 
of temperature of inlet and outlet fluid; 

2) The construction of a parametric model for the 
impeller, the volute and the heat exchanger; 

3) The integration of the CAD model and the HFM. 

3.1 The Heat Flux Model 

The system shown in Fig. 1 has been schematized like a 
set of I/O blocks. Each block features inlet and outlet 
values for temperature and flow rate. All blocks present 
only one input and only one output, except for heat 
exchangers, whichare involved by two fluids. 
In general, for two blocks linked in serial configuration, 
inlet values of variables of the second block are equal to 
the outlet ones of the previous block (i.e. same value for 
both flow rate and temperature). 
The model created contains all relations to predict inlet 
and outlet temperature values for each block, while heat 
flux and flow rate are imposed (their value being 
suggested by experience chosen on a statistical base). 

input parameters
Qoil, N trying values
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(convergence
parameter)

Qoil, N validated
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Project Table
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Parameters
computation

RPM
selection

Volute
geometry
update

Compatibility
check and volute

selection

Output
Project Table



162

Caneri et al. KBE approaches in preliminary design: a case study 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

The model was based on the first law of thermodynamics 
and on state laws for the involved fluids [5] [8]; it has been 
implemented in Microsoft Excel, defining the physical 
model by VB functions. 
The same worksheet was used in sizing the plate heat 
exchanger through Martin’s method [6]: in this case the 
input data are plate characteristics (see section 2.1), 
while the output ones are the heat flux and the pressure 
drop. The last one was calculated by extracting the 
friction factor through interpolation of values in the range 
of interest. 
The model functioning is as follows (Fig. 7): the degrees 
of freedom are oil flow rate (“Qoil”) and number of plates 
(“N”). All other data are imposed; in detail, “qblocks”stands 
for imposed heat flux for already sized blocks, while “Tef” 
indicates all imposed temperatures, such as for external 
fluids or hot spots. The HFM provides “The”, “qhe” and 
“hreq” (respectively fluid temperatures, transferred heat 
flux and head loss in the plate heat exchanger). Varying 
Qoil and N, qhe must result into an imposed range: user 
must verify convergence manually. In case qhe doesn’t 
matchsystem specifications, user must change Qoil and N 
tentative values. Conversely, there are no limitations on 
hreq. 
Please note the proposed method is not fully automatic, 
since it requires the user to input some sets of tentative 
values.However, this procedure is preferable to a fully 
automatic one, for two reasons: 

1. A fully automatic one requires the 
implementation of an iterative computation 
procedure to manipulate the non-linear Martin’s 
method; 

2. The imposition of parameters is more profitable if 
it’s made according tu user’s knowledge: in fact, 
the sensitivity to typical values for involved 
parameters is the first strategy to seek and 
select only relevant solutions in a fast way. 

 

 

Fig. 7 HFM functioning chart  

3.2 Parametric models 

All geometries have been created in Catia V5 platform. 
Details are provided in next paragraphs, with special 
regards to parametrization logic. 

3.2.1 Impeller 

The geometry of the impeller is illustrated in Fig. 3. 
Impeller parameters can be distinguished in different 
categories, like discribed in Fig. 8. This scheme is useful 
to understand the model functioning, too. Geometric 
characteristics have been specified explicitly, since they 
are treated as imposed data, then they belong to 
“Geometric imposed” category in figure. “Otherwise 
imposed data” category presentsa remarkable subset, 
named “HFM”: this one contains all HFM output data, 
which allow the worksheet to communicate with CAD 
model. “Calculated parameters” pertain calculations of 
fluid dynamics quantities and angular velocity of the 
impeller. They are Part User Parameters defined with 
formulas, automatically updated when values of (imposed) 
parameters upon which they depend change. 
 

 

Fig. 8 Impeller parameters classification 

All Calculated Parameters are involved in the CAD model 
internal functioning, but not in I/O operations. Now, please 
consider “Check” and “Managed” parameters categories: 
they present some intersections with other subsets: in 
fact, there are some parameters which belong to more 
than one set. Their meaning and use can be understood 
referring to Fig. 9. 
 

 

Fig. 9 Impeller parameters usage 

“hpump” is the head provided by the pump; it’s a 
“Calculated Parameter” which directly depends on “ ”, the 
pressure number of the pump. It belongs to the “Check 
Parameters” category too: in fact, a “Pressure Drop 
Check” has been defined to compare hpump with “hreq”; the 
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last one is an output parameter of the HFM (as it can be 
seen in Fig. 8). The condition to be checked is: 
 

                                          (1) 
 
whichis verified when the head provided by the impeller is 
sufficient to compensate the circuit head loss. Note this 
one has been considered equal to plate heat exchanger 
loss, since it represents the larger amount of pressure 
drop. 
Considering the last category of parameters, the 
“Managed” ones,the only parameter which belongs to this 
set is “poles”, the number of poles of the electric engine 
which moves the impeller. This parameter directly affect 
“rpm”, i.e. the rotational speed of the impeller. Its variation 
will definitely cause a change in hpump, so a “Poles 
Selection Rule” has been defined: in particular, it 
automatically chooses the correct number of poles to 
obtain a sufficient hpump with the minimum rpm required. 
After the selection loop, the “Pressure Drop Check” 
should be verified: if not, this signifies the impeller is not 
appropriate, even at the max rotational speed. The “cu2” 
parameter which is visible in Fig. 9 is one of the 
“Calculated Parameters”: it’s used like an input parameter 
for automatic volute creation. 
Ultimately, the described parametrization doesn’t affect 
the geometry of the impeller: its purpose is to choose the 
minimal appropriate rotational speed which grants, with 
the given geometry, the required head. This choice 
provides also one of the parameters (cu2) which are 
required to create an appropriate volute. 
 

3.2.2 Volute      

Like for the impeller, volute parametrization will now be 
discussed.One basic difference with respect to the 
previous one, is that now geometry will be affected and 
automatically updated according to values imposed or 
calculated for parameters. Moreover, automatic selection 
of volute type will be implemented: the circular cross 
section one will be considered as preferable, however it’s 
less compact than the rectangular cross section one: so, 
a dimension check and a rule will be used to select the 
correct geometry. 
First of all, consider again parameters distinction, this 
time with respect to volute (Fig. 10). 
 

 

Fig. 10 Volute parameters classification 

Some “External” input parameters are again present; they 
are not defined internally of the part: in  fact, they come 
from  either the HFM or the impeller parametrization. 
Again, these kind of parameters are not calculated nor 
managed: they are imposed. For a better description of 
other categories, please consider Fig. 11. The “Laws” set 
refers to internal parameters of the part which are 
obtained through the evaluation of some defined Laws; in 
particular, they allow to compute volute profiles: the 

rectangular cross section volute can be generated from 
the exact profile, while the circular cross section one can 
be easily created through a multi section surface, which 
fits an appropriate number of computed cross section 
profiles. Input data for calculation come from the above-
described “External set”. This phase of procedure is 
represented by the first rectangular block in Fig. 11, where 
the employment of Formulas and Laws is declared. 
Computation of the entire volute profile allows for the 
evaluation of “rmax”, the maximum radial distance of the 
volute from the axis. This parameter belongs to both 
“Laws” and “Check” sets: in fact, its value will be used to 
check geometric compatibility of two volutes, through the 
comparison with the “Check” and “User imposed” 
“rlimit”parameter. The last one is a design constraint (see 
section 2.3.2). The mentioned volute selection procedure 
executes the geometry check for both volute types and is 
managed through a Rule, whose behavior is explained in 
Fig. 12. 
 
 

 

Fig. 11 Volute parameters usage 

 

 

Fig. 12 Rule functioning 

The rule functioning can be described through the 
following steps: 

1. Both volutes are activated (and automatically 
computed thanks to the described 
parametrization and defined Laws); 

2. The geometry compatibility check is applied to 
the round cross section volute: if its result is 
“True”, the volute is validated, therefore the other 
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one can be deactivated; otherwise, circular cross 
section volute cannot be validated, and it must 
be deactivated; the Rule will proceed with a 
second check; 

3. A second geometry compatibility check is 
applied: this time, the rectangular cross section 
volute is evaluated. If check result is “True”, the 
volute is validated and selected for an 
acceptable configuration. Otherwise, there aren’t 
acceptable configurations. 

 

3.2.3 Plate Heat Exchanger 

The model of Fig. 2 has been parametrized with the 
following method: first of all, a User Parameter (“N”) was 
created, which stands for number of plates. Since there 
are two kinds of plates, which are alternately disposed, 
the heat exchanger can be constructed by two different 
rectangular patterns, one for each kind of plate. The 
number of iterations of the two patterns can be associated 
to an User Parameter, for example . However, to 
allow odd values for N, two parameters will control the 
number of iterations: one for each kind of plate. In this 
case, they can be defined like follows: 
 

                           (2) 

                        (3) 

 
where  and  are rounding up and rounding down 
functions, added to parameters in the formula contextual 
menu. Please note that N is one of the input parameter of 
the model, like stated above. 
At last, one further User Parameter, “Cost”, will be 
defined: it represents the total cost of plates, whose 
expression can be set as follows: 
 

                    (4) 
 
where   is a fixed quote and  is the amount 
proportional to plates number N. The definition of Cost 
allows to impose the Cost Check: the condition to be 
verified is: 
 

                       (5) 
 
Again, the check will be managed by a Rule (Fig. 13). 
 

 

Fig. 13 Plate heat exchanger parameters usage 

There are two imposed input parameters: N, which comes 
from the HFM, and the above defined Costlimit. Note that 
the Cost Check is performed after volute selection and 
validation: this signifies that if Cost Check is passed, a 
configuration matching technical requirements will be 
stored as acceptable; if not, such a configuration will be 
rejected, even if technically approved. 
 

3.3 Interfacing CAD with HFM 

Finally, the functioning of the entire model will be 
considered. See Fig. 14. 
Meaning and interactions of all blocks have been 
previously discussed, except for the two light blue-
highlighted ones: they deal with interactions among 
Knowledge Based CAD model and I/O files. In particular, 
as stated above, an Input Project Table has been 
employed to receive HFM output data and link them to 
correct CAD parameters, thus allowing for automatic 
configuration update and evaluation. Similarly, an Output 
Project Table was defined to store significant parameters 
to an external file (in .xls or .txt format). This step worths  
 
 

 

Fig. 14 Entire model functioning 

some explanations: in fact, if synchronization of 
parameters with external input data is always required 
and fully automatic, output data storing must occur only 
when needed, and parameters associations are not 
sufficient to make the procedure automatic. The already 
explained “Volute Selection Rule”, “Pressure Drop Check” 
and “Cost Check” are capable to select configurations to 
be stored; in other words, they are sensitive to verification 
of all system requirements which imply the storage 
procedure to be launched. However, the storage step has 
yet to be managed: this can be done by setting a Rule 
and a Macro (Fig. 15). 
The “Storage Rule” considers results of Pressure Drop 
Check, Cost Check and Volute Selection Rule and acts 
according to their values: the following different cases can 
be distinguished: 

1) Limit of cost  is matched, Pressure Drop Check is 
verified and one of the two volutes is geometry 
compliant: the actual configuration is stored, 
saving significant parameters which define it 
(Qoil, N, rpm, selected volute); 

2) At least one between Cost and Pressure Drop 
Checks is not verified: the actual configuration is 
not saved; 

3) Both Cost and Pressure Drop Checks are 
verified, but neither the circular cross section 

N
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volute nor the rectangular cross section one are 
geometry compliant: the actual configuration is 
not saved. 

 

 

Fig. 15 Storage Rule Functioning 

4 Results 
The described procedure has been employed  to check 
compatibility of different system configurations and to 
store relative parameter values in a Design Table. An 
example is shown below (Fig. 16). 
 

 

Fig. 16 Output Project Table linked file 

 
After Output Project Table generation, all compatible 
configurations can be easily recalled and recreated by 
selecting them. If desired, the table can be enriched by 
any other parameter defined in the model. 

5 Discussion and Conclusion 
A Knowledge Based parametric approach has been 
applied on a specific case study: the automatic selection 
of a set of compatible user inputed configurations of a 
heat recovery circuit. This scenario lies outside the usual 
application of a KBE approach, primarily addressed to 
management of part and product catalogues. However, 
the described application is only a simplified example of 
knowledge based capabilities, which can be applied to 
handle more complex geometric models and set of 
parameters. In particular, a great advantage can be 
experienced in the management of parameters, 
constraints and project criteria interaction: the definition of 
Checks, Laws, Rules and Reactions allows for obtaining a 
faster and simpler generation of a set of virtual prototypes 
compliant with system requirements.  
The described example covers only a part of 
Knowledgeware capabilities of Catia V5: improvements to 
the presented application could be done adopting 
functionalities like Power Copy and Part Catalogues. In 
detail, a rational and methodical arrangement of common 
references for different parts - to be assembled in a 
unique product - can lead to automatic and case sensitive 
part integration: for example, automatic interface 
recognition, modification and matching can be 
implemented. 
Definition of the presented model was relatively simple 
and fast, and can be profitable in the previous phase of 

design to evaluate similar configurations; however, some 
modest problems have been noticed in parametric 
surfaces management, which occasionally led to 
coinstraints loss or weak definition. This must be regarded 
as a problem by a practical point of view, but, conversely, 
can represent an opportunity to a better understanding 
and a more profitable usage of a CAD platform. 

Appendix 
List of symbols 
HFM: 

- qblocks: imposed heat flux in HFM blocks; 
- Tef: imposed temperatures in the HFM;  
- The: computed fluid temperatures in the heat 

exchanger; 
- qhe: computed heat flux through the heat 

exchanger; 
- hreq: computed head loss in the heat exchanger; 

Impeller: 
- r2: external radius of the impeller; 
- β2c: outlet blade angle; 
- b2: outlet blade thickness; 
- z: number of blades; 
- : outlet cross section 

reduction ratio, where  is the number of blades; 
- Qoil: oil flow rate; 
- ηv: volume efficiency; 
- u2: rotor tangential velocity at outlet section; 
- cm2: throughflow velocity; 
- rpm: rotations per minute; 
- cu2: rotor tangential component of absolute 

velocity; 

- : flux number of the impeller; 

- : pressure number of 

the impeller, where  is the number of blades; 
- hreq: required head 

- : head provided by the pump, 

where  is gravity acceleration; 
- poles: number of electric poles. 

 
Volute: 

- rmax: maximum radial distance of the volute from 
the axis; 

- rlimit: imposed limit to rmax; 
- : explementary angle of volute. 

 
Plate Heat Exchanger: 

- a: amplitude of sinusoidal corrugation; 
- Λ: pitch of corrugation; 
- α: chevron angle; 
- L,w,b: length of plate, width of plate, distance 

between two consecutive plates (m); 
- s: plate thickness; 
- N: number of plates; 
- : number of first type plates; 
- : number of second type plates; 
- Cost: total cost; 
- c1: fixed quote of cost; 
- c2: amount of cost proportional to N; 
- Costlimit: limit of cost. 

Acknowledgement 
The authors would like to thank eng. Giuseppe Toniato of 
Riello Group for the support. 

Sorage
Rule

Volute Selection
Rule

Cost & Pressure
Drop Checks

Acceptable
Configuration Storage

Configuration
Rejected



166

Caneri et al. KBE approaches in preliminary design: a case study 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

 

References 
[1] P.J. Lovett, A. Ingram, C.N. Bancroft. Knowledge-
based engineering for SME – a methodology. Journal of 
Materials Processing Technology 107 (2000) pp 384-389. 
[2] U. Cugini, G. Cascini, M. Muzzupappa, V. Nigrelli. 
Integrated Computer-Aided Innovation: The PROSIT 
approach. Computers in Industry 60 (2009) pp 629-641. 
[3] D.W. Rosen, I.R. Grosse. A feature based shape 
optimisation technique for the configuration and 
parametric design of flat plates. Engineering with 
Computers 8 (1992) pp 81-91. 
[4] D. Cooper, G. La Rocca. Knowledge-based 
Techniques for Developing Engineering Applications in 
the 21st Century.American Institute of Aeronautics and 
Astronautics (2007). 
[5] C. Bonacina, A. Cavallini and L. Mattarolo. 
Trasmissione del calore. CLEUP 1989. 
[6] H. Martin. A theoretical approach to predict the 
performance of chevron-type heat exchangers. Chemical 
Engineering and Processing 35, 4 (1996) pp 301-310. 
[7] G. Ventrone. Corso di macchine – Macchine ed 
impianti per conversione di energia. Libreria Cortina 1999. 
[8] M. Khonsary, E.R. Booser. Applied tribology: bearing 
design and lubrication. Wiley 2001. 
 



167

  

 

Proceedings of the IMProVe 2011 

International conference on Innovative Methods in Product Design 

June 15th – 17th, 2011, Venice, Italy 

 

Parametric Modeling of Free-Form Surfaces 
for Progressive Addition Lens 

G. Savio (a), G. Concheri (a), R. Meneghello (a) 
(a) DAUR - Laboratory of Design Tools and Methods in Industrial Engineering, University of Padova.  

 

Article Information 

Keywords: 
Umbilics, 
Curvature, 
Free-Form Surface,  
Geometric Modeling, 
Progressive Addition Lens PAL. 
 

Corresponding author: 
Gianpaolo Savio 
Tel.: +39 049 827 6735 
Fax.: +39 049 827 6738 
e-mail: gianpaolo.savio@unipd.it 
Address: via Venezia 1, 35131, 
Padova, Italy 

Abstract 

Purpose: 
By the mid-40s, the amplitude of accommodation has declined sufficiently so that most of us 
can no longer accommodate clearly and comfortably for close tasks. This condition, called 
presbyopia, is related to the growth of the lens. 
Nowadays, due to the development of the free-form technologies, the progressive addition 
lenses (PAL) are the best solution for the presbyopia. To obtain the necessary optical 
properties, a continuous change in the curvature along a line (called corridor) must be 
provided on a surface of the lens (progressive surface). 

Method: 
In this work a method for the parametric design and analysis of progressive addition lens, 
based on discrete shape modeling, is proposed. Both the optical (e.g. power and addition) 
and the geometrical (e.g. inset, corridor length, amplitude of the distance and near vision 
area) parameters have been taken into account.  

Result: 
Different parameters are assessed in the design stage of PAL. The method developed for the 
analysis of surface optical properties, especially with regard to the astigmatic surface power, 
has proved an essential tool for the analysis of results. A key role in the resultant optical 
properties of the designed PAL is covered by the distribution of the curves in the intermediate 
area and by the curvature equation along the corridor. 

Discussion & Conclusion: 
The free-form technologies, recently introduced in the manufacturing process of ophthalmic 
lenses, allow the production of high performance and custom PALs. Surface power and 
astigmatic surface power show similar behaviour to other commercial progressive additional 
lens but, in addition, the designer can define the distribution of astigmatism in the 
intermediate region. Compared to the methods proposed in literature, this method shows 
more opportunities in the design parameters definition and allows highly customized lens, 
designed on the main habits of the wearer. Moreover the exchange data formats for the CNC 
manufacturing process were described. 

1 Introduction 
The ability of the eye to bring near objects into focus is 

called accommodation and it can be due to different 
mechanism as the change of corneal curvature, the 
change of lens power, the change of lens position along 
its axis or the change of the axial length of the eye, but 
the must probably mechanism is related to the curvature 
variation of the lens due to ciliary muscle action [1, 2]. 

By the mid-40s, the amplitude of accommodation has 
declined sufficiently so that most of us can no longer 
accommodate clearly and comfortably for close tasks [3]. 
This condition, called presbyopia, is closely related to the 
growth of the lens [4].  

In order to correct this refractive disorder is possible to 
adopt different type of prosthetic devices as multifocal 
contact lenses [5], spectacle lenses for near vision, 
bifocal spectacle lenses, progressive spectacle lenses [6-
8] and gradient index spectacle lens [9, 10]. Alternatively 
is possible to restore accommodation by means of 
surgery treatment e.g. scleral expansion and implantation 
of bifocal, multifocal or accommodating intraocular lenses 
(IOLs) [11-13].  

Nowadays, due to the improvement of the free-form 
technologies, the progressive additional lenses are the 
best solution for the presbyopia for the majority wearers, 
with acceptance rates of ninety per cent or more [14]. This 
spectacle has a lens with a surface which is not 
rotationally symmetrical, with continuous change of focal 
power over a part or the whole of the lens [15]. In other 
words a progressive lens is a lens with a progressive 
surface (progressive side), with a continuous change of 
curvature over a part or whole of the surface [15]. In a 
progressive lens we can identify different zone [15, 16] 
(fig. 1): 
- a distance portion having the dioptric power for the 

distance vision, 
- a near portion or reading portion having the dioptric 

power for the near vision,  
- an intermediate corridor that provides clear vision for 

ranges intermediate between distance and near, 
- two blending regions that flanked to either side the 

other portions, which should have low the values of 
astigmatism and its gradient. 

The surface power is proportional, through the 
refractive index, to the mean curvature of the surface, 
while the astigmatic surface power is proportional to the 
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difference between the principal curvature [15]. In the 
distance and near vision portions and along the 
intermediate corridor the astigmatic surface power should 
be null and lower as possible in the blending regions. 
Besides, the variation of the astigmatic surface power in 
the blending regions should be smooth (the gradient 
should be lower as possible). 

The points, called umbilics, in which the astigmatic 
surface power is null  are the points in which the principal 
curvatures are equal. At these points all the normal 
curvatures are equal in all direction, and hence principal 
directions are indeterminate. Consequently the lines of 
curvature become singular at an umbilic [17]. 

Since the first progressive lens patent, filed in 1907 
[18], to nowadays, several attempts to achieve 
progressive lenses and different geometrical modeling 
and manufacturing method have been proposed, but only 
in the sixties the first commercial success was achieved 
[14, 16]. 

In order to obtain a progressive surface is possible to 
adopt an elephant-trunk-shaped surface in which the 
point of a single vertical meridian that is umbilic point [19] 
(i.e. the principal curvatures are equal). For this 
progressive surface the rate of change in the unwanted 
astigmatism is twice the rate of change in addition power 
along the umbilic in accordance to the Minkwitz’s theorem 
[20].  

A variational method proposed by Loos et al. [21, 22] is 
based on the minimization of an error functional defined 
by an integral of two addenda: the first one is defined as 
the product of the difference of principal curvatures and a 
function that specifies how much an occurrence of 
astigmatism is penalized by the functional, while the 
second one is equal to the product of the difference 
between the mean curvature and the curvature necessary 
to achieve the desired power, and a function that weights 
the deviation from the required mean curvature. The 
method is implemented on B-spline patches. Other 
methods proposed by Loss [23, 24] are based on the 
surface modeling by fair reflection line pattern and on 
strategies derived from the evaluation of wavefront 
aberration for the optimization of the progressive surface.  

Wang et al. [25-27]firstly analyzed the Loos’ variational 
method and then proposed a numerical solution to the 
corresponding Euler-Lagrange equation (a fourth-order 
nonlinear elliptic partial differential equation). Other 
approach to the solution of the same problem was 
proposed by Otero et al. [28] that optimize the problem 
solution. 

Regardless of design method, the performance 
assessment of a progressive lens or progressive surface 
can be measured by instruments based on mechanical 
contact as CMMs [29, 42] or on light transmission as 
focimeter and lens analyzer in which Hartmann-Shack 
[30, 31] or moiré deflectometry sensor [32-35] are 
adopted. The optical properties measured must be 
ranged in the ISO standard limit, that are defined for the 
progressive surface [36] and for the complete lens [37] as 
a function of the nominal power and astigmatic power in 
the reference point for distance and near vision. This limit 
is defined only to the design reference points for far and 
near vision, but no one  prescription is defined for the 
corridor (fig. 1). In this regard an interesting method is 
proposed by Sheedy [32-35] and it is adopted to compare 
different progressive lens design. This studies show that 
actual progressive additional lens are connected to a 
specific design in which the amplitude of the distance and 
the near vision portion is constant.  

Recent studies [38, 39]  show that conditions as the 
task, the user lifestyle, the design of the progressive lens, 
the head and velocity movement are strongly related to 
the wearer adaptation and satisfaction. Subsequently, the 
need to design highly customized lens that take into 
account the wearer habits is necessary. 

 

Fig. 1 Different zones in a progressive lens  

and relevant reference points. 

The available commercial softwares allow only the 
opportunity to design PAL with the same astigmatic power 
distribution and with the same size and position of the 
distance and near vision portion. Consequently, in the 
commercial market of the PAL the name of a lens is 
related to its astigmatic surface power map [32-35]. 

In this work a parametric method for geometric 
modeling of progressive addition lens is proposed, which 
enables to control the surface power, the addition power, 
the corridor length and the amplitude of the aspheric 
surface relevant to near and distance portions. The 
method, based on the discretization of curves with known 
curvature, allows to design progressive lenses customized 
on the wearer habits and characteristics (occupation, age, 
head movements and relevant velocity, etc.). This result 
can be accomplished by changing the dimension and the 
position of the distance and near vision portion. 

One of the main advantages of the proposed method is 
the ability to obtain different astigmatic surface power 
distribution in the same solution. Moreover the ability to 
change the dimension of the distance and near vision 
portion and of other parameters as the corridor length, 
enables a high customization based on the main habits of 
the wearer [38, 39]. Consequently, the proposed design 
method allows a high adaptation and satisfaction of the 
wearer.  

In addition, compared to the methods in the literature, 
the proposed approach gives similar results without 
employing complex functions such as differential or 
integral equation [21, 28].  

The proposed method can be simply integrated in the 
CAD-CAM software developed [40, 41] and the geometric 
model of the progressive surface can be saved in the 
typical exchange format provided by the new freeform 
technologies [14, 41].  

Moreover surface optical properties of the designed 
progressive lens are shown according to a method 
described in previous works [29, 42].  

All the algorithms, implemented in a plug-in for 
Rhinoceros V4.0 and V5 Wip, are available at the web site 



169

G. Savio et al. Parametric Modeling of Free-Form Surfaces for Progressive Addition Lens 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

http://sites.google.com/site/lentiprogressive/Progressive_
Lens_Design. 

2 Method 
The proposed modeling process involves the follow 

steps which are implemented in a plug-in: 
- geometric and optic parameters setting, 
- lens shape modeling 
- geometric models export and analysis.  

The modeling method is based on a discrete definition 
of the points on the surface and is outlined in figure 2. 

  

 Fig. 2 Flow chart of the modeling process. 

2.1 Setting parameters 

The parameters involved into the shape modeling 
process of a progressive lens can be categorized into 
geometrics, which define the position and the dimension 
of distance and near vision zone, and into optical 
parameters from which the curvature radius of the optical 
zone is derived.   

2.1.1 Geometric parameters  

Fig. 3 together with tab. 1 explain the geometric 
parameters involved, where O is the lens centre.  

The shape of the far and the near zone are delimited by 
a quadric equation in the x-y plane respectively trough the 
point DP1, DRP, DP2 and NP1, NRP, RP2: 

 ÷
÷
ø

ö
ç
ç
è

æ

×+×

×+×
=÷÷

ø

ö
çç
è

æ

01
2

2

01
2

2

t+bbtb

t+aata

)t(y

)t(x
 (1) 

 

Fig. 3 Parameters for setting geometric properties  

(dimension in mm). 

Dim. Correspond to 

A Lens diameter 
B Y-coordinate of distance reference point 
C Off-center (X-coordinate of distance reference point) 

D 
Inset 

 (X-distance between distance and near reference point) 
E Corridor height 
F Fitting cross 
G Amplitude of the edge distance zone 
H Amplitude of the edge near zone 

Tab. 1 Meaning of dimension represented in fig. 3. 

2.1.2 Optical  parameters  

The optical parameters required for the modeling of the 
lens are summarized in tab. 2. 

By the PFS [D], relevant to an ideal lens with refractive 
index n=1.523 (i.e. the n of a crown glass, traditionally 
employed in the manufacturing process of lenses), the 
curvature radius of the front surface RFS [mm] can be 
derived: 
 FSFS P/523R =  (2). 

Assuming a first attempt value for centre thickness CT, 
it is possible to derive the radius of curvature for the 
distance  zone RD [mm] and for the near zone RN [mm]: 
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Moreover the designer can change the radii of 
curvature for the front surface, for the distance and  for 
the near portions. Moreover it is possible to introduce 
aspheric coefficients for the distance zone KD and for the 
near zone KN, in order to reduce the out-axis astigmatism.   

Geometric modeling 
 
 

Setting parameter 
 
 Optical Geometrical 

Aspheric far vision zone 

Quadratic curves (x, y) in the intermediate area modeling 

Curvature equation along the corridor definition 

z-value calculation for each point of the quadratic curves 

Orientation of the quadratic curves 

Aspheric near vision zone 

Progressive surface and anterior surface orientation 

Exchange data and Analysis 
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Acronym Parameter 

P Power [D] 
Add Addition [D] 

n Refractive Index 
PFS Front surface power (n=1.523) [D] 
KD Distance aspheric coefficient 
KN Near aspheric coefficient 

Tab. 2 Optical parameters. 

2.2 Lens shape modeling 

The proposed method performs the design of the back 
surface (the surface closest the eye) of a progressive 
addition lens. 

The distance and the near vision area are delimited by 
a quadratic curve. To ensure a continuous variation of the 
optical power along the corridor with low astigmatic 
surface power, the principal curvatures must be equal (i.e. 
the points of the corridor must be umbilics [17]).  

A specific modeling procedure was developed to 
provide this condition: 
1) The distance zone was modelled as a standard 

aspheric surface centred in the DRP. 
2) A set of quadratic curves (as eq. 1) which covers the 

area between the distance and the near portions 
(intermediate area) was drawn in the x-y plane. 

3) A curvature equation along the corridor is defined.  
4) For each point (xj,i,yj,i) of the ith curve (sampled with a 

constant step)  the zi,j value is derived by the 
equation (aspheric surface centered in xc, yc): 
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where xci, yci are the Cartesian coordinates, Rci is 
the radius of curvature at the centre and Kci is the 
aspheric coefficient at the point (xc,yc) of the 
corridor. 

5) For each point (xi,j,yi,j,zi,j) of the curve ith a rotation 
and a translation were made in order to align the 
normal of the eq. 5 in the point (xi,j=xci, yi,j= yci) with 
the normal of the (i-1)th curve in the same point. 

6) The near zone, delimited by the quadratic curve, was 
modelled as a standard aspheric surface centred in 
the NRP and than aligned with the last calculated 
normal. 

7) Point 1 to 6 described the shape modeling of the 
back surface of the lens which must be aligned to the 
front surface taking into account the “prism-thinning” 
to minimize lens thickness and weight.  

The distance zone is sampled with constant step as 
shown in fig. 4 and the z-coordinates are derived from the 
eq. 5 where xcj = C, ycj = B, Kci = KD and Rci = RD. 

Two different approaches were evaluated for the 
construction of  curves in the intermediate area. 

In the first approach the quadratic curves were obtained 
trough the interpolation of 3 points as shown in fig. 5. For 
the ith curves the first point is obtained by an uniform 
sampling of the corridor: 
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with n1 equal to the number of curves in the intermediate 
zone. The other 2 points, symmetrical to the y-axis, are 
derived with a displacement from the first point along a 
line angled of ai=i·d=i·a/n1 (with reference to the first line) 
at a distance equal to Li=LD+(LN-LD)·i/n. In fig. 5 at the 
left is explained the points identification and at the right 
the relevant curves. 

Instead, in the second approach, the quadratic curves 
in the intermediate area are obtained by the interpolation 
of different points: the first point is the same, while hte 
second and the third point have been obtained sampling 
with regular step half circumference which lies between 
the extremes of the limit curves of the distance and near 
vision portions, with centre in the mid point. Fig. 6 shows 
the comparison between the two approaches: the second 
one has a higher density of the curves in the central 
intermediate zone than the first. 

 

Fig. 4 Sampling of the distance zone. 

 

Fig. 5 First approach for the construction  

of the curve in the intermediate zone. 

Different equations were assessed to define the radius 
of curvature Rci along the corridor. To obtain a continuous 
variation of optical properties the following equations of 
the curvature ci=1/Rci are taken into account (curvature is 
proportional to the surface power and is related to the 
astigmatic surface power [15, 20, 29]):  
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where t=i/n  [0, 1]. These polynomial functions have 
been derived adopting the constraints on the derivative 
summarized in tab. 3. 

 

Fig. 6 Second approach (green) for the  construction  

of the curves in the intermediate zone  

and comparison with the first one (grey). 

Eq. Constraints 

7a 0
t

dc(t)
  ,cc(1)  ,0

t

dc(t)
  ,cc(0)

1t
N

0t
D ====

==

 

7b As 7a and  0
t

c(t)d

0t
2

2

=
=

 

7c As 7b and  0
t

c(t)d

1t
2

2

=
=

 

7d As 7c and  0
t

c(t)d

0t
3

3

=
=

 

7e As 7d and  0
t

c(t)d

1t
3

3

=
=

 

7f As 7e and  0
t

c(t)d

0t
4

4

=
=

 

Tab. 3 Constraints assumed to define  
the radius of curvature along the corridor. 

The equation assumed for the aspheric coefficient 
along the corridor was derived using constrains similar to 
eq. 7a obtaining: 

 D
2

DN
3

DNi Kt)KK(3t)KK(2Kc +×-×+×-×-=  (8). 

Fig. 7 shows the results obtained following the 
procedure described in the numbered list from point 1 to 5 
for modeling the progressive surface. 

A main final step in the lens design is the mutual 
position and orientation between the front (spherical) and 
the back (progressive) surface: position must ensure the 
minimum thickness at the edge (about 1 mm) for the 
positive lens and at the centre for the negative (about 2 
mm); orientation must assure the direction of the visual 
axes [43, 44]. These characteristics are strongly related to 
the off-center (which must be defined in the geometric 
parameters setting step) and to the prism-thinning which 
has been used for many years to improve the cosmetic 

appearance of progressive lenses by generally applying 
base down prism [45]. 

 

Fig. 7 Example of the result of the progressive surface 

modeling procedure. 

When no prism is prescribed, a simple way to obtain the 
prism-thinning is to rotate the progressive surface along 
the x-axis in order to get the same z-coordinate at the 
points (C, A/2) and (C+D, -A/2). Then, a spherical surface 
(front surface) with radius RFS and centre (C,0,RFS) can be 
drawn. Subsequently  the condition on the thickness 
mentioned  above must be obtained by the necessary 
translation. Finally, to meet the needs of the 
manufacturing process, the normal at the origin of the 
front surface must be aligned to the z-axis and the z-
coordinate of the progressive surface at the origin should 
be set equal to zero. An example of a section of a 
progressive lens model is shown in fig. 8. In the figure a 
mesh is represented, derived by the cloud of points with 
the Delaunay algorithms [46], using a free plug-in 
available on line at [47]. 

 

Fig. 8 Geometric model of a progressive lens obtained with 

the proposed procedure, sectioned along the corridor. 

2.3 Data exchange format and geometric model 
analysis 

Data exchange format required a constant step 
evaluation of the z-coordinates along the x- and y-axis. 
The z-values are obtained by fitting the calculated points 
with a local general second-order polynomial with six 
coefficients [29, 40, 48]. The local fitting involved all the 
points having the x-y coordinate inside a circular 
neighbourhood with a dimension defined in the export and 
analysis stage. The same coefficients allow to estimate 
the curvature properties and subsequently the surface 
optical properties of the progressive surface.   
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2.3.1 Data exchange format 

The free-form manufacturing process of PAL uses CNC 
machines tools for turning, milling, grinding and polishing.  
Manufacturers of such machine tools (e.g. OptoTech, 
Schneider, Satisloh) require that the geometric models of 
the lenses are provided with special formats. 

There are two main formats for data exchange and both 
require that the surface of the lens is defined by a cloud of 
point with a constant step along the x-axis and y-axis in a 
square area. 

The first format has a header in which are summarized 
the step along the x and y-axis in mm  (Interval=…) and 
the number of step along each axis (Count=…). Under 
the header for every line there is the z-coordinate, comma 
separated, of each point along y-axis with constant x-
coordinate. The extension of this format is *.hmf. 

The second is similar to the ascii points format in which 
every line takes the form of the x-y-z Cartesian 
coordinates of a point separated by tabulation or space. 

An example of the formats for data exchange between 
CAD and CNC are shown in tab. 4. 

 
Data exchange format Extension 

File Version=1.2 
[Properties] 
Count=77 

Interval=0.8 
[Data] 

3.723,3.578,3.436,3.299,… 
3.674,3.529,3.388,3.250,… 

… 

*.hmf 

-30.4 30.4 3.723 
-30.4 29.6 3.578 
-30.4 28.8 3.436 
-30.4 28.0 3.299 
-30.4 27.2 3.165 
-30.4 26.4 3.036 

… 

*.xyz 

Tab. 4 Example of data exchange formats. 

2.3.2 Surface optical properties analysis 

In the design of a progressive addition lens is essential 
to derive the surface optical properties [22, 29, 42]. 
Surface astigmatism SA and surface power SP especially 
play a key role in the acceptance rates of a PAL. 

These surface optical properties SA and SP can be 
derived from principal curvatures k1 and k2 by the 
refractive index n [29, 42] as: 
 ( )21 kk)1n(SA -×-=  (9a), 

 
2

kk
)1n(SP 21 +×-=  (9b),  

With the same coefficients calculated from the second-
order polynomial fitting for the estimation of the z-
coordinates, it is possible to estimate the principal 
curvature in the same points of the data exchange, as 
described in [29, 41, 42]. 

Consequently, after the Delaunay triangularization of 
the points describing the optical properties [47], SA and 
SP can be represented as 3D surfaces. Moreover the 
contour lines, based on cross sections at every 0.50 D, 
representing the curves having the same surface optical 

properties, have been proposed in order to understand 
the results and compare it with literature.   

3 Results and discussion 
The method described is implemented in a plug-in for 

Rhinoceros 4.0 or 5 Wip in which optical and geometrical 
input parameters can be defined by specific list box as in 
fig. 9 a and b. Trough eq. 2-4 radii of curvature of the front 
surface, of the distance vision area and of the near vision 
portion can be derived and proposed to the designer who 
can change radii and aspheric coefficients in the relevant 
list box  (fig. 9 c). Therefore the parameters for the data 
exchange can be set as in fig. 9 d.  

a)  

b)  

c)  

d)  

Fig. 9 List boxes for the input parameters:  

a) geometric, b) optical, c) derived radius of curvature 

 and aspheric coefficients, d) data exchange. 
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Following the procedure described, the plug-in 
computes shape and optical properties which can be 
visualized as 3D mesh. Moreover the relevant files in 
*.hmf and *.xyz format are performed and exported in a 
folder named C:\Progressive for the CNC machining. In 
fig. 10 an example of the results is shown where iso-
astigmatic and iso-power contour lines every 0.50 D are 
emphasized in the top view, while the shape of the lens 
(front surface and back surface), astigmatic surface 
power (cylinder map) and surface power (power map) are 
highlighted as mesh in the perspective view. Astigmatism 
and power map is scaled in the z-axis 5 times.   Moreover 
the representation is subdivided in different layers which 
enclose respectively the geometric design, the lens 
shape, the cylinder map (astigmatic surface power) and 
the surface power map.  

To assess the performance of the method eight 
geometric models, derived by the parameters in tab. 5, 
are analyzed with the virtual tools described in 2.3: fig. 11 
illustrates the curvature and the relevant derivative trend 
along the corridor, fig. 12 shows the astigmatic surface 
power and the surface power, while tab. 6 reports the 
maximum value of the astigmatic surface power at the left 
and at the right of the corridor near the x axis and the 
surface power in the distance vision portion and in the 
near vision area. In these test cases the influence of the 
approach for drawing the quadratic curve in the 
intermediate area, the curvature equation along the 
corridor, the surface power and the addition are studied. 

It is possible to verify that adopting the second 
approach (which has a higher density of the curves in the 
central zone of the intermediate portion than the first as 
described in 2.2) a smoother increase of astigmatism is 
obtained. In general this is a positive result, but the habits 
of the wearer and the shape of the frame should be 
considered too. Furthermore, the maximum value of the 
surface astigmatic power, which is higher in the second 
approach must be taken into account in the design stage. 

The different curvature equation along the corridor 
allow to control the astigmatism map variation: when 
higher order polynomials were adopted (which guarantee 
null high order derivative at the starting and ending points 
of the curvature along the corridor) a smoother variation 
of the astigmatic surface power together with higher 

values of maximum astigmatism have been obtained.  
Decreasing the minimum value of the derivative of the 

curvature, adopting the same distribution of the curves in 
the intermediate zone, it was observed that the maximum 
value of the astigmatic surface power increases. 

Moreover, the derivative of the curvature along the 
corridor is an important parameter: it is proportional to the 
derivative of the power along the corridor, which is related 
to the derivative of the surface astigmatic power along the 
perpendicular direction (Minkwitz theorem [20]). 

Comparing fig. 12 b) together to fig. 12 g), in which the 
only the addition of the lens is changed, a proportional 
variation in the astigmatism map has been found. Same 
considerations can be drawn from tab. 6: the ratio 
between the maximum surface astigmatism is equal to the 
ratio between the addition (test cases b), g)). 

 

Parameter 
Test cases 

a) b) c) d) e) f) g) h) 

G
eo

m
e
tr

ic
 

A 60 mm 
B 8 mm 
C 2 mm 
D 2.5 mm 
E 20 mm 
F 4.5 mm 
G 20 mm 
H 5 mm 

O
pt

ic
 

P 3.00 D -3 D 
Add 2.00 D 3 D 2 D 

n 1.499 
PFS 5.5 D 6.5 D 1 D 

KD, KN 1 
Corr. eq. 7a 7b 7c 7d 7e 7f 7b 7b 
Int. curve 2st 2st 1nd 1nd 1nd 1nd 2st 2st 

Tab. 5 Parameters adopted in the test cases. 

Comparing fig. 12 b) together to fig. 12 h), in which the 
only the power of the lens is changed, it was observed 
that no significant change in astigmatism map has been 
found. Moreover in tab. 6 the same value of the maximum 
surface astigmatism can be found for the test cases b), h). 

By other test cases it is possible to verify that: 
- increasing the amplitude of the distance vision 

portion, the maximum astigmatic surface power 
increases, 

Fig. 10 Example of shape, astigmatism map and power map of a progressive lens performed with the proposed method.  
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- increasing the amplitude of the near vision area, the 
maximum astigmatic surface power increases, 

- decreasing the corridor length, the maximum 
astigmatic surface power increases. 

The off-center parameter is necessary to reduce the 
work-piece dimension, because the portion of the lens 
near to the nose is smaller than the portion near to the 
temple, while the inset parameter is related to the power 
and to the addition of the lens [6].  

Refractive index is related to the material for the lens 
manufacturing. Increasing the refractive index the  
thickness can be reduced and the curvature radius of the 
front surface can be increased. Consequently the volume 
of the lens (and the relevant weight) decreases and the 
cosmetic appearance of the lens improves. Changing the 
refractive index no significant change in surface 
astigmatic power appears. 

 

Fig. 11 Curvature a) and relevant derivative b) along the 

corridor corresponding to the parameters in tab. 5. 

 a) b) c) d) e) f) g) h) 
Max Surf. Ast. R [D] 1.84 1.92 1.58 1.64 1.84 1.89 2.87 1.92 
Max Surf. Ast. L [D] 1.82 1.89 1.57 1.57 1.82 1.82 2.83 1.89 
Surf. Pow. Dist. [D] -2.35 -2.35 -2.35 -2.35 -2.35 -2.35 -3.36 -3.96 
Surf. Pow. Near [D] -0.35 -0.35 -0.35 -0.35 -0.35 -0.35 -0.36 -1.96 

Tab. 6 Maximum value of the astigmatic surface power at the 
left and at the right of the corridor near the x axis and the 

surface power in the distance vision portion and in the near 
vision area relevant to the parameters in tab. 5. 

Aspheric coefficients allow to minimize the side effects 
that are associated with their wear as the oblique 
astigmatic error or the mean astigmatic error [7, 8]. 

Compared to the methods in the literature, the 
proposed approach gives similar results without 
employing complex functions such as differential or 
integral equation [21, 28]. In the commercial market of the 
progressive spectacles the name of a lens is related to its 
astigmatic surface power map [32-35]. One of the main 
advantages of the proposed method is the ability to obtain 
different astigmatic surface power distribution in the same 
solution. Moreover the ability to change the dimension of 
the distance and near vision portion and of other 
parameters as the corridor length, enables a high 
customization based on the main habits of the wearer [38, 
39]. Consequently, the proposed design method allows a 
high adaptation and satisfaction of the wearer. 

4 Conclusion 
In this work a method for the parametric design and 

analysis of progressive addition lens, based on discrete 
shape modeling, has been proposed. Both the optical 
(e.g. power and addition) and the geometrical (e.g. inset, 
corridor length, amplitude of the distance and near vision 
area) parameters have been taken into account. Moreover 
the exchange data formats for the CNC manufacturing 
process were described. 

The distance and the near vision portions are defined 
as aspheric surfaces delimited by quadratic curves. The 
intermediate zone are defined as a series of quadratic 
curves in the x-y plane which cover homogeneously this 
area and assume a z-coordinate value as an aspheric 
with a continuous variation of curvature.  

Two different approaches were evaluated to cover the 
intermediate zone and different equations for the 
curvature along the corridor were analyzed. Instead of 
quadratic curve any other type of curve can be adopted to 
delimit the optical zone and cover the intermediate area. 
Similarly other equations for the curvature along the 
corridor can be adopted. 

The described method is currently applied to the design 
process of glass mould for PAL. 

With minor improvements the proposed method is able 
to define the shape of progressive lens with prism or 
astigmatism prescription. 

Surface power and astigmatic surface power show 
similar behaviour to other commercial progressive 
additional lens. Compared to the methods proposed in 
literature and available in the market, this approach shows 
more opportunities in the design parameters definition, 
such as corridor length, amplitude of the far vision and 
near vision area, and consequently allows highly 
customized lens, designed on the main habits and 
characteristics of the wearer. 
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a)  

b)  

c)  

d)  

e)  

f)  

g)  

h)  

Fig. 12 Surface astigmatic power and surface power map 

relevant to the parameters in tab. 5. The figures show Iso-

astigmatism and iso-power curves with step of 0.50 D.  
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Abstract 

Purpose: 
In a previous paper these authors presented a new mesh-growing approach based on the 
Gabriel 2 – Simplex (G2S) criterion. If compared with the Cocone family and the Ball Pivoting 
methods, G2S demonstrated to be competitive in terms of tessellation rate, quality of the 
generated triangles and defectiveness produced when the surface to be reconstructed was 
locally flat. Nonetheless, its major limitation was that, in the presence of a mesh which was 
locally non – flat or which was not sufficiently sampled, the method was less robust and holes 
and non – manifold vertices were generated. In order to overcome these limitations, in this 
paper, the performance of the G2S mesh-growing method is fully improved in terms of 
robustness. 

Method: 
For this purpose, an original priority queue for the driving of the front growth and a post 
processing to efficiently erase the non–manifold vertices are proposed. 

Result: 
The performance of the new version of the G2S approach has been compared with that of the 
old one, and that of the Cocone family and the Ball Pivoting methods in the tessellation of 
some benchmark point clouds and artificially noised test cases. The results derived from 
these experiments show that the improvements being proposed and implemented prevent the 
generation of non–manifold vertices and render the new version more robust than the old 
one. This performance improvement is achieved by a small reduction of the tessellation rate 
as opposed to the old version; the rate is still, however, at least an order of magnitude higher 
than the other methods here considered (the Cocone family and the Ball Pivoting methods). 

Discussion & Conclusion: 
The results obtained show that the use of the new version of G2S is advantageous, as 
opposed to the other methods here considered, even in the case of noised point clouds. In 
fact, since it does not perform the smoothing of points, not even in the presence of very 
noised meshes, the new version of G2S, while producing more holes than the Robust 
Cocone and the Ball Pivoting, nonetheless manages to preserve the manifoldness and 
important details of the object. 

1 Introduction 
The process of constructing a triangular mesh from a 
point cloud which has been acquired from a 3D real 
object is known as surface tessellation or reconstruction. 
The applications of triangular meshing of 3D point clouds 
are wide–ranging and include Reverse Engineering, 
Collaborative Design, Inspection, Computer Vision, 
Dissemination of Museum artefacts, Medicine, Special 
Effects, Games and Virtual Worlds. In many of the 
previously mentioned applications, robustness, reliability 
and triangulation speed are important factors that are 
required in any tessellation method.  
For the last few years the 3D scanning system has been 
offering high resolutions with a measuring accuracy as 
high as 10 μm, which, on the one hand, make it possible 
to capture the smallest surface features but, on the other 
hand, generate very large data sets. When analysing the 
related literature, it is evident that faster, more reliable 
and robust methods have a triangulation speed below 
50K triangles per second with the typical computing 
power. This speed may not be enough in the tessellation 

of a cloud with over one million points. Furthermore, by 
analysing the peak memory usage of these algorithms, it 
is clear that most of them cannot be run on personal 
computers.  
These authors have recently proposed a new mesh-
growing method based on the Gabriel 2 – Simplex (G2S) 
criterion. The results obtained are very promising since 
they demonstrate that this method makes it possible to 
tessellate quickly clouds with over one million points even 
by using a laptop. Its major limitation is however that, in 
the presence of a mesh which is locally non–flat or which 
is not sufficiently sampled, the method is less robust and 
therefore holes and non–manifold vertices are generated. 
We should bear in mind the fact that the mesh may be 
unusable without the deletion of this kind of vertices, 
which has to be carried out without compromising the 
areas which have been correctly reconstructed.  
In order to overcome these limitations, and as it is going 
to be shown in this paper, the performance of the G2S 
mesh-growing method is fully improved in terms of 
robustness. To this end, an original priority queue for the 
driving of the front growth and a post-processing to 
efficiently erase the non–manifold vertices are proposed. 
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The improved method has been tested for the tessellation 
of some benchmark point clouds and artificially noised 
test cases. The results derived from these experiments 
are critically discussed hereinafter. 

2 Related works 
It is on account of the importance of the problem referred 
to that numerous algorithms to tessellate point clouds are 
presented in literature. The more recent exhaustive 
overviews of 3D surface reconstruction methods are 
presented in [1] and [2]. Surface reconstruction algorithms 
are generally divided into two categories: implicit and 
explicit.  

2.1 Implicit methods 
Implicit methods attempt to reconstruct an implicit function 
f(p)=0, where p is either the whole point cloud or only a 
part of it. The final triangulation is obtained by extracting 
the isosurface for the f(p)=0. The most common methods 
define the implicit function as: 
- the sum of radial basis functions (RBF) centred at the 

points [3], [4]; 
- a set of constraints that force the function to assume 

given values at the sample points and also force its 
upward gradient to match the assigned normals at 
the sample points (Moving Least Squares) [5], [6]; 

- a Poisson problem [7]. 
These implicit methods carry out a watertight surface 
reconstruction also in the case of sparse and noised data. 
However, these methods may generally require many 
computations and, sometimes, they may even need the 
surface normal at each data point. Moreover, the triangles 
of the final surface may not pass through all the points, 
and this in turn may imply the loss of some details of the 
shape of the original model. The more points we use to 
compute the implicit function, the higher will be the fitting 
accuracy and the longer will be the computation time. 

2.2 Explicit methods 
Explicit methods attempt to triangulate the points directly. 
In contrast with implicit methods, they are less robust 
against noise but they are generally faster. The most 
common explicit methods can be classified into two main 
groups: Voronoi/Delaunay-based and mesh growing 
approaches.  

2.2.1 Voronoi/Delaunay-based methods 

The first group includes algorithms that compute a volume 
tetrahedralisation by a 3D Delaunay triangulation of the 
sample points. The most important methods presented in 
the related literature ([8], [9], [10], [11], [12], [13] and [14]) 
essentially differ in the way of removing the tetrahedra 
and building the external triangular mesh. These 
approaches often provide theoretical guarantees of a 
good reconstruction as the sampling density increases. 
Gopi and al. in [15] proposed a different approach which, 
for each sample point, provides the projection of the 
neighbouring points onto the approximating tangent plane 
and the tessellation of the projections by means of a 2-D 
Delaunay triangulation. The 2D edges obtained are then 
applied to 3D space.  

2.2.2 Mesh growing – based methods 

The mesh-growing approaches generate the tessellated 
surface from a seed triangle and grow the meshed area 
pushing the fronts ahead by using some criteria. For the 
last few years a number of algorithms have been 

presented. Thus Bernardini et al. [17] introduced the Ball 
Pivoting algorithm, whose front grows as a ball of user-
defined radius pivots around the front edge. When the ball 
touches three points a new triangle is formed. Generally 
speaking, this method affords a correct triangulation for a 
uniform data point, which is also noised, but which does 
not have concave sharp features. Huang and Menq in [18] 
proposed an algorithm which, for each front edge, projects 
the k nearest points of two endpoints onto the plane that 
is defined by the triangle adjacent to the front edge. Any 
point generating triangles whose edges intersect edges of 
already existing triangles is discarded. Among the points 
which are retained, the point showing the minimum sum of 
distances from the front edge endpoints is chosen. 
Nonetheless, and as pointed out by Lin et al. in [19], this 
algorithm presents some shortcomings. In order to 
overcome them, Lin et al. in [19] introduced the Intrinsic 
Property Driven (IPD) algorithm, which improves the way 
of searching for the point to be triangulated. As stated by 
Chang at al. in [2], all the methods based on mesh 
growing approaches are fast, efficient and simple to 
implement but they, however, fall short whenever two 
surfaces are either close together or near sharp features. 
More recently, Li et al. in [1] proposed a method based on 
a Priority Driven approach that evaluates shape changes 
from an estimation of the original surface that is made at 
the front of the mesh-growing area. The experimental 
results in [1] evidenced that the triangulation speed of this 
method is higher than that of Ball Pivoting and Cocone. 
However, no reckoning is made of the defectiveness it 
generates. Finally, in [20] these authors put forth a new 
mesh growing approach based on the Gabriel 2 – Simplex 
(G2S) criterion: A triangle is a G2S if its smallest 
circumscribing ball is empty.  

3 The Gabriel 2 – simplex criterion 
based method 

The algorithm presented in [20] can be summarised in the 
following steps: 
- Import of the point cloud; 
- Building of a specific data structure to speed up the 

nearest point search;  
- Seed triangle search; 
- G2S criterion based triangulation. 
The first step entails importing the point cloud, which 
pertains to a continuous surface, in the form of the 
coordinates x, y, z. Each point of the point cloud is kept in 
a hash table data structure for both point indexing and 
nearest neighbour searching. In the proposed algorithm 
the data structure used is an improvement of those 
proposed by Hoppe et al. in [21] and Turk et al. in [22].  

3.1 Selection of the seed triangle 
In order to select an appropriate seed triangle, a new 
method is employed. First of all, it makes a random choice 
of a point from the cloud. Then, its nearest neighbour 
point is searched for, and an edge is formed between 
these two points. A range search is performed inside a 
sphere which is centred at the midpoint of the edge and 
whose radius is k – times the length of the edge. For 
every point in the range, the method manages to build a 
triangle that is formed by the edge and the concerning 
point. That triangle is selected as seed if it is G2S and if 
the points contained in an infinite cylinder passing through 
the triangle vertices and having its axis parallel to the 
normal of the triangle are either all above or all under the 
triangle. This procedure is repeated until a triangle 
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satisfying the two previously mentioned conditions is 
found.  

3.2 G2S criterion based triangulation 
The edges of the seed triangle constitute the initial 
advancing front of the growing-mesh method. For each 
free edge (ef) (which are edges pertaining to only one 
triangle) of the growing front a triangle is generated 
according to the following procedure. Firstly, the 
candidate points near ef are identified as those inside a 
sphere having its centre on the axis of the free edge 
which lie on the plane of the front triangle, in the growing 
direction, and having a radius equal to the free edge’s 
length (figure 1). If no points are found inside the search 
region, the free edge is classified as boundary edge. 
When more than one point is inside the search region 

(cp1, cp2 and cp3 in figure 2a)), a point is randomly 
chosen (cp2 in figure 2b)) and the smallest sphere 
circumscribing that point and the front edge’s points is 
constructed (the first search sphere in figure 2b). Then, if 
this sphere is not empty (cp1 and cp3 in figure 2c), 
another point inside the region is picked (cp3) and the 
procedure is repeated (the second search sphere in figure 
2c)). The process ends when the sphere passing through 
the chosen reference point and the extremes of ef is 
empty. The triangle defined by the front edge and the 
reference point is a candidate triangle which needs to be 
verified in the next step (figure 2d)).  
 
 

 
Fig. 1 The search region’s definition terms 

 
Fig. 2 Explanation of the strategy for the selection of a reference point with a view perpendicular to the front triangle 
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In order to speed up the triangulation process, if only one 
point is found inside the search region, that point 
identifies a candidate triangle with the free edge (ef) 
without verifying whether or not it is a G2S. If no point is 
found inside the search region, ef is removed from the 
front queue. Each of the new triangles retained is formed 
by the front edge (ef) and two further edges (e1 and e2). In 
order to check efficiently whether these two edges (e1 and 
e2) are really new or they already belong to other 
triangles, a data structure called Point Edge Map (PEM) is 
proposed which relates every point to its edges. For either 
edge (e1 and e2), the following conditions should be 
verified: 
- If the edge already pertains to another triangle, the 

consistency of the orientation of the new triangle with 
the triangle sharing the edge must be verified.  

- If this edge is new, it is added to the Point Edge Map 
and to the front queue and ef is removed from the 
front queue.  

The procedure ends when the free edges’ queue is 
empty.  
The theoretical basis of G2S is taken for granted by 
accepting the fact that point clouds can be considered 
locally flat, or, in other words, that the surface to be 
reconstructed is locally oriented, smooth, manifold, well 
sampled and not self-intersecting. Under this hypothesis, 
the G2S criterion works like a 2D Delaunay tessellation 
through which surface reconstruction is guaranteed. 
These requirements are not so restrictive anymore, 
especially since the advent of high-resolution non–contact 
scanners which produce noise-free points clouds. More 
generally, as pointed out by Dyer et al. in [23], a Gabriel 
mesh (a mesh for which each triangle verifies the G2S 
criterion) is a Delaunay mesh. In [20] these authors 
already demonstrated it by analysing the typical 
benchmarks presented in the related literature:  
- the triangulation speed of G2S is comparable with a 

traditional 2D Delaunay-based mesher and it is at 
least an order of magnitude higher than the other 
methods here considered; 

- G2S produces triangles whose quality is similar to 
that of those triangles obtained by the Cocone 
methods and slightly better than the quality of the 
triangles obtained by the Ball Pivoting one; 

- G2S can reproduce even the smallest details of well 
sampled surfaces, similarly to Cocone methods, also 
in concave areas of strongly non–uniform point 
clouds where the Ball Pivoting method shows some 
problems; 

- G2S does not produce non–manifold edges, self 
intersecting triangles or slivers; 

- as regards non–manifold vertices, holes and 
boundary edges, the quantity and the extension of 
defectiveness generated by the G2S tessellation are 
on average similar to those produced by the Cocone 
and the Tight Cocone; 

- in the presence of a mesh which is locally non–flat or 
which is not sufficiently sampled, G2S is less robust 
and holes and non–manifold vertices are generated.  

4 Critical aspects in the G2S method 
and improvements 

As mentioned in the previous section, the G2S version 
proposed in [20] presents some critical aspects. In 
particular, in any area of a point cloud that is not locally 
flat or is not sufficiently sampled, G2S can generate: 
- holes, which identify unmeshed area; 
- non–manifold vertices, which are vertices for which 

the incident triangles form more than one fan (see 
figure 3); 

- a twisting of the surface. 
This paper focuses on the improvement of the G2S 
performance as regards the generation of non–manifold 
vertices and twisted surfaces. 

4.1 Non – manifold vertices 
In figure 3, the non–manifold vertex (v) is classified as 
type I if at least one fan is complete (figure 3a), and type II 
otherwise (figure 3b). In what follows, the triangles with at 
least one boundary edge are referred to as boundary 
triangles. In order to automatically remove the triangles 
(depicted in red in the figure) which make the vertex non–
manifold, in this paper a post–processing approach is 
proposed. This approach is based on a data structure that 
takes advantage of the fact that adjacent triangles have a 
congruent orientation and consists of: 
- the dynamic_edge_queue that initially has ne rows (ne 

is the number of edges that are not boundary) and six 
columns: edge_label (el), first_point (pf), last_point 
(pl), first_triangle (tf) and last_triangle (tl); 

- the matrix point_to_triangles constituted by nv rows 
(nv is the number of vertices) and four columns: 
vertex_label (vl), first_triangle_of_loop (front), 
last_triangle_of_loop (back) and nt,a (which is the 
number of triangles added in the loop).  

 
Fig. 3 Types of non – manifold vertices 

In order to explain the method here presented, let us 
consider the mesh depicted in figure 4a with the labels of 
the vertices, edges and triangles superimposed. First, the 
dynamic_edge_queue is filled with the edges of the mesh, 

except for the boundary ones (figure 4b) and in the 
point_to_triangles table, the labels of all vertices are 
added to the first column (figure 4c). The process starts 
by popping the first element off the queue (e3) and the 

a) 

v 

v 

b) 
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corresponding labels of tf (t1) and tl (t2) are added to the 
related lines of the matrix (figure 4d). Then, the first 
element of the new queue (figure 4e) is popped off (e6). 
Since the triangles’ labels associated with v1 for e6 (t3 and 
t8) are different from those reported in the corresponding 
row of the matrix, this edge is pushed to the front of the 
queue (figure 4f). If once the queue has been scanned 
through, no edges of intersection of one of two extreme 
triangles of the loop (t1 and t2) have been found for the 
vertex under examination (v1), the loop is defined as open 
since tf ≠ tl. In the case that there are other edges incident 
to v1 in the queue, v1 is non–manifold of type II and the 
triangles of the loop are erased (figure 4g). Again, the first 
element of the queue is popped off (e8); the triangles t1 
and t6 are added to the corresponding rows of the matrix 
of the vertices v1 and v6 (figure 4h). Once more, the first 
element of the new queue (figure 4i) is popped off (e9). 
Since one of the two triangles incident to the edge (t4) is a 
terminal point (front) of the loop, in the corresponding row 
of point_to_triangles, this triangle is substituted with the 
other (t3) (figure 4l). This procedure is iterated until the 
triangles of the front and the back column are the same 
for a vertex (figure 4m), or, in other words, the loop is 
closed; in the case that in the dynamic_edge_queue there 
are edges incident to that vertex (figure 4n), the vertex v 
is non–manifold of type II; these edges and the 
corresponding triangles are erased (figure 4o). The 
procedure ends when the dynamic_edge_queue is empty. 

4.2 The twisting of the surface 
In this paper, the twisting of the surface identifies the 
generation on the same body of different tessellated 
surfaces not having congruent normals (figure 5). This in 
turn generates holes with extended boundary edges since 
adjacent patches not having a congruent orientation 
cannot be merged. In order to solve this problem, an 
original priority queue is proposed. The main idea at the 
basis of the priority approach being presented is to mesh 
first those areas for which the front grows in the flattest 
way in the neighbourhood.  
Since a priority queue based on a continuous priority 
value can really slow down the algorithm, a set of discrete 
priority values is adopted. The strategy used involves the 
definition of n priority levels for the search region radius 
(the smallest radius having priority 1 and the greatest one 
having priority n) and m priority levels for the flatness, 
measured as the angle (β) between the normal of the 
front triangle and the candidate triangle (the highest 
priority being assigned to β=0° and the lowest to β=180°). 
Since experience shows that the radius of the search 
region mainly affects a good reconstruction, the priority 
value (PV) is defined according to the following 
expression: 
 PV = m ·( plr – 1) + plf (1) 
where plr is the priority level of the search region radius 
(from 1 to n) and plf is the priority level of the flatness 
(from 1 to m). At the beginning all the edges in the free 
queue start with PV = 1 (maximum value of the priority). 
Then, these edges are positioned in the queue by sorting 
in ascending order the value of PV calculated for the 
corresponding candidate triangle. 

5 Experimental Results 
The methodology described in the previous sections has 
been implemented in an original software, coded in C++, 
by using a library dedicated to the processing of 
tessellated geometric models, which has been developed 
at the University of L’Aquila. The method herein proposed 

has been tested for the tessellation of several scanned 
point clouds characterised by some critical geometrical 
features which add to the difficulty in their tessellation. 
Other characteristic aspects of the analysed point clouds 
are the number and spatial density distribution of points 
as well as noise level. Most of the test cases used are 
typical benchmarks taken from the related literature. The 
tests have been run on a laptop with 2.4 GHz Intel Core 
Duo 7700 Processor and 2 GB RAM.  
In this paper, the performance of the new version of G2S 
(henceforth, G2S_new) has been compared with that of 
the old one [20] (henceforth G2S_old), that of the Cocone 
methods (Cocone [9], Tight Cocone [10] and Robust 
Cocone [11], whose .exe files were kindly provided by the 
authors) and with that of the Ball Pivoting [17] (whose 
implementation is based on the vcg library: 
http://vcg/sourceforge.net) in terms of tessellation rate 
(expressed as thousands of triangles created per second 
[kΔ/s]) and defectiveness generated. The times have 
been measured since the import of the point cloud up to 
the .stl file generation. In what follows, nnmv, nholes and nbe 
are, respectively, the number of non–manifold vertices, 
holes and boundary edges. The above-mentioned 
methods are verified in the tessellation of 12 point clouds 
of closed surfaces and 5 point clouds of open surfaces 
acquired with different sampling rates from objects having 
different geometries. Some of these point clouds are very 
large data sets (Turbine Blade, Nicolò da Uzzano, 
Neptune and Asian Dragon). As far as the Cocone 
methods are concerned, the point clouds of closed 
surfaces are tessellated with the Tight Cocone [10], 
whereas those of open surfaces are reconstructed with 
the simple Cocone [9]. Some of the resulting renderings of 
the surfaces tessellated by the G2S_new method are 
shown in figure 6. The testing results are reported in 
tables 1 and 2, where NV is the number of points in the 
cloud and NT is the number of triangles generated.  
By analysing the results obtained it is evident that the 
algorithm here proposed and implemented correctly 
erases all the non–manifold vertices. Furthermore, when 
using the priority queue in the new version of G2S, in 
most cases there is a reduction of holes and boundary 
edges. This performance improvement is achieved by a 
small reduction of the tessellation rate, which is still, 
however, at least an order of magnitude higher than the 
other methods considered. In some cases, such as the 
raptor, the marked reduction in boundary edges is due to 
the elimination of the problem of twisting surface 
generation. Figure 7 shows the renderings of the 
tessellation obtained for the Raptor with both the G2S_old 
(a) and G2S_new. In the same figure, the outside of 
triangles is coloured blue whereas the inside is coloured 
yellow.  
In order to verify the performance of the G2S_new in the 
tessellation of noised point cloud data, specific 
experiments are carried out. The performance of the new 
version of G2S is compared with that of the old version 
[20], that of the Robust Cocone method [11] and that of 
the Ball Pivoting one [17].  
The first experiment aims at comparing the four methods 
in the tessellation of the Stanford Bunny with different 
levels of noise added. Noise is randomly generated 
according to a Gaussian probability density distribution 
with different values of standard deviation (σ). Figure 8 
illustrates the renderings of the results obtained, whereas 
table 3 shows a comparison between their defectiveness. 
It is evident that G2S_new is more robust than G2S_old in 
the presence of noised point clouds. Since it does not 
perform the smoothing of any points, even the new 
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version of G2S produces more defectiveness than the 
Robust Cocone and the Ball Pivoting for σ > 0.00025. 
However, as highlighted in figure 8, the methods which 

seem to be less sensitive to noise do not preserve 
important details of the object.  

\  
Fig. 4 Explanation of the post processing used to erase the non – manifold vertices 
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 7 

 
Fig. 5 The twisting of the surface 

The second experiment is carried out in order to 
compare the four methods in the tessellation of the 
Stanford Bunny with different levels of outliers being 
added (5%, 10% and 20% of the total number of 
points). By analysing the resulting renderings (depicted 
in figure 9) and the generated defectiveness (reported 
in table 4), the Robust Cocone seems to be inadequate 
to tessellate point clouds with this type of noise. Neither 
does the new version of G2S generate any non –
manifold vertices in this case. With a low percentage, 
up to 5%, the tessellation obtained by means of the 
G2S_new is not significantly affected by the presence 
of outliers. For greater percentages, the defectiveness 
generated in terms of holes and boundary edges are 
comparable with those produced by the Ball Pivoting 
method. 

6 Conclusion 
In a previous paper [20] these authors had already 
presented a new-mesh growing approach based on the 
Gabriel 2 – Simplex (G2S) criterion. The results 
obtained proved that the G2S is competitive in terms of 
tessellation rate, quality of the generated triangles and 
low defectiveness, especially when compared with the 
Cocone family and the Ball Pivoting methods. Its major 
limitation was that, in the presence of a mesh which 
was locally non – flat or was not sufficiently sampled, it 
proved to be less robust and holes and non – manifold 
vertices were generated.  
 In order to improve the robustness of the G2S mesh-
growing method, this paper proposes an original priority 
queue for the driving of the front growth and a post 
processing to efficiently erase the non – manifold 
vertices. The performance of G2S_new has been 
compared with that of G2S_old, and that of the Cocone 
family and the Ball Pivoting methods in the tessellation 
of some benchmark point clouds and artificially noised 
test cases. The results derived from these experiments 
show that the improvements proposed and 
implemented prevent the generation of non – manifold 
vertices and make the G2S_new more robust than 
G2S_old in terms of generation of defects such as 
holes and boundary edges, also in presence of noised 
point clouds. This performance improvement is 
achieved by a small reduction of the tessellation rate 
which is still, however, at least an order of magnitude 
higher than in the other methods here considered. In 
the case of much noised meshes, G2S_new produces 
more holes and boundary edges than the Robust 
Cocone and the Ball Pivoting methods, but the last 
named ones do not preserve important details of the 
object. Finally, in the presence of meshes with outliers, 
the number of holes and boundary edges produced by 
G2S_new can be said to be comparable with those 
produced by the Ball Pivoting method. 
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Turbine blade 2 Chinese Dragon support 

  
Body Nicolò da Uzzano 

Fig. 6 Renderings of some of the obtained tessellations 
 

Data point New G2S Method 
Old G2S Method 

[20] 
Cocone methods  

[9], [10] (▫) 
Ball Pivoting method 

[17] 
Model name NV NT [kΔ/s] NT [kΔ/s] NT [kΔ/s] NT [kΔ/s] 

Pulley (**) 293,672 587,266 328.5 587,181 371.8 587,312 0.67 571,738 52.82 
Turbine Blade 2 (*) 396,104 791,916 288.5 792,041 377.3 791,873 1.72 736,685 43.69 

Dragon (***) 435,545 834,771 304.5 805,376 348.1 867,282 0.62 782,185 35.46 
Bimba (**) 502,694 1,005,246 366.2 1,005,172 432.5 1,005,088 0.82 953,618 23.82 

Happy Buddha (***) 543,652 1,038,953 338.0 1,004,540 351.0 1,081,232 0.51 809,539 25.36 
Support (*) 549,007 1,096,742 322.5 1,097,412 397.6 1,097,538 1.82 1,074,677 49.65 

Rolling Stage (**) 596,903 1,190,806 319.7 1,193,303 373.5 1,193,688 1.49 1,168,744 57.07 
Chinese Dragon (**) 655,980 1,311,307 322.0 1,311,296 475.2 1,310,435 0.99 966,266 25.28 

Body (*) 675,049 1,349,076 299.7 1,349,609 279.7 1,344,039 1.2 1,326,963 59.47 
Turbine Blade (***) 882,954 1,740,362 351.9 1,759,357 364.4 1,759,514 1.11 1,630,254 47.28 

Nicolò da Uzzano (**) 946,760 1,891,949 367.0 1,891,992 464.5 1,891,669 1.93 1,795,917 40.33 
Raptor () 1,000,080 1,685,915 349.6 1,716,226 439.6 -- -- 1,378,599 43.48 

Neptune (**) 2,003,933 4,007,522 261.8 4,007,628 362.8 -- -- 3,119,149 20.01 
Asian Dragon (*) 3,609,601 7,217,980 362.9 7,218,442 418.8 -- -- 6,715,376 26.22 

(▫) The Cocone method [9] is used for point cloud of open surfaces whereas the Tight Cocone method [10] for point cloud of closed ones.  
(*) http://www.scansystems.it 

(**) http://shapes.aimatshape.net/ 

(***) http://www.lodbook.com/models/ 
Tab. 1 Comparison between the performance of the two versions of the G2S and that of the Cocone methods ([9], [10]) and the 

Ball Pivoting [17]. 
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Model name 

Defectiveness generated 

New G2S Method Old G2S Method [20] 
Cocone methods  

[9], [10] (▫) 
Ball Pivoting method 

[17] 

nnm 
holes 

nnm 
holes 

nnm 
holes 

nnm 
holes 

nholes nbe nholes nbe nholes nbe nholes nbe 
Pulley 0 1 4 1 2 10 0 0 -- 0 0 -- 

Turbine Blade 2 0 2 9 10 12 77 1 1 11 0 1 3 
Dragon 0 40 579 11 12 220 23 24 166 2 31 115 
Bimba 0 6 117 11 12 220 8 5 54 0 0 -- 

Happy Buddha 0 54 508 32 47 462 39 11 93 0 8 41 
Support 0 7 43 85 21 57 14 2 8 0 13 159 

Rolling Stage 0 1 5 3 6 28 3 5 36 0 0 -- 
Chinese Dragon 0 19 103 47 35 928 18 13 119 0 12 40 

Body 0 8 49 166 25 336 87 30 161 0 50 354 
Turbine Blade 0 164 2089 42 66 1054 295 109 864 3 49 180 

Nicolò da Uzzano 0 1 4 1 0 -- 98 284 1289 41 12 94 
Raptor 0 36 207 269 91 1508 -- -- -- 0 7 37 

Neptune 0 4 34 13 19 107 -- -- -- 0 7 37 
Asian Dragon 0 31 193 41 88 721 -- -- -- 0 7 92 

(▫) The Cocone method [9] is used for point clouds of open surfaces whereas the Tight Cocone method [10] is used for point clouds of 
closed ones.  
Tab. 2 Comparison between the reconstruction quality shown by the two versions of the G2S and that of the Cocone methods 

([9], [10]) and the Ball Pivoting [17]. 

 

Fig. 7 Renderings of the tessellations obtained for the Raptor with the old (a) and the new versions of the G2S criterion 

 

Defectiveness generated 

New G2S Method Old G2S Method [20] 
Robust Cocone 

method [11] 
Ball Pivoting method 

[17] 

nnm 
holes 

nnm 
holes 

nnm 
holes 

nnm 
holes 

nholes nbe nholes nbe nholes nbe nholes nbe 
σ=0.0001 0 0 -- 1 1 6 0 0 -- 0 0 -- 
σ=0.00025 0 17 30 15 22 71 1 0 -- 0 3 9 
σ=0.0005 0 241 1474 720 457 2967 1 0 -- 0 6 36 

Table 3. Comparison of defectiveness generated by Robust Cocone [11] and Ball Pivoting [17] in the tessellation of noise added 
point clouds. 

 

Defectiveness generated 

New G2S Method Old G2S Method [20] 
Robust Cocone 

method [11] 
Ball Pivoting method 

[17] 

nnm 
holes 

nnm 
holes 

nnm 
holes 

nnm 
holes 

nholes nbe nholes nbe nholes nbe nholes nbe 
5% 0 0 -- 0 2 4 -- -- -- 7 11 149 
10% 0 20 244 114 17 725 -- -- -- 13 34 206 
20% 0 31 457 123 24 757 -- -- -- 12 45 326 

Table 4. Comparison of defectiveness generated by Robust Cocone [11] and Ball Pivoting [17] in the tessellation of point clouds 
with outliers added.

a) 

b) 
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 New G2S method Old G2S method [20] Robust Cocone method [11] Ball Pivoting [17] 
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Fig. 8 Comparison between the reconstruction quality shown by the two versions of the G2S, the Robust Cocone [11] and the 

Ball Pivoting [17] algorithms in the tessellation of noise added point clouds  

 New G2S method Old G2S method [20] Robust Cocone method [11] Ball Pivoting [17] 
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Fig. 9 Comparison between the reconstruction quality shown by the two versions of the G2S, the Robust Cocone [11] and the 

Ball Pivoting [17] algorithms in the tessellation of point clouds with outliers added. 
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Abstract 

Purpose: 
This paper is the result of a project to improve methods of digitization through parametric 
CAD software. 

Method: 
Geometric relations are one of the most repeated problems in digitization models. Therefore, 
it was proposed a tool to help manage the work of establishing the necessary relationships in 
models digitization. It is based on doing, previously, a Functional Analysis and a Geometric 
Analysis of the model. (López Soto et al. "Analysis of modeling methods in parametric design. 
Analysis of Geometric Relations." XXI International Congress of Graphics Engineering. Lugo, 
Spain, 2009). 
The purpose of this paper is a protocol which gathers all the results obtained after applying 
the previous analysis. Thus, the information condenses into a single document the Model 
Analysis. 

Result: 
This protocol of analysis would be a prelude to the implementation of the model with CAD 
software. It lets you define, and sequencing, the primitive geometric components and order to 
achieve maximum independence. 
The tool consists on a matrix that relates the geometry of the part with the CAD software 
operations, resulting in a highly graphical and intuitive tool. It shows the process of digitization 
to get a quality model. 

Discussion & Conclusion: 
The Model Analysis involves a time of preparation of the steps to digitization a part. This extra 
time is compensated by a greater time savings in subsequent interpretations and model 
reuse. 
Of course, the Model Analysis should be independent of the CAD software used in its 
implementation. Once the analysis is completed it shall proceed to elect the best CAD 
software to continue the design process. 
The activity of designing objects requires many revisions and updates of its parts. To 
succeed, we must be systematic and give utmost importance to detail from the beginning to 
the end of the design activity. 
Therefore, it is essential to perform a detailed Model Analysis for the modeling process, but 
software developers announced that all applications can be modified without unexpected 
changes arise.   

 

1 Introduction 
The approach of the work to be done with a CAD 

software is decisive in the result obtained. Without a 
approach, you just do what you can do, not what you 
want to do with a particular CAD software. 

The design engineer establish the tasks to be 
delegated to the CAD and find a way to do that. Never 
should be the CAD options the one to decide what to 
delegate. 

A good approach, also, must be generic, independent 
of any specific commercial software. 

The CAD was born in response to the needs of the 
aerospace and automotive industry in the 50's. Therefore, 
the revolution in computer systems was conducted based 

on the interests of production, and CAD was also 
developed based on these premises. 

The common use of these applications is that, it is 
unlikely that users who work for companies that 
manufacture various products, any of them design from 
zero. About 80% of a typical design are modifications of 
existing designs. 

D. Garrido [2] acknowledges that: “We continually find 
customers thet benefit from the power of parametric 
system, but that advantage turns into frustration when 
they need to make an unexpected change in the original 
design”. “The existing geometry editing represents a 
bottleneck in the iterative process of design”. “The market 
demands a solution to such questions as: How to design 
better and faster?, How to make better use of existing 
designs?”. 



188

Jaime López Soto et al. Modeling methods in parametric design. Order matrix 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

A.J. Medland [1] conceived the design process as a 
process that defines a problem and its variables, 
eliminating all that which has no influence on the design. 
Set the parameters, you can start working. 

So, what is needed is a process of computer-based 
design that takes into account the nature and uncertainty 
of the activity of designing. Design is not only produce 
images of an object, is to provide answers to specific 
problems in engineering. It is more important for a 
designer to have high quality data that high quality 
images. 

The design engineer who use the system, must know 
the parametric modeling possibilities. Therefore, specific 
knowledge and preplanning is necessary before to 
application system. 

Design Parametric / Variational has two fundamental 
characteristics: the definition of the key parameters of 
design and use of Intelligent Geometric Features and 
Functions. 

We think this will manifest itself in: 
- Different methods in use of CAD software. 
- New pedagogical approaches when designing and / 

or modeling of objects. 
- New methods in the industrial-technological design. 

 

1.1 Objectives 

The main objectives that we aim achieved are: 
1) Develop a methodology for Parametric CAD 

application usage. This methodology will be 
independent of CAD commercial software. 
Should facilitate the design and redesign of 
machines, mechanisms, etc., within the 
context of Concurrent Engineering. 

2) Find a balance between ease of learning the 
method and its practical use. Both from the 
standpoint of teaching, as the professional 
development of parametric geometric 
modeling. 

3) To analyze the genesis of geometries, its 
order and its relations so that the parametric 
modeling process are robust and flexible. 
Robust in the sense of obtaining a logical, 
orderly and functional process to facilitate 
monitoring. Flexible in the sense of admitting 
any changes easily and fast. 

4)  Improve productivity in the design process, 
since the incorporation of new technologies 
facilitates the design and redesign of 
machines, mechanisms, etc. Furthermore, if 
this happens within the context of Concurrent 
Engineering design process is enhanced. 

 

2 Method 
The great potential of parametric CAD is the possibility 

to make changes by entering new data from the redesign, 
allowing updating the affected geometry. J. Shah [6] 

 

2.1 Functional Analysis 

Functional Analysis is a method proposed by L.D. 
Miles [7] as part of a cost reduction method. 

In the Functional Analysis is considered that the 
products or components produce effects (functions). The 
functional analysis seeks to identify the effects, breaking 

them down into subordinate effects, and thus define the 
essential of these components in producing effects. Then 
the Functional Analysis examines those effects analyzed 
as a response to needs. 

The functions identified during the above process can 
be independent or connected to each other. The set of 
functions developed an overall effect that is designated as 
the overall function of the object. To make the Functional 
Analysis is necessary to determine what relationships 
exist between the various partial functions of the product. 

This structure usually take the form of functional tree, in 
which the functions are connected in a family tree of 
functions. In the classification and management of 
functions, is passed from the most general level to more 
specific. 

It is proposed, as an example for the discussion of 
Functional Analysis and Geometry Analysis, the adapter 
of fig.1. See map at Appendix 2. 

 

Fig.1 Adapter. 

 
The part is a binding element between a deposit and a 

pipe, so that the pipe form 25º with the deposit surface. 
The elbow-shaped conduit has a cylindrical interior. The 
adapter is in contact with the deposit on a flat surface and 
is fixed by screw. While the pipe is fixed by a fusion 
welding of workpiece material. Fig.2.  J. López Soto [5]. 

 

 

Fig.2 Function diagram 

 

2.2 Geometric Analysis 

It should be analyzed what  you want of the model. 
Consider what and how to change the dimensions and 
design features. Make a flexible parameterization, 
anticipating the changes that will occur. 

A
da

pt
er

 

1. Fixing 
tank 

2. Elbow Exterior 
prismatic 

Screw holes 

Fusion 
Welding 

3. Pipe 
fixing 

Flat surface  

4. Pipe 
Internal 
cylindrical 

1. Fixing 
tank 

2. Elbow 3. Pipe 
fixing 

4. Pipe 
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The analysis of relationships begins by dividing the 
part into simple elements so that each of these items link 
to a function of the part, either primary or function of 
another order. 

The geometric elements will be a matrix entries, to be 
completed with the relationships between each pair of 
geometric elements that come into play. The diagonal 
matrix contain the internal relations, while the remaining 
positions contain external relations. Tab.1. 

The reading of the cell “a, b” is “a is related to b” or “a 
depends b”. For example, the cell “1,2” shows the data to 
be executed the geometric element 1 that will be 
extracted from geometric element 2, without which it is 
impossible to execute the first geometric element. 

The right column, “Parents”, shows the number of 
dependences that will cause a geometric element. While 
in the last row, “Sons”, shows the number of geometric 
elements needed to create this one. 

The adaptor decompose, geometrically, in four parts: 
triangular base (1), prismatic elbow (2), cylindrical end of 
revolution (3) and conduit (4). The order in which the four 
parts are made is very important, because it will influence 
the flexibility of the model to dimensional modifications.  

 
 

 E1 E2 E3 E4 P 

E
1 

Composite 
solid: 
- 3 side tg to 
cylinders 
h=6 
- Same 3 
sides 
rounded R7 
y R1; h=7 
- 3 chamfer 
holes 

- Same 
origin in the 
vertical 
plane, 
relative 
position 
- R1,2 

 - Same 
origin in the 
vertical 
plane, 
relative 
position 
- ¡not to 
cover 4! 

0 

E
2 

- Same 
origin in the 
vertical 
plane, 
relative 
position 
- R1,2 

-Polyhedral 
solid, 
square 
section in 
the vertical 
plane and 
the same 
section at 
25º 
- Chamfers 

- Same axis 
at 25º, 
relative 
position 
- R2 

- Same axis 
- Same 
origin in the 
vertical 
plane, 
relative 
position 
 

0 

E
3 

 - Same axis 
at 25º, 
relative 
position 
- R2 

- Solid 
cylindrical + 
conical 

- Same axis 
at 25º 
- Same 
origin in axis 
at 25º, 
relative 
position 

0 

E
4 

- Same 
origin in the 
vertical 
plane, 
relative 
position, 
dependence 
of remove 

- Same axis, 
relative 
position 
- Same 
origin in the 
vertical 
plane, 
dependence 
of remove 

- Same axis 
at 25º, 
relative 
position 
- Same 
origin in axis 
at 25º, 
dependence 
of remove 

- 2 cylinder 
+ cone 
whose axes 
intersect, 
bases in the 
vertical 
plane and in 
axis at 25º 

3 

S 1 1 1 0  

Tab.1 Relationship Matrix. 

 
The analysis of the Relationship Matrix provides the 

following results: 
- You can start by any of the geometric elements 1, 2 

or 3, since they are independent. 

- It helps to make a 2D profile (sketch) containing the 
axes and the endpoints of the axes, since they are 
shared by several geometric elements. 

- The base plane is a vertical plane and the symmetry 
plane is the second vertical plane. 

So, the adaptor will be initiated by the prismatic elbow 
(2), as the functional element that arises from the need of 
the design and central part. An easy way to get it is 
through a symmetrical extrusion. It ends with the chamfer 
of edges. 

The triangular base (1) is achieved with an extrusion, 
round corners and holes. Attention should be paid to the 
position of the centers of the holes referred to the prism 
side. 

The cylindrical end (3) is obtained by revolution. The 
geometry of this profile presents certain difficulties: 
- Tangency of an arc (R2) to a line that is not the 

profile contour. 
- Passing an inclined straight (7 º) by an intermediate 

point thereof and tangent to arcs at both ends. 
Finally, the conduit (4) will be done by two holes using 

as plane base the faces of element 1 and element 3. J. 
López Soto [5]. 

 

2.3 Order Matrix 

One of the key steps to establish a methodology is the 
Analysis of Model. The Analysis of Model should be 
independent of the CAD software used, therefore, there 
has been created a protocol to guide this analysis. 

This protocol allows you define the primitive geometric 
elements, and so, sequence and order to achieve 
maximum independence. 

For each part is registered: 
- Operations to be executed, with the data used for its 

realization and the sketch of the geometric element 
resulting. 

- The different phases at each module and its 
chronology. 

The protocol Analysis Model consists of a matrix of 
operations and sketches, tab.2. 

The input of geometry part helps decompose the 
different basic elements that make up the part. J. López 
Soto [4]. 

The input of operations recalls the possibilities offered 
by CAD software. The operations contained are common 
to all CAD software analyzed. 

The operations are ordered according to the sequence 
recommended in the basic procedure. Thus, the 
completed cells will approximate to the main diagonal of 
the matrix. 
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(3D sketch) (3D sketch) 

PLANE  
Plane  
2D sketch  

  

ADD 

Extrusion 
Revolution  
Sweep  
Helical 
Sections 

  

REMOVE 

Extrusion 
Revolution  
Sweep  
Helical 
Sections 
Hole-Thread  

  

MODIFY 

Round-Chamfer  
Flange  
Demolding  
Thickness  

  

OTHER 
Copy- Symmetry 
Multiple Copies  

  

Tab.2 Order Matrix. 

 

3 Result 
According to this analysis, as a preliminary step, it will 

create a profile (or sketch) 2D, to use as a reference. This 
reference profile is set up in one of the vertical planes, 
provided by default, where will draw the axes of the two 
holes (Geometric Element 4), marking on them the 
beginning of each of the holes. The vertical axis of the 
hole will have one end in the coordinate origin, to facilitate 
the operation of the triangular base (Geometric Element 
1). Tab.3. Fig.3. 

 
 

 

 

PLANE 
Vertical plane of symmetry 
Origin: O 

ADD  

REMOVE  

MODIFY  

OTHER  

Tab.3 Reference sketch. 

 

 

Fig.3 Reference sketch. 

 
The modeling starts at the elbow prismatic (Geometric 

Element 2), as the functional element that arises from the 
need of the design and central part. A simple way to 
obtain it is through an extrusion symmetric, taking the 
axes of the reference profile to dimension the extrusion 
profile. The prismatic elbow profile will be located in the 
same plane as the reference profile. Tab.4. Fig.4. 
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Fig.4 Symmetry extrusion. 

 
The prismatic elbow ends (2) with the removal of 

edges with chamfers on two operations, to allow flexibility 
to change. Fig.5. 

 
 

 

Fig.5 Chamfer. 

 
The triangular base (Geometric Element 1) is 

generated with an extrusion, a removed extrusion and 
holes. Profile extrusion is layed in the horizontal plane, as 
expected when making the reference profile. This 
extrusion is carried out with the maximum height (h = 7 
mm.) and equal radii at the corners. Attention should be 
paid to the position of the holes centers relative to the 
axes of reference, rather than position with respect to the 
prismatic side, to promote the independence of these two 
elements to geometric changes. Tab.5. Fig.6. 
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Tab.5 Second module. 

 
 

 

Fig.6 Add extrusion. 

 
The depth dimension of the emptying of the vertices of 

the triangular base (1) is not included directly in the data 
plane, so is established by a formula in which data appear 
flat. This will facilitate location of future changes. Fig.7. 
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Fig.7 Remove sketch. 

 
The countersunk holes will serve to terminate the 

Geometric Element 1. Fig.8. 
 
 

 

Fig.8 Countersunk hole. 

 
The new edges generated in the operation of emptying 

are rounded to the same radius for all. Fig.9. 
 
 

 

Fig.9 Round. 

 
The cylindrical end (Geometric Element 3) is obtained 

by revolution around the axis at 25° of the reference 
profile. The sketch of the cylindrical end will be located in 
the same plane as the reference profile. The binding of 
this geometric element with prismatic elbow (2) is ensures 
including, by copying, the required geometry of prismatic 
elbow. Thus, if it were lost the reference of prismatic 
elbow, only is removed the link of "include", running 
without problems, the cylindrical end (3). Tab.6. 
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Tab.6 Third module. 

 
The geometry of this profile presents certain difficulties, 

Fig.10. Fig.11: 
- Tangency of an arc (R2) to a line that is not in the 

profile contour. 
- Passing a inclined straight (7º) by an intermediate 

point thereof and tangent to arcs at both ends. 
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Fig.10 Symmetry plane. 

 

 

Fig.11 Revolution. 

 
The conduit (Geometric Element 4) will be held by two 

emptying using, as base plane, faces of Geometric 
Element 1 and Element Geometric 3. Tab.7. Fig.12. 
Fig.13. 
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Tab.7 Global operations. 

 

 

Fig.12 Hole. 

 

 

Fig. 13 Hole. 

 
Finally, it take place the requirements rounding 

between Element Geometric 1 and Element Geometric 2. 
Fig.14. 
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Fig.14 Round. 

 
The parametric history of the part, generated with the 

Solid Edge software, is showed in fig.15: 
 
 

 

Fig.15 Parametric history with Solid Edge. 

 

4 Conclusion 
It is essential to do a detailed analysis of the model to 

establish the modeling process, although software 
developers advertise that all process can be modified 
without unexpected changes. 

The protocols can collect data from different CAD 
software, and set comparable conclusions. This allows 
the discussion about the process instead of discussing 
the possibilities of a specific CAD program. 

The Analysis Matrix of model allows to collect data to 
an adequate interpretation and elaboration of results 
about the modeling process followed, and so determine 
improvements, without the distraction of the steps and 
data required by a specific commercial software. These 
conclusions correspond to the first objective. 

As important concept is that is possible learn and 
evaluate CAD, without using a computer and also be 
independent of a specific CAD software. Thus was 
achieved the second objective, which applies in the 
classroom. 

Dedicate more time to preparing the process to digitize 
a part carries a greater time savings in subsequent 
interpretations and modifications. This was the third 
objective. 

It is more important the geometric knowledge of the 
designer, that the potency of the computer. The design 
engineer will continue being the creator person of new 
products. The availability of a CAD tool is a great help, 
but, by itself, is unable to do anything. 

The correct application of CAD allows to obtein 
significant increases in productivity, improved quality of 
design and in less time. Practical objective cited in fourth 
place. 
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Appendix 1 
Full matrix operations. Tab.8. 
 

Appendix 2 
Plane of Adapter. Fig.16. 
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Fig.16 Plane of Adapter. 
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Abstract 

Purpose: 
In this paper, an associative-parametric approach is proposed in order to model the mesh of 
an aeronautical concept starting from a set of high-level structural primitives. To assure 
orders of continuity higher than C0 between adjacent instances, a suitable mathematical 
description of the structural primitives has been identified. The maintenance of the continuity 
constraints must be assured when the mesh is modified.  

Method: 
The Bézier curve and the Coons surface patch, with a suitable degree, are used in order to 
assure orders of continuity higher than C0 in the connection points or edges. Appropriate 
schemes of dependences are identified to assure the automatic propagation of the 
modifications complying with the continuity constraints.  

Result: 
The approach here proposed allows the designer to carry out the geometric modelling and 
the automatic mesh generation within one software environment in a fast and interactive way 
and complying with the geometric continuity constraints and the one-to-one correspondence 
between the mesh elements. This represents evidently a large advantage since the structural 
optimization process is simplified, with a relevant man-hours saving. A lower number of data 
transfers between different software is, moreover, involved with less problems related to the 
data corruption. Finally low conceptual value operations, due to manual correction activity of 
the model, are eliminated.  

Discussion & Conclusion: 
The methodology here proposed allows the automatic propagation of modifications satisfying 
the geometric continuity constraints and the one-to-one correspondence between the mesh 
elements. The approach is implemented into a CAD/CAE tool, called MeshFEM and 
developed using C++ and Matlab languages and the VTK library for the 3D graphic 
visualization.

1 Introduction 
Early design stage is a critical phase during which 

several important decisions concerning geometrical 
shapes, functions, materials and manufacturing 
processes are taken with a strong impact on the final 
product and its cost. During this phase it is very important 
to have efficient modelling, analysis and comparison tools 
so that several design solutions can be rapidly analysed 
in order to define the most promising design concept. 
Unfortunately most of the information generated and 
handled during the early design stage is qualitative and, 
consequently, it is hard to manage them with a computer 
system. Moreover, particularly in the case of a novel 
product, the input data required for the early design can 
be not clearly defined for a long period of time so that low-
accuracy data are often considered in order to begin the 
design activity. 

In the aeronautical field the early design stage has 
some peculiarities that differentiate it from other sectors. 
Firstly it involves multi-disciplinary competences (aero-
dynamical, structural, etc). Most of the input data required 
by the structural design of an aeronautical product often 
comes from other fields, such as the aerodynamics. This 
is the case, for example, of the aerodynamic loads acting 
on the structure. Therefore, especially in the case of the 

development of novel aeronautical products, some clearly 
defined interfaces between different competence work 
centers must be identified in order to allow the exchange 
of reciprocally required data. In [1] the importance of a 
common parametric-associative geometry is pointed out 
in order to overcome these difficulties, which are typical of 
the aeronautical early design. 

Aeronautical products are very complex structures 
whom high performances and reliability are requested to. 
Because of this complexity it becomes very problematic to 
carry out some reliable preliminary evaluations about the 
validity of the various proposed concepts. The several 
aspects involved in this validation process point out the 
necessity of developing some devoted CAD/CAE tools, 
which are highly interactive, user-friendly and able to 
quickly give some feedback about the design decisions.  

In the literature there are several CAD/CAE tools 
focused on the parametric geometric modelling and on the 
relative aerodynamic optimisation of aeronautical 
concepts [2-5]. In the last years, numerous tools, devoted 
to preliminary aircraft design and including also structural 
optimisation module, have been developed. In the 
following, some examples are reported. 

PrADO (Preliminary Aircraft Design and Optimisation) 
is a comprehensive library of about 500 FORTRAN 
programs [6]. The geometry of PrADO is not CAD-based 
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and internal structural elements, such as ribs and 
stringers are not modelled. 

MIDAS (Multidisciplinary Interactive Design and 
Analysis System) is one of the early approaches 
combining structural analysis and aerodynamics based on 
graphical CAE tools [7]. However, the geometry 
generated from this tool is code-based. If a new geometry 
representation is used, further coding work is necessary.  

FIDO (Framework for Interdisciplinary Design 
Optimisation) is a tool, developed and used by the NASA 
Langley Research Center, based on the use of NURBS 
(Non-Uniform Rational B-Spline) [8]. This tool is 
integrated with a commercial CAD system, not allowing 
for associative design. Therefore, any geometrical change 
affecting several parts requires a lot of manual work. 

In 2002, TU Munich [9] presented a new approach, 
based on the use of CATIA v5 and numerous Visual 
Basic routines, in order to automate the generation of 
parametric-associative geometry of the components. The 
used Visual Basic routines are slow and lead to large 
memory consumption. Moreover, this tool does not allow 
the automatic generation of the mesh. In 2006, 
Ledermann et al. [10] improved the use of CATIA v5 
developing a tool, called K-operator, that allows to 
perform an automatic optimization of an aeronautical 
concept. The procedure consists of several steps: 
definition of a library of objects, customizing the features 
and writing a design manual for model generation. This 
procedure requires coding in C++, Java or Visual Basic. 
In both these papers, a common parametric-associative 
geometry is developed as a basis for different domains 
(structural analysis, CFD simulation). 

For some years now, our research group has been 
developing a parametric-associative modelling approach 
focused on aircraft structural concepts. Thanks to this 
approach, the structural optimisation of the aeronautical 
concept can be carried out in a fast and efficient way. In 
fig 1 (diagram (a)), a typical methodology used for 
structural optimisation is shown; generally speaking, it 
involves a CAD and a FEM tool. A very critical step in this 
approach is the data transfer (red square in figure) from 
CAD to FEM environment. An accurate analysis of the 
imported file is often necessary because of topological 
errors which can be introduced during this passage. A 
bad adjacency or a misalignment of two or more 
geometrical elements of model can cause an incoherent 
mesh and senseless results. Moreover this approach 
requires the user to be deeply skilled in using CAD and 
FEM sw at the same time. Sometimes two different users 
are dedicated to these activities causing a significant loss 
of time. With the proposed approach, on the contrary, the 
geometric modelling and the mesh automatic generation 
are carried out within one software environment (diagram 
(b) in fig. 1). This represents evidently a large advantage 
since the structural optimization process is simplified, with 
a relevant man-hours saving. A lower number of data 
transfers between different software is, moreover, 
involved with less problems related to the data corruption. 

Finally poor conceptual value operations, due to manual 
correction activity of the model, are eliminated.  

In order to develop this approach an early scheme of 
representation, based on 2D and 3D primitives 
representing the main structural components of the 
aeronautical concept, has been proposed by the authors 
in [11]. Based on these high-level primitives a quad-
mapped mesh of the concept has been obtained. It 
consists of quad-elements (or quadrilateral-shaped 
elements with four nodes) which are located so that a 
regular pattern, with obvious rows of elements, can be 
identified [12].  

With a view to giving the designer, since the very 
early phases of the design process, some information 
about the structural behaviour of the aeronautic concept, 
each primitive is parameterised in order to quickly 
evaluate several conceptual prototypes. If one parameter 
is changed, the geometric model must adapt to the 
changes in an automatic and efficient way. To assure this 
automatic propagation of the modifications in [13] the 
authors proposed a hierarchical assembly, based on well-
defined schemes of dependences. 

One shortcoming of the modelling approach 
proposed till that moment has been to not consider orders 
of continuity higher than C0 between adjacent instances of 
the geometric model. The only constraint, which was 
taken into account, was the one-to-one correspondence 
between mesh elements. In this paper the mathematical 
description of the structural primitives has been improved 
in order to assure the required order of continuity (C0, C1 
or C2) between adjacent elements. The schemes of 
dependences have been enhanced too in order to 
guarantee that the propagation of modification occurs 
keeping the pre-established order of continuity. 

The approach is implemented into a CAD/CAE tool, 
called MeshFEM and developed using C++ and Matlab 
languages and the VTK library for the 3D graphic 
visualization.  

 

2. Definition of the structural primitives for 
aeronautical concepts 

In an aeronautical structure, several elements can be 
identified; they are: ribs (or frames), stringers, spars and 
skins (fig. 2). In the approach here proposed, a primitive is 
defined for each type of structural element, so that its 
main characteristics are taken into account. Each primitive 
is parameterised so that several structural configurations 
can be quickly generated. In this way the designer can 
interact with geometrically simple primitives which, once 
instantiated and assembled, can provide a description of 
the aeronautical concept.  

In the following sub-sections a brief description of 
these conceptual primitives is illustrated. The scheme in 
fig. 3, reports the primitives together with the input 
geometric parameters necessary for their definition. 
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(a)    (b) 

Fig. 1. Typical (a) and proposed (b) approach used for 

structural optimisation of aircraft concepts. 

 

Fig 2. Basic elements of an aeronautical structure. 

The rib (or frame) 

The rib (or the frame for a helicopter fuselage) has 
several structural functions: 

-) to maintain the correct external aerodynamic profile 
of the structure; 

-) to transmit the loads from the skins to the spars. 
It is a drilled thin planar panel with an internal profile 

to lodge the payload and a series of countersunk holes to 
allow the positioning of all the board instruments.  

In order to locate the rib within the 3D modelling 
scene, a rib plane has to be preventively identified. The 
rib is, then, sketched specifying the geometry of the inner 
and the outer profiles. Each of them is defined specifying 
the vertex coordinates of a polyline consisting of 
rectilinear or circular segments filleted by circular arcs 
with C1 continuity in the connection points. One or more 
countersunk holes can be introduced. For each of them 
the centre coordinates, the radius value and the 
countersinking size parameters must be specified.  

Once that the rib has been geometrically defined, 
some points, referred to as key-nodes, are fixed on its 
profiles. They are defined selecting a rib segment and 
their position on it by the specification of a curvilinear 
abscissa value. Since these points will coincide with the 
nodes of the quad-mapped mesh it is fundamental that 
both the profiles of each rib have the same number of 

key-nodes. Moreover, in order to preserve the one-to-one 
correspondence between mesh elements of adjacent ribs, 
the profiles of all the frames must have the same number 
of key-nodes. A correct distribution of key-nodes on the 
rib profiles allows the mesh quality to be controlled 
especially in proximity of the critic regions, such as the 
fillet zone. They are progressively numbered starting from 
an origin key-node, called K0 in fig. 4. The key-nodes also 
represent the connection nodes for the stringers and the 
spars that will be successively introduced between two 
adjacent ribs. 

Fig 3. Primitives and input geometric parameters necessary 

for their definition 

Fig 4. An example of rib with numbered key-nodes. 

 
The definition of the rib ends with the specification of 

the number of divisions rp for the outer (or the inner) 
profile and the number of divisions rn along the direction 
normal to the profile. The value of these resolution 
parameters can be explicitly set only if the rib is selected 
as master. All the others ribs, referred to as slave ribs, 
inherit the rp and the rn values from the master one. In any 
time, however, it is possible to convert one of the slave 
ribs into the master.  

The quad-mesh generation of a rib needs the 
definition of the outer and the inner profile, the presence 
of a progressively numbered key-nodes (Kn) on profiles, 
the choice of a master rib and of the resolution along the 
profiles (rp); it is subdivided into several phases: 

1) the outer profile of the master rib is uniformly 
subdivided into rp segments distributing the rp nodes 
according to the simple following formula (1): 
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where li is the length of the part of profile between ith 

and (i+1)th key-node. These rp nodes identify a partition of 
the outer profile, referred to as master partition.  

2) the inner profile of the master rib and all the other 
profiles of the remaining slave ribs are subdivided 
according the master partition. 

3) for each couple of corresponding nodes (i.e. 
belonging to inner and outer profiles of a rib) rn-1 nodes 
are created by a linear interpolation. Each node can be 
identified by a couple of indices (i,j). The i-value identifies 
the node position along a profile; the j-value defines the 
node position between the two profiles. The quad-
elements are built connecting, by straight lines, the (i,j) 
node with the nodes (i-1,,j), (i+1,j), (i,,j-1) and (i,,j+1) (fig. 
5).  

 

Fig 5. Elements definition algorithm. 

The presence of one or more holes into a rib has 
important consequences on its structural behaviour and a 
simple algorithm is here proposed in order to get a quad-
mapped mesh. 

Starting from the mesh of the un-drilled rib a domain 
around the hole is established; here the mesh is locally 
modified leaving the remaining part as unchanged. This 
domain must be a quadrilater whose two edges are on 
the inner and the outer profiles of the rib and the others 
are two transversal segments of the un-drilled meshed 
rib. This domain must be as regular as possible. For this 
reason its boundary transverse segments must have, as 
much as possible, the same distance from the centre of 
the hole. In order to define this domain, the transversal 
segment (connecting the corresponding nodes identified 
on the inner and outer profiles of the rib), which is the 
closest to the centre of the hole, is firstly identified. In fig. 
6a this segment is called as F-F, while the segment 
connecting the origin key-nodes (previously defined on 
the two profiles) is denoted by O-O. For each transversal 
segment, a couple of perpendicular straight lines from its 

ends is traced (fig. 6b). The segments, for which the 
related perpendiculars intersect F-F, are potential 
candidates for bounding the domain around the hole 
(Figure 6c). For each of these segments the following 
distance value is calculated: 

 

( ) ( )
2

PFPF
d outerinner +=

                                                (2) 
where (PF)inner and (PF)outer are the distances 

between the points P (ends of the generic segment which 
is a potential candidate for bounding the domain around 
the hole) and F on the inner and the outer profile 
respectively. 

If lF is the length of F-F, only the segments for which 
d is higher or equal than lF/2 are kept. Among them the 
segment to be considered as domain boundary is that one 
characterized by the minimum value for d (fig. 6d). In 
proximity of a hole there can be the transversal 
connecting edge of a spar (whose geometric modelling is 
illustrated in section 2.3), as shown in fig. 6e where this 
edge is called S-S. In this case the transversal edge of the 
spar automatically represents a boundary segment for the 
domain. If in proximity of a hole another hole is present, 
the boundary is moved as much as possible to avoid any 
possible intersection between two domains (detail in fig. 
7). If the distance between the centre of the hole and the 
edge domain is less than 1.2x(hole radius), this hole is 
eliminated. In these two last cases the domain can lose its 
original regularity (fig. 6e). 

The final result is a domain that can be subdivided in 
four sub-domains (fig. 6f). These sub-domains can be 
meshed with a quad-mesh. It is important to have a 
suitable number of diagonal subdivisions, sd, to get a 
regular mesh; this value is chosen as follows: 
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sd int

            (3) 
 
A hole can present an inner and out-of-plane lip all 

around its perimeter with an angle that the user can 
properly set. A single row of elements will constitute the 
mesh of this part. 

Finally, a thickness value and a material are assigned 
to define the properties associated with the rib. 

Figure 7 shows a rib resulting from this procedure 
and two detail views in the neighbourhood of as many 
couples of holes. 

 
 
 

Fig 6. Definition of a hole domain. 
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Fig 7. Rib and detail of holes.  

2.2 The stringer 

From the structural point of view, the stringer is a 
beam which fundamentally reacts to the bending stress. 
The stringers together with the spars connect two 
consecutive ribs and represent the elements where the 
external coating lies. 

The stringer geometry is defined within a 3D 
modelling scene. It is represented by a 3D curve 
connecting two adjacent ribs. For each stringer a couple 
of connection nodes must be specified: each of these 

points is fixed on the external profile of a rib and it must 
coincide with one of the key-nodes. The stringer is 
modelled by a Bézier curve. This curve interpolates the 
first and the last point (i.e. the keynodes) and 
approximates all the others. The 5-degree Bèzier curve is 
automatically selected for a stringer which must satisfy C2 
continuity at both the extremities. In this case, in fact, the 
maintenance of C2 continuity involves the automatic 
positioning of all the control points of the curve since this 
order of continuity fixes the position of the first (and last) 
three control points. 

In all the other cases a 4-degree Bézier formulation is 
sufficient to adjust interactively the stringer shape 
guaranteeing the maintenance of the required continuity 

order. For example in fig. 8 the stringers A and B are 
modelled by two 4-degree Bézier sections; in the 
connection point P the C2 continuity is preserved.  

The stringers are subdivided using beam elements: 
the number of division is established setting the rl value 
between two adjacent ribs. All the stringers connecting 
two adjacent ribs, in fact, are characterized by the same 
number of subdivisions. This number is equal to rl.  

The stringer is characterised by a hollow circle-
shaped transverse section. This section geometry allows 
the designer to modify the bending and the torsional 
stiffness values, acting on the inner and the outer radii 
values. A material must be specified for each stringer. 

Fig. 9 shows two adjacent ribs connected by a curved 
stringer . 

 

Fig. 8 Stringers modelled as Bézier curves 

 

 

Fig. 9 Two ribs connected by a curved stringer and a curved 

spar. 

2.3 The spar 

The spars give the main stiffness to absorb the 
bending load applied to the aeronautical structure. 

a b 

  
c d 
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Generally speaking, they can be outlined as four edges-
panels crossing two adjacent ribs.  

For each crossed rib two vertices have to be 
specified, one on the outer profile and the other on the 
inner one. Each of them must coincide with one of the 
key-points previously fixed on the rib. These two key-
points are, then, connected by a linear segment. The 
other two opposite edges, following the longitudinal 
direction of the aeronautical structure, are modelled as 
shown in sub-section 2.2 for the stringers. Thanks to the 
correspondence between the key-nodes on adjacent ribs, 
it is sufficient to select the starting key-node to define a 
spar: the remaining three key-nodes are, in fact, 
automatically identified. 

Starting from these four edges a quad-mesh is 
generated by an algorithm based on degree-5 Coons 
surface patch and setting the number of division rl 
between two adjacent ribs. This algorithm guarantees the 
C2 continuiy between adjacent spars along the common 
transverse edge if a C2 connection exists between the 
related longitudinal (internal or external) profiles. All the 
spars connecting two adjacent ribs are characterized by 
the same number of subdivisions along the longitudinal 
direction. This number is equal to rl and it has the same 
value of the stringer resolution. 

Finally, a thickness value and a material must be 
assigned to define completely the spar. Fig. 9 shows a 
curved spar between two ribs. 

2.4 The skin 

The skin is a 3D thin panel with the main role of 
covering the structure constituted by the previously 
described elements and allows an efficient transmission 
and distribution of loads. 

The skin can be modelled specifying the set of four 
edges delimiting the panel. Two opposite edges of this 
loop are circular or rectilinear segments belonging to two 
subsequent ribs. The others are 3D curves representing 
stringers or the external longitudinal profile of spars. Also 
in this case an algorithm based on degree-5 Coons 
surface patch is implemented to guarantee the smooth 
connection between adjacent skins, if a C2 connection 
exists between adjacent edges. In order to define a skin, 
it is sufficient to select the first connector element, starting 
from it the others three edges are automatically identified. 

As shown in fig. 10, the C2 continuity between 
adjacent stringers implies the C2 continuity of the two 
skins along the common edge.  

 

Fig. 10 Two adjacent skins with C2 continuity 

Some windows can be included into the skin. A 
simplified method for modelling them is here proposed. It 
consists in identifying the four vertices, representing the 
projection of the window corners on the skin. These 
vertices are defined by specifying, for a couple of adjacent 
edges delimiting the skin, the values of curvilinear 
abscissa. Two windowed skins are shown in fig. 11.  

As regards the element type, the mesh is made of 
shell elements in the case of ribs, spars and skins, and of 
beam elements for stringers. 

Fig. 11. Two windowed skins. 

 

3. Definition of dependences for the 
propagation of modifications  

During the preliminary design of an aeronautical 
structure, several characteristics of the aircraft concept 
can be iteratively modified. 

Generally, the propagation of a modification does not 
interest necessarily the whole structure. For this reason, 
the proposed approach aims at avoiding the total 
regeneration of the model when a modification occurs, 
reducing time-consuming operations. The adopted 
strategy consists in propagating the modifications only 
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where strictly necessary, according to well-defined 
schemes of dependence, as explained later on. In 
particular two kinds of dependence are here considered: 
the “dependence between definitions” and the 
“dependence between meshed elements”. They are 
detailed in the two following sub-sections. 

3.1 Dependence between definitions  
The removal of some elements can cause a loss of 

information necessary for the definition of other parts of 
structure. To correctly manage this dependence, a 
hierarchy among classes of elements is defined. Every 
instance of a class depends directly on the definition of 
one or two instances of the previous class (as reported in 
fig. 12). When an instance is created or modified the user 
must specify its mathematical description giving values to 
the parameters and identifying the other instances 
necessary to its definition (bearing instances). The 
removal of an instance, which is bearing for others, 
makes these lasts unstable (i.e. not well-defined). If an 
instance results to be unstable, then it is deleted. This 
removal could result as critical for the definition of other 
parts that, consequently, are deleted. The check of the 
unstable instances can be efficiently performed on the 
basis of the scheme of dependences in fig. 12. Since the 
definition of an instance for a class depends only on the 
previous ones and never on the following ones the 
checking process can be carried out in a single step from 
left to right (fig. 12). 

 

Fig. 12 Scheme of dependences between definitions 

 

3.2 Dependence between meshed elements  
The strategy here adopted allows to propagate the 

modifications only where strictly necessary. In order to 
implement it, a second type of dependence, called 
“dependence between meshed elements”, has been 

considered. The graph, shown in fig. 13, allows to 
correctly manage this dependence. 

Generally, the process of mesh generation of each 
element requires different information on the basis of the 
element type. These data can be derived from the 
mathematical description of the element, from global 
parameters (for example the number of divisions rp or rn of 
the master rib), from the definition of connected elements 
or from the mesh of these last ones.  

The black blocks in fig. 13 pertain to global properties 
(such as, for example, the subdivision of master profile) 
while the orange ones refer to single element property. 
The first column on the left side of the graph includes both 
black and orange blocks. Since the data for the definition 
of these blocks are directly updated by the user and not 
generated from other data no arrows start from them. On 
the contrary, the blocks in the remaining columns 
represent types of data that are always automatically 

regenerated starting from information contained in the 
blocks where the arrows point. This information can be 
portions of element mesh or intermediate results of mesh 
generation (such as partition and polygonal curves). 

For each instance of the classes in the graph, the 
value of a given property can depend on one or more 
properties of the connected elements. For this reason, the 
instance checks the properties of the connected elements 
in order to detect some possible variations. If a 
modification is detected, the instance updates the value of 
its own properties. If the updated properties are monitored 
by other instances, then these last ones update their 
properties consequently. As a result the propagation of 
the modifications starts. Since the graph does not include 
any cyclic dependences between the elements properties 
(except the cycles indicated by red arrows in fig. 13 and 
explained later on) the propagation crosses the graph as 
a wave from left to right. 

To clarify this concept, an example is now illustrated. 
Let A and B be two stringers between portions of two ribs 
sections and let C be the relative skin (fig. 14). 
To generate its mesh, the skin C uses the property 
"Stringer (polygonal curve)" of A and B. The stringers A 
and B generate the relative polygonal curves starting from 
their analytical description "Stringer (curve, key node)". If 
the user modifies the analytical shape of the stringer A 
(for example translating a control point), the polygon of 
this stringer (i.e. the property "Stringer (polygonal curve)") 
obtained from the previous analytical description becomes 
“not valid” and then it is regenerated. Likewise, the mesh 
of the skin C, generated on basis of the original polygonal 
curve of stringer A, results “not valid” and then 
regenerated. 

This mechanism of propagation must occur in 
accordance with the imposed order of continuity between 
adjacent elements. To guarantee the maintenance of the 
required order of continuity, one element (the slave 
element) modifies the value of its first and second 
derivatives in the connection point on the basis of the 
other element (the master element). This means that, if 
the user modifies the shape of the master stringer, the 
slave stringer must be automatically regenerated to satisfy 
the new value of the derivative. 

The slave and master roles can be assigned to the 
elements in each connection point or edge. This 
mechanism is valid also for configurations where two 
spars or one stringer and one spar are connected since 
the profiles of a spar are modelled like the stringer. This is 
the reason for the presence of the red cycles within the 
graph in fig. 13. 

As default the continuity between adjacent elements 
is of C0 order and the control points of A, B and C are 
explicitly defined by the user. It is possible to change the 
order of continuity in one or both the connection points P 
and Q. In order to have a C2 continuity in P, the user must 
assign the role of master to one of the stringers, for 
example the stringer A. Consequently the control points of 
the stringer B change their position ignoring the initial 
definition. The analytical description of the stringer 
changes (i.e. the property "Stringer (curve)") and, in order 
to propagate the modification, the polygon B will be 
regenerated.
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Fig. 13 Graph of the dependences between mesh. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 14 Example of propagation of modifications 

The stringer C is not involved in the propagation of the 
modifications since the continuity in Q is of C0 order.  
If the user requires the C2 continuity in the point Q 
selecting C as the master in the couple {B, C} the control 
points of the slave stringer (B) change their position and 
the polygonal curve of B is regenerated. This operation 
does not affect the stringer A since it is the master 
stringer in the couple {A, B}. From now on the shape of 
the stringer B will depend on that of two master stringers 
A and C. If A or C’s shape changes, also B must change. 
 

 

Fig. 15 Example of propagation of modification in the case of 

C1 or C2 continuity. 

If the role of A and B is exchanged, the control points of B 
near the point P became again those previously specified 
by the user, while the stringer A changes in order to 
maintain the C2 continuity in P. Now, C is the master 
stringer in the couple {B, C} and B is the master in the 
couple {A, B}: a modification of the stringer C involves a 
modification in the stringer B and then a modification in 
the stringer A. A and B polygonal curves change in order 
to maintain the continuity in P and Q. 

If the user removes the stringer B, then the stringers 
A and C loose their roles respect to the removed stringer 
and the control points of A, that was a slave stringer for B, 
recover their initial position defined by the user. 

4. CASE-STUDY 

The approach here proposed has been implemented 
into a CAD/CAE tool, called MeshFEM and developed 
using C++ and Matlab languages and the VTK library for 
the 3D graphic visualization.  

In this section a case study, represented by a tail of 
helicopter fuselage is modelled using the MeshFEM tool. 
It is composed by: three frames, two spars, several 
stringers and several skins. In the following, the procedure 
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to perform the parametric modelling of the structure is 
presented. 

-) Frame geometric definition. 
For each frame a plane must be identified assigning 

the spatial coordinates of three points. A frame is 
geometrically defined specifying the inner and outer 
profiles, the holes and the key-points.  

In fig. 16 the sketch plane where the user defines the 
frame geometry is shown. 

 
Fig. 16 Definition of a rib with holes and key-nodes. 

 

-) Stringer and spar geometric definition  
The stringers and the spars are geometrically 

identified starting from the key-points previously fixed on 
the ribs. In fig. 17 is reported the definition of a stringer as 
example. 

 

Fig. 17 Definition of a stringer. 

-) Skin geometric definition; 
In fig. 18 the windowed skins are geometrically 

modelled starting from the edges selected on the frames 
and the curve segments between two frames belonging to 
the stringers. 

Finally, fig. 19a shows the entire model of the 
helicopter fuselage displayed in a 3D visualization. A 
portion of the quad-meshed structure is represented in fig. 
19b, where it is possible to observe the continuity of the 
mesh along the borders shared by several primitives. 

Fig. 18 Definition of a skin with a window. 

 

a) 

 

 

b) 

Fig. 19 The entire model of the helicopter fuselage in 3D 

scene (a) and a portion of the quad-meshed structure (b). 

The graphical interface of the tool includes a logical 
tree where each primitive, defined by the user, appears as 
node. Thanks to this logical tree and to the parametric 
geometric definition of the primitives, it is very easy for the 
designer to modify, remove or add new primitives at any 
time (fig. 20). This graphical interface avoids the user the 
input of wrong values and narrows the selection of the 
bearing instances to the only existent elements. 

 

 

Fig. 20 The logical tree with all the primitives 

Once the aeronautical structure is modelled, the 
interactive selection within the 3D scene of the nodes, 
where load and boundary conditions are applied, is 
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carried out. The CAD/CAE tool allows writing a data file 
(with .bdf format) as input for NASTRAN solver. 

Figure 21 shows an example of propagation of the 
modifications; in comparison with the fig. 19a) here the 
control points of the upper stringer (in the left section of 
the fuselage) are no more collinear,  

 
Fig. 21 An example of propagation of modifications. 

 

5 Conclusions 
For some years now our research group has been 

developing a parametric-associative modelling approach 
focused on aircraft structural concepts. This approach 
allows the designer to carry out the geometric modeling 
and the automatic mesh generation within one software 
environment. This represents evidently a large advantage 
since the structural optimization process is simplified. 
Moreover the data translation from a format into the other 
is avoided, together with poor conceptual value 
operations, due to manual correction activity of the model, 
In this paper the the mathematical description of the 
structural primitives has been improved in order to include 
higher order of continuity (C1 and C2) between adjacent 
instances. Based on the scheme of representation here 
proposed, a quad-mapped mesh is obtained. A suitable 
algorithm has been implemented in order to optimize the 
mesh quality in the neighborhood of the holes. 

The automatic propagation of modifications is 
efficiently implemented according to well-defined 
schemes of dependence thanks to which the 
modifications involve only the interested instances. These 
schemes assure that the propagation of modification 
occurs keeping the pre-established order of continuity. 

This approach has been implemented into a 
CAD/CAE tool, called MeshFEM, using C++ and Matlab 
languages and the VTK library for the 3D graphic 
visualization. This tool, opportunely interfaced with a FEM 
solver, allows the designer to obtain, since the very early 
phases of the design process, some crucial structural 
information based on which a conceptually valuable 
design solution can be selected. 
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Abstract 

Purpose: 
The aim of this work is the development of a procedure able to model the highly irregular 
cellular structure of metallic foams on the basis of information obtained by X-ray tomographic 
analysis. 

Method: 
The geometric modelling is based on the feature “pore” characterized by an ellipsoidal shape. 
The data for the geometric parameters of the instances are obtained with a methodology 
which is driven by the pore volume distribution curve. This curve shows how much the cells, 
whose diameter belongs to a given dimensional range, contribute to the reduction of the total 
volume.  

Result. 
The presented methodology has been implemented into a CAD tool consisting of a Matlab 
routine identifying the instances of the feature “pore” and a CATIA’s macro modelling the 
closed cells foam. 

Discussion & Conclusion: 
The CAD model developed for two types of closed cells foams approximates by considerable 
accuracy both the density and the volume distribution of the real foams. 
 

1 Introduction 
Metallic foams are a new class of materials; they are 

characterized by a cellular structure consisting of a solid 
metal, frequently aluminium, containing a large volume 
fraction of gas-filled cells. Several manufacturing 
processes are currently used and other innovative 
methods are being developed in order to obtain a more 
reliable and uniform production. Technological process 
determines also if the cellular material is made of open or 
closed cells. 

In the last few years interest about metallic foams has 
significantly increased. These materials, in fact, show an 
interesting combination of physical and mechanical 
properties that make them particularly versatile: the low 
apparent density, for example, allows obtaining a high 
stiffness/specific weight ratio, the presence of cavities and 
the essential in-homogeneity provide them acoustic and 
thermal insulation properties, besides the possibility to 
absorb impact loads and to damp vibrations. However, 
the industrial applications of metal foams are yet 
restricted since there is not a complete characterization of 
these materials.  

Nowadays the design of high-performance materials 
requires a deep insight into the material microstructure as 
well as into its influence on properties. Geometric models 
are important tools for studying these complex structure-
property relations. In particular the modelling approach 
proposed in this paper has as final aim the evaluation of 
the macroscopic mechanical behaviour of some 
aluminium alloy foams starting from micro-structural 
measurements.  

The mechanical behaviour of metallic foam is certainly 
affected by the cell morphology, which represents, 

therefore, a crucial characteristic for this class of 
materials. The fundamental work by Gibson and Ashby [1] 
showed that density is another key parameter influencing 
the foam behaviour. However, a modelling approach 
taking into account only these properties can not explain 
the high scatter in both physical and mechanical 
properties. Additional micro-structural properties, such as 
for example the cell volume distribution, the wall thickness 
and curvature, the internal surface area should be 
considered in order to better characterize the behaviour of 
these materials.  

The tomographic technique allows a 3D reconstruction 
of the metallic foam: a voxel model of the foam with a 
given resolution can be easily obtained. In [2] this model 
is directly translated into a mesh of cubic elements, 
having the same dimension of the tomographic resolution, 
in order to evaluate the behaviour of the cellular material. 
However, this method is extremely time-consuming 
because, the specimen, in order to be representative, 
must be sufficiently large in comparison with the average 
cell size and consequently this involves a very large 
number of finite elements and excessive calculation time.  

Another approach, based on tetrahedral finite elements, 
can be more suitably used. In [3] the authors pointed out 
that, the same accuracy can be reached using the 
tetrahedral meshes coarser than those produced by the 
voxel/element method, as the triangles, composing the 
tetrahedrons, can be larger than the resolution of the 
tomographic analysis while preserving the actual shape to 
model. Clearly this approach requires as input the 
geometric model of the foam microstructure.  

In a previous work [4] the authors proposed a 
comparative study between two different modelling 
approaches in order to simulate the behaviour of the 
cellular material during a compressive test. Both the 
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approaches aimed at modelling a foam characterized by a 
density value and an average cell size corresponding to 
real values. The two different approaches differed for the 
cell morphology. The easiest model was based on the 
regular repetition of a Kelvin cell [5, 6]. This cell has been 
largely used because it corresponds to the minimum 
surface energy for a constant volume. The Kelvin cell 
model resulted inadequate to describe the foam structure. 
In particular, Young’s modulus of the foam was 
overestimated. The difference in the elastic module value 
respect to the experimental value was originated by the 
regular disposition of Kelvin cell into the model, which 
was far from the real aspect of the metallic foam. For this 
reason, the authors focalised their efforts to obtain a 
second model able to conjugate the geometrical simplicity 
of an elementary cell and the possibility to build a random 
assembly. In order to define a schematization with highly 
random cell morphology, authors’ attention focused on an 
ellipsoidal surface having random dimensions, orientation 
and position. Even if the elastic modulus was yet 
overestimated, the agreement between experimental and 
numerical stress-strain curves was better. However, this 
model presented some problems at higher strains. In 
these physical conditions, in fact, the proposed model 
was not able to reproduce the behaviour of the real foam 
because of some limitations intrinsic to the same model 
[4].  

In the present paper a new methodology aiming at 
modelling the highly irregular cellular structure of metallic 
foams is proposed. For each metallic foam under 
examination a geometric model is obtained approximating 
very well both the density and the volume distribution of 
the real foam. In particular, attention is focused on the 
closed cell foams made of aluminium alloy, since their 
high relevance in several industrial fields. The model here 
proposed is yet based on an ellipsoid-shaped feature 
“pore”, but it differs from the surface model proposed in 
[4] since it is a solid model. In order to reproduce the high 
irregularity of the foam structure the values of size, 
location and orientation parameters of the feature “pore” 
are randomly generated within well-defined ranges which 
are identified based on the results of the image 
processing of tomographical scans.  

2  The modelling approach 
The base cell of the foam used in this approach is 

modelled by the feature “pore”. It is an ellipsoid of 
revolution (or spheroid) whose two distinct semi-axis 
lengths are denoted a and c. The spheroid is oriented so 
that its symmetric rotational axis is along the z’-axis (fig. 
1). If all the three semi-axes are equal, the feature pore is 
a sphere; otherwise, depending on whether c<a or c>a, 
an oblate spheroid (lentil-shaped) or prolate spheroid 
(rugby ball-shaped) is obtained. In fig. 1 the geometric 
parameters of this feature are shown. They are:  
- semi-axis lengths: a, c; 
- center coordinates: xc, yc, zc; 
- ellipsoid orientation: azimuth angle (q) and zenith 

angle (f). 
 

 

Fig. 1 The feature “pore”.  

 
In order to describe the high irregularity of the foam 
architecture, the values to be assigned to the geometric 
parameters of the feature pore are generated by a uniform 
random distribution. In particular, the values for the 
intrinsic parameters (i.e. semi-axes lengths) are obtained 
by a methodology (described in section 2.1) which is 
driven from the pore volume distribution curve for the 
foam under examination. This curve is derived from a 
tomographical analysis performed on two specimens, one 
made of Aluligth foam and the other made of Alporas 
foam. This analysis has been carried out at the Scanco 
Medical (www.scanco.ch) by the AGµCT40 system; it is 
based on the same physical principles and mathematical 
algorithms as the classical medical CT scanner. The 
analysed object is rotated, and at each position a shadow 
image is taken. After image acquisition, the internal 
microstructure of the foam is constructed using a 
tomography back projection algorithm. The volume was 
stored in a 3D-image array. After the measurement and 
reconstruction were completed, a constrained Gaussian 
filter was used to suppress noise in the original volume 
data. A thresholding procedure was then used to separate 
the material from the surrounding. 3D Morphometric 
analysis was performed as described in [7]. The Foam 
Volume (FV) can be calculated by counting the foam 
voxel within a Volume Of Interest (VOI). The ratio of the 
foam voxel (FV) to the total volume (TV) within the VOI 
gives the foam volume density (FV/TV).  

Furthermore, a distance transformation (DT) method is 
employed for the determination of the cell size, ds, by 
fixing spheres into the voids of the structure. The average 
maximum diameter of the sphere that fits the cell void 
space gives the corresponding ds-value for cell size. The 
pores volume distribution can be obtained on the basis of 
the cell size distribution and it is shown in fig. 2a for 
Alporas and in fig. 2b for Aluligth.  

The center coordinates xc, yc, zc are generated by a 
uniform random distribution within the selected reference 
volume (for example a cube of side length 10 mm). While, 
q and f are randomly generated within the interval [0,p]. 

In fig. 3 a picture of the Alporas foam is shown as 
example. 
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a) 

 
b) 

Fig. 2 Pores volume distribution obtained by X-ray 

tomography for Alporas a) and Aluligth b). 

The final model is obtained by a Boolean subtraction 
between the reference volume and the aforementioned 
ellipsoids. This methodology has been implemented into a 
CAD tool consisting of a Matlab routine identifying the 
instances of the feature “pore” and a CATIA’s macro 
modelling the closed cells foam.  

 

2.1 Data generation of the pore feature 
parameters  

Data needed to define the intrinsic geometry of the pore 
feature are obtained by a methodology driven from the 
volume distribution curve for the foam under examination. 
This curve shows how much the cells, whose 
characteristic diameter dS belongs to the range ]di; di+1], 
contribute to the empting of the total volume. For the 
foams under examination the range amplitude ]di; di+1] is 
chosen as equal to 0.09 mm. This value allows to exclude 
the pore sizes that not contribute significantly to the 
volume reduction. 

The methodology here proposed begins taking into 
account the largest cell-sizes, within the range ]dN; dN+1]. 
This range is identified removing all those intervals 
characterised by higher values for which only fractions of 
one cell are involved. One or more instances of the 
feature pore are randomly generated till the related 
volume fraction is higher than the corresponding value 
derived from the distribution curve. Then, the instances 
with dS-values belonging to ]dN-1; dN] are considered and 
so on. 

Not all the instances belonging to the generic range ]di; 
di+1] can be accepted into the model. In fig. 4 the 
flowchart for the acceptance of a generic ellipsoid Ei and 
for the evaluation of the related volume is shown. Firstly 
the procedure verifies if Ei overlaps with another ellipsoid 
or not. In order to carry out quickly this step, the 

interference test is applied to the oriented bounding boxes 
(OBBs). For each ellipsoid, in fact, a rectangular bounding 
box, having an arbitrary orientation in 3D-space, can be 
identified. If the OBB containing the ellipsoid Ei does not 
intersect any other, then Ei cannot collide with anyone of 
the accepted ellipsoids. In this case, therefore, Ei can be 
accepted as an instance for the feature pore and the 
corresponding volume is evaluated. A fast overlap test for 
two OBBs is based on the Separating Axis Theorem [8, 
9]. This algorithm projects the boxes onto some axis in 
space, so that each box forms an interval on the axis. If 
the intervals do not overlap, then the boxes are disjoint 
and the axis is called “separating axis”. If a separating 
axis exists, then the OBBs are disjoint. There are 15 
potential separating axes for two OBB; they are normal to 
a face or to an edge for each box. The verification 
consists in computing the radii of the intervals; if the 
distance between the box centers projection on axis is 
greater than the sum of the radii, the intervals are disjoint 
and the boxes too (fig 5). 

 

Fig. 3 Alporas foam. 

 

 

 

Fig. 4 Flowchart for the acceptance of a generic ellipsoid Ei 

and for the evaluation of the corresponding volume. 
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Fig. 5 L is a separating axis for OBBs A and B because 

A and B give disjoint intervals under projection onto L. 

 
When a collision between the OBBs is detected then 

the procedure verifies if the centre of Ei is outside from all 
the other accepted ellipsoids. This test aims at discarding 
ellipsoids, like that shown in fig. 6 and denoted as Ei. The 
condition here presented, besides being not realistic, 
makes the volume evaluation unreliable and gives several 
problems during the following CAD modelling.  

 

Fig. 6 The case of an ellipsoid Ei with centre inside another 

ellipsoid.  

 
In order to carry out this test the following condition 

must be satisfied: 
 

2 2 2
2 2 2

2 2 2

COS COS COSPQ PQ PQ
1

a b c

a b g
+ + >

uuur uuur uuur

       (1) 

 
In (1) P is the centre of an accepted ellipsoidal pore E0. 

Q and a, b, c are respectively the center and the semi-
axes of the ellipsoid Ei to be tested. Finally a, b, and g are 

the direction cosines of the vector PQ  within a reference 

system with origin in P and coordinate axes coincident 
with the axes of symmetry of E0. 

In order to associate a single ds-value to each cell of 
the modelled foam, the procedure verifies that a complete 
sphere can be identified for each pore. The pores, whose 
internal sphere overlaps with another, are discarded. 

To establish if the volume fraction, related to a given ds-
range, is higher than the reference value derived from the 
experimental curve, the volume of the accepted ellipsoid 
Ei must be estimated. For ellipsoids overlapping each 
other the volume of the internal sphere is taken into 
account underestimating the actual pore volume. 

Moreover, the algorithm also considers if the accepted 
ellipsoid Ei intersects the faces of the control volume (i.e. 
the volume of the sample) or not. Also in this case an 
approximate evaluation of the pore volume is proposed in 
order to take in account this possibility. 

 

2.2 Foam CAD model  

Starting from the parameters set obtained by the 
aforementioned procedure, a CAD model of the metal 
foam is developed. The CAD modelling follows three 
steps: 

- generation of a cube (the reference volume); 
- generation of ellipsoids; 
- execution of a Boolean subtraction between the cube 

and the ellipsoids.  
This procedure has been automatized by a CATIA’s 

macro (Visual Basic script), whose steps are detailed in 
the flowchart in fig 7.  

Fig. 7 Flowchart of the Catia’s macro.  

Each ellipsoid is created as revolution solid of a 2D 
ellipse around the z-axis. After the creation, each ellipsoid 
is rotated around two axes (fig. 2) and finally translated on 
its center point. When the ellipsoids are created and 
positioned, they are subtracted by the cube (the reference 
volume). It is possible to subtract progressively the 
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range ]di; di+1], and calculate the corresponding volume 
fraction. 

3 Results and discussions 
The CAD model obtained by the aforementioned 

procedure is shown in fig 8 a) e b) respectively for 
Alporas and Aluligth foams.  

Firstly, the reliability of the model is verified comparing 
its relative density to that measured on a real specimen. 
The pores volume distribution of the CAD model and that 
resulting from the µCT analysis are also compared and 
shown respectively in fig 9a for Alporas and in fig. 9b for 
Aluligth. In these figures, the distribution curve, as 
approximately estimated by the algorithm here proposed, 
is shown too. The curve, labelled as microCT, is the pore 
volume distribution obtained by tomography and used as 
input in the procedure for data generation of intrinsic 
parameters a and c. This curve is derived from that 
shown in fig. 2, resulting from a scan on a 40x40x20 mm 
specimen. In the case under examination a cube of side 
length 10 mm is considered as reference volume. 
Moreover, the range amplitude ]di; di+1] is selected equal 
to 0.09 mm. The curves, labelled as Algorithm and CAD, 
are the pore volume distribution obtained from the 
procedure illustrated in section 2.1 and from CAD 
modelling respectively.  

 

a) 

 

b) 

Fig. 8 Foam CAD model: Alporas a) and Aluligth b). 

 

a) 

 

 

b) 

Fig. 9 Comparison of  pores volume distribution between the 

CAD model and those resulting from the µCT analysis and 

the implemented algorithm. Alporas a) and Aluligth b). 

 

As shown in fig. 9, the good agreement between the 
pores volume distributions in input (microCT curves) and 
in output (CAD curves) shows the validity of the presented 
methodology for the modelling of both closed cells foams 
under examination. The higher values of percentage of 
pore volume deriving from the algorithm and the CAD 
modelling are due to the fact that, during the generation of 
cells, the pores with higher ds-values are discarded if at 
least one cell can not be inserted. The consequently loss 
of volume is recovered by inserting a higher number of 
smaller pores. This causes the raising of the output 
curves. Moreover, the volume calculated during the CAD 
modelling by CATIA is the highest since the algorithm 
underestimates the volume of the accepted voids. The 
contribution to the pore volume due to the smaller pores 
(ds < 0.25 mm) is neglected in order to limit the number of 
cells and to reduce the calculation time. The evident 
oscillation of the CAD curve for higher pore diameters is 
due to the very low number of cells inserted for these size 
ranges.  

In fig. 10, the trend of the density value versus the 
number of cells is reported for both foams. As shown, the 
density decreases quickly up to an almost constant value. 
This means that few larger pores give a greater 
contribution to the reduction of the volume; on the 
contrary a large number of smaller pores gives a very 
limited or zero contribution. The real density is achieved 
introducing about 300 cells in the model for Alporas and 
about 900 cells in the model for Aluligth. Further smaller 
cells do not change significantly the relative density of the 
models. In the case of the Aluligth the number of cells is 
greater since the mean pore diameter is smaller than that 
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derived from Alporas, as shown from the relative 
distribution curve. 
 

 

a) 

 

 

b) 

 

Fig. 10 Relative density of Alporas a) and Aluligth b) foams 

models versus the number of cells. 

 

4 Conclusion 
In this work a new methodology, aiming at modelling 

the highly irregular cellular structure of metallic foams, 
has been developed. The model here proposed to 
reproduce the cellular microstructure of closed cell foams 
is a solid model based on an ellipsoid-shaped feature 
“pore”. In order to model the high irregularity of the foam 
structure the data for size, location and orientation 
parameters of the feature “pore” are randomly generated 
within well-defined ranges based on tomographic data. In 
particular, the values for the intrinsic parameters are 
generated by a methodology driven from the volume 
distribution curve for the foams under examination. This 
curve shows how much the cells, whose diameter is 
within a given range, contribute to the empting of the total 
volume. On the basis of experimental data deriving from 
tomographic analysis, two types of closed cells foam are 
modelled approximating very well both the density and 
the volume distribution of the real foams. 

The presented methodology has been implemented 
into a CAD tool consisting of a Matlab routine identifying 
the acceptable instances of the feature “pore” and a 
CATIA’s macro modelling the closed cells foam. 

A future work aims at analysing more deeply the CAD 
foam models here proposed. In particular, a comparison 
between the geometric parameters obtained by an image 
processing methodology on one slice of the tomographic 
scan and one slice of the CAD model will be performed. 
Moreover, a FEM analysis will be carried out on the CAD 
model in order to characterise the mechanical behaviour 
of the considered foams. 
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Abstract 

The sphere is a common object in uncountable engineering problems, which not only 
appears in structural elements like domes but also in thousands of mechanisms normally 
used in diverse kinds of machines. To design, calculate and analyze the behaviour on service 
of spherical elements it’s essential to have a good method to create an ordered group of 
discrete points of the spherical surface from the parametric equations commonly used to 
define the sphere continuously. 

One of the best known and widely used in high-level programming environment is 
MATLAB. The programming language has thousands of functions, lots of them specially 
designed for engineering processes. One of these functions generates a sphere knowing a 
given radius and shows the result. Nevertheless, this function is really imprecise because it’s 
based on parallels and meridians besides the obtained vertices don’t keep a constant 
distance each other. That because it would be appropriate to design a new function to 
generate accurate discrete approximations of the sphere. 

The objective of this paper is create a low-level function in MATLAB to obtain a discrete 
sphere with high regularity and high approximation in order to provide a good base to solve 
sphere-based engineering problems. To ensure a perfect symmetry and a high regularity 
platonic bodies will be used as a base to divide the continuous spherical surface in a finite 
number of regular triangles. The obtained results for the different seed bodies will be 
represented graphically and compared to each other. The accuracy of each method will be 
evaluated and compared too. 

1 Introduction                                             
The objective of this work is to design a program that 

allows triangulation of a sphere defined by the value of its 
radius (eq. 1, eq. 2, eq. 3; being R the radius of the 
sphere, q the zenithal coordinate and f the azimuthal 
coordinate) [1], [2]. The process of triangulation [3], [4] 
involves the calculation of new vertices of the polyhedron 
which will replace the given sphere, its proper association 
forming triangles, which are the faces of the polyhedron, 
and finally, the graphic representation in a three-
dimensional environment of those faces, giving rise the 
polyhedron result of triangulation, whose vertices have to 
meet the necessary condition of being contained in the 
initial sphere. According to these last conditions it follows 
that for the fulfilment of these objectives the program will 
work generating polyhedra inscribed in the given sphere, 
discarding the circumscribed polyhedral approach option. 

 

 fq cossin ××= RX  (1) 

 

 fq sinsin ××= RY  (2) 

 

 qcos×= RZ  (3) 
 

1.1 State of art 

MATLAB provides developers a huge amount of 
generic functions, many of them oriented to create and 

show three-dimensional surfaces. Between these 
functions there is one that allows us to generate a three-
dimensional mesh for the surface of a sphere: 
“SPHERE(N)”. This function creates a mesh of the 
spherical surface, where the radius of the sphere is one 
unit and “N” is the number of divisions in which the vertical 
diameter of the sphere is divided by the parallels planes. 
So “N” is the number of meridians, or the number of 
parallels plus one, used to create the mesh from the 
theoretical sphere. 

At first one could think that this approach is enough to 
cover any kind of need for obtaining a discrete sphere. 
The lack of accuracy derived from a low value of the 
parameter “N” could be easily solved increasing its value 
and, therefore, the computing time. Nevertheless, a 
deeper analysis would show that this approach preserves 
a sensible difference between the longest and the 
shortest edges of the mesh, even increasing the value of 
the parameter “N”. This detail could be not so important if 
the approach is only used to obtain a three-dimensional 
rendering with no further intention but it becomes critical 
when the obtained data (points and edges of the result 
mesh) are used in engineering calculus like, for example, 
resistance of structures. 

In order to compare the results of the developed 
algorithm with the results offered by the MATLAB built-in 
spherical approach the divergence between the shortest 
and the longest edge of the approach will be calculated 
for several values of the parameter “N”. This divergence 
will be used as a measure of the regularity of the 
approach. 
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The first step to calculate the shortest and the longest 
edges of the mesh is to determine the radius of the 
smallest and the biggest parallels (excluding equator) of 
the geographic coordinate system (meridians and 
parallels) used to divide the sphere. The radius of the 
smallest parallels, which are the closest to the poles is 
given by the eq. 4, where “R” is the radius of the sphere 
and “n” is the number of vertical divisions made by the 
parallels. 
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The radius of the biggest parallels, which are the 

closest to the equator, are given by the eq. 5 (if “n” is odd) 
and the eq. 6 (if “n” is even), where “R” is the radius of the 
sphere and “n” is the number of vertical divisions made by 
the parallels. 
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The longest edge between the edges that form the 

meridians is extracted from the radius of the smallest 
parallels and its value is given by the eq.7. 
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The shortest edge between the edges of the meridians 

is extracted from the radius of the biggest parallels and its 
value is given by the eq.8 and the eq. 9, depending on if 
“n” is odd or even, respectively 
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The parallels edges are obviously calculated from the 

radius of the corresponding parallels: the longest edge is 
obtained from the biggest parallel radius and the shortest 
edge is calculated from the smallest parallel radius, both 
of them following the eq. 10, where r is the corresponding 
radius of the considered parallel. 
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Using the obtained equations a complete study of the 

edges divergence of the geographic coordinate system-
based MATLAB own spherical approach algorithm is 
carried on for several values of the “N” parameter, in 

order to obtain solid data based on a commercial solution 
to compare our algorithm results with. 

The achieved results are shown in the table Tab. 1, 
where the first row shows the divergence between edges 
of the parallels, the second row shows the divergence 
between edges of the meridians and the last row contains 
the global divergence of the edges of the approach. Each 
column corresponds to a different simulation using a 
different value of “N” and, consequently, a different 
number of generated faces (N2). 

 
Faces (n2) Parallels Meridians Global 

52 0.2114 0.4944 0.7518 

102 0.2472 0.4314 0.4314 

152 0.2075 0.3831 0.3831 

202 0.1764 0.3470 0.3471 

252 0.1522 0.3200 0.3200 

302 0.1340 0.2984 0.2984 

352 0.1195 0.2809 0.2809 

402 0.1079 0.2662 0.2672 

452 0.0983 0.2537 0.2570 

502 0.0904 0.2428 0.2477 

Tab. 1 Divergence between edges 

The table shows results of the spherical approach 
regularity (divergence between edges) analysis applied 
over the MATLAB “SPHERE” algorithm. The values are 
given as multiples of the radius of the original sphere (R). 

The evolution of the global edge divergence obtained 
using the MATLAB “SPHERE” algorithm increasing the 
value of “N” is our estimator of the regularity of the 
approach and is graphically shown in the fig. 1. The 
divergence (blue line) is the difference between the 
longest edge (red line) and the shortest one (green line). 

 

Fig. 1 Evolution of the divergence between edges by 
increasing the value of the parameter “N”. 
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2 Development of the program                                     

2.1 Main structure and basic lines of the 
program 

In order to achieve the proposed objectives multiple 
algorithms [5], [6], [7] can be designed for generating 
polyhedral surfaces, starting from different basic 
polyhedra. However, if you want to make a high quality 
triangulation, namely ensuring that the resulting 
polyhedron vertices are evenly distributed across the 
surface of the sphere and that the faces of the generated 
polyhedron are identical, it is clear that you have to start 
to work over a regular polyhedron whose faces are 
triangles. Between all the Platonic solids there are three 
that meet this condition: the tetrahedron, the octahedron 
and the icosahedron, with four, eight and twenty 
equilateral triangles respectively. All of them are therefore 
valid seed polyhedra to initiate a precise triangulation of 
the sphere. Despite not being made up of triangles, the 
cube deserves special attention, since it is readily 
apparent that if we draw the two diagonals of each of their 
faces we get four new triangular faces from each of the 
initial square faces. However, it is also seen that to create 
a valid and operative seed polyhedron from this cubic 
approach it is necessary to move the new vertices 
(centres of cube faces) along the perpendicular line to the 
face that cut the face of the cube in its centre, until they 
meet the cube circumscribed sphere membership 
condition. Once we have modified the cube we obtain a 
twenty-four non-equilateral triangular faces polyhedron 
which is capable of being used as a basis for the 
triangulation of the sphere. 

Having analyzed the alternatives, we decided to use 
the four polyhedra mentioned above to develop four 
different models of triangulation of the sphere. Three of 
them will generate a net of equilateral triangles: The 
tetrahedral triangulation [8], the octahedral triangulation 
and the icosahedral triangulation; and the other one will 
create a network of non-equilateral triangles derived from 
the cube polyhedron described above: Cubic 
triangulation. 

Each triangulation method need, first at all, to generate 
the corresponding seed polyhedron, taking the radius of 
the sphere demanded by the user as the only input data. 
To generate the tetrahedral seed, inscribed into the 
theoretical sphere, it is necessary to use the eq. 4 to 
calculate the length of each edge of this regular 
polyhedron (a) from the radius of the sphere (R). The 
length of each edge of a cube inscribed into a sphere is 
given by the eq. 5 and it’s the first data used to create the 
cube-derived triangular-faced seed polyhedral. The 
octahedral seed can be generated like the tetrahedral one 
using the eq. 6 to obtain the proper edge length. Finally 
the icosahedral seed is generated in the same way using 
the eq. 7 to calculate the corresponding edge value. 
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Once both the objectives and the modus operandi of 

the program are fully defined, it’s necessary to establish 
the form that it has to have, in terms of structuring and 
encapsulation of the code refers [9], [10], [11]. Since four 
tasks are performed in parallel on the same program, a 
base program and another four specific sub-programs will 
be used. The main program will interact with the user and 
will call one of the four sub-programs, which will perform 
the necessary calculations and display the final result 
obtained, as appropriate to the user's choice. 

Once at this point we must define the type of program 
that will be obtained after the compilation of the code and 
the programming language that will be used to write the 
corresponding code. In order to allow the later use of the 
generated program as part of medium and high level 
engineering programs we decided to adopt as kind of 
program the ".m" function type, which corresponds to a 
MATLAB own kind of file. MATLAB is a worldwide well-
known computer program for advanced calculation based 
on matrices [12], [13], [14], [15], [16], [17], [18], [19], [20], 
[21]. 

The wide use of MATLAB in almost all the branches of 
the applied sciences, and even more in the engineering 
world, will make possible to include our function in a huge 
range of applications. MATLAB also offer us the possibility 
of converting the program into an universal C library, 
which can be included in any other program. In order to 
program this type of executable MATLAB has its own 
language and a compiler called "Editor", from which 
programs can be written, apart from the command window 
itself, or "Command Window", which you can perform any 
operation or all of them directly, without creating a 
corresponding program in a ".m" file using the editor. In 
our case we use the command window only for testing or 
simple calculations may be necessary isolated in the 
process of project development and eventual debugging. 
The necessary software will be developed exclusively as 
".m" files using the editor. 

In the coming paragraphs we will analyze the base 
program and the various sub-programs that are invoked 
from it. 

2.2 Main program 

The base program has only one task: to determine the 
approximation of the sphere that the user (or, in its case, 
higher level program that calls the function) wants to 
perform and to execute the corresponding program for 
this approach. To obtain the user’s preferences (if the 
function is called from a higher level program the 
necessary information will be passed as parameters to the 
function), the program prints out a list of the four options 
available to the user and urges him to choose one 
providing the numeric value associated with it and 
corresponding to the order they are listed. Once stored 
this value in a variable it is contrasted with the values for 
each option to find the selected option. When the user’s 
choice is found, the main program calls the program that 
performs the chosen spherical approximation and the 
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execution of the main program finishes at the end of the 
called subroutine. If the value entered by the user does 
not match with any of the options available, the program 
will repeat the question until the user gives a coherent 
response. 

The base program name will be Sphere.m, so to start 
running our suite of triangular approximations of the 
sphere simply type "Sphere" in the MATLAB command 
window after making sure that we are working on the 
proper "Current Directory". 

The sub used to calculate and graphically display the 
different approaches of the sphere will be detailed later 
and are the following ones:  
- Triangulation_tet.m performs the tetrahedral 

triangulation of the sphere.  
- Triangulation_cub.m performs the cubic triangulation of 

the sphere.  
- Triangulation_oct.m performs the octahedral 

triangulation of the sphere.  
- Triangulation_ico.m performs the icosahedral 

triangulation of the sphere. (1) 

2.3 Structure of each triangulation of the sphere 
algorithm 

The first step when we start writing code for any of the 
sub files -Triangulation_tet.m, Triangulation_cub.m, 
Triangulation_oct.m, Triangulation_ico.m- should be to 
delete all the variables that will be used during the 
execution of the program, in order to avoid that previous 
values interfere giving inconsistent results. In our case, 
since the programs do not use any previous variable 
stored in the workspace, we decided to delete all of the 
variables using the command "clear." This step will 
always take place at the beginning of all the sub-
programmes.  

Then, it proceeds to ask the user (or higher level 
program) for the radius of the sphere whose triangulation 
approach he wants to perform and the number of 
divisions that will take place, after triangulation, in each of 
the edges of the corresponding seed polyhedron 
(tetrahedron, cube, octahedron or icosahedron) inscribed 
into the sphere which radius was introduced above. Note 
that this last value corresponds to the square root of the 
number of triangles in which each of the faces of the 
inscribed polyhedron is subdivided, that is to say, if you 
enter a value "n", n2 triangles will be generated for every 
initial triangular face. This is a precision parameter of the 
approach to be made. A too high value of this parameter 
will provide more accurate results but will involve a 
greater number of points that may make it harder the 
visualization of the 3D generated polyhedron. The 
increase in computing time is not significant for 
reasonable values of precision. Anyway, the use of the 
function in real-time systems or any other kind of high 
level programs that require high speed execution would 
force us to establish a balance between the accuracy of 
our results and the meeting of the real-time requirements. 

A POINTS matrix (TET_POINTS, CUB_POINTS, 
OCT_POINTS or ICO_POINTS, in each sub) is 
constructed with the vertices of the inscribed polyhedron 
sorted by rows and expressed in spherical coordinates, 
so that the first column contains the radial component, the 
second one the azimuthal component and the third one 
the zenithal component. These last two coordinates are 
given in radians, while the radius is expressed in the 
same units used by the user to enter the value.  

Then the FACES matrix (TET_FACES, CUB_FACES, 
OCT_FACES or ICO_FACES) is generated by combining 
the rows of the corresponding POINTS matrix (vertices of 
the tetrahedron) in groups of three to form the different 
triangular faces (three points each) of the tetrahedron.  

Once these matrices are generated, we construct the 
ORDER array, which consists of sets of three numbers 
that are the indices of three of the points that will be 
obtained later, when the division of each triangular face of 
the tetrahedron is performed and whose mission is to 
define in what order they join the new generated points to 
form the new faces. The indices are assigned to each 
face from top to bottom and from left to right with the top 
vertex (or bottom in some other cases) facing upward, as 
shown in the fig. 2. 

 

 

Fig. 2 Scheme of triangulation system 

The figure also shows the scheme of the triangulation 
system carried on in order to obtain new equilateral 
triangles from each of the equilateral triangular initial 
faces of the corresponding seed polyhedron. 

The cubic approach doesn’t provide an equilateral-
faced seed polyhedron so this triangulation system can’t 
generate equilateral faces from the original ones, but it 
preserves the similarity between the children triangles and 
the mother one. 

The numbers show the order followed to generate all 
the needed points from the spherical coordinates of the 
points of the original triangular face (1, 7, and 10). 

According to the description of the matrix ORDER and 
looking at the Figure 2, the vectors (1, 2, 3) and (2, 3, 5) 
will be, for example, rows of ORDER. The size of this 
matrix will be n2x3, since each one of the n2 generated 
faces per original face has three points. Now that it is has 
been set the order in which we must connect the dots to 
create the faces, we proceed to calculate these points, all 
of them contained on the surface of the theoretical sphere 
requested by the user.  

These points, as they are calculated in the order 
specified above, are stored in that order in the matrix TRI. 
To carry out this task it will be loaded the coordinates (R, 
phi, theta) of the points corresponding to the primitive 
faces (4 in case of the tetrahedron) and n2 groups of 3 
points corresponding to each face will be calculated and 
stored in the array TRI. To carry out this process it is used 
an auxiliary matrix called TRI1, which only serves to 
accumulate and then transfer new information to TRI, 
without deleting the previous data already stored in it. 
After the creation of the points of a face it will take place 
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the graphic representation of the triangular face, the 
coordinates for the next face will be loaded and it will 
repeat the process with all the primitive faces until the 
representation of the final polyhedron (tetrahedral, cubic, 
octahedral or icosahedral approach) is completed. The 
algorithm for calculating the new sub-faces of each 
original triangular face needs two nested loops that will 
sweep each initial triangle from top to bottom and from left 
to right (fig. 2) by creating new items. 

This algorithm uses the coordinates of the vertices of 
each primitive faces. Since two of these coordinates are 
angular, in certain faces (they could be called "closure 
faces " of the polyhedron, since they use the first and last 
vertices of the same and close it definitely) they coexist 
vertices belonging near-zero angular coordinates but 
positive in any case (first points) with other vertices 
belonging angular coordinates close to 2 * π radians (360 
degrees). In these cases the algorithm could give 
erroneous results, since the calculation of intermediate 
points provide a range of points between 0 and 2 * π 
radians, namely, points distributed throughout the whole 
sphere, without any of them inside the corresponding 
initial face area, as it should be. To fix this possible 
programming error, it comes before implementing the 
algorithm, to approximate the angular coordinates to each 
other as follows: If a parameter is very high (close to 2 * π 
radians) and the other is close to zero it is necessary to 
add 2 * π radians to the lowest one, eliminating the 
problem without changing the physical value of the 
variables.  

After calculating each new array TRI, as mentioned 
above, we proceed to the representation of the triangular 
face that represents, according to the binding order of the 
points specified in the ORDER matrix. For this task and in 
order to reduce the structural complexity of the program, it 
will be programmed a separate function, which is called 
triangles(ORDER, X, Y, Z). This function takes as 
parameters the ORDER matrix and the vectors of 
coordinates of points X, Y and Z. Its only effect is the 
three-dimensional representation in the MATLAB 
environment of the various sub-faces generated from 
each primitive face. The given points in the cartesian 
coordinates vectors will be joined following the order of 
union of the vertices specified in the ORDER matrix.  

Before invoking this new function, the vector of 
Cartesian coordinates X, Y and Z are generated from the 
spherical coordinates of the points contained in the matrix 
TRI. Only a simple conversion from spherical coordinates 
to cartesian coordinates algorithm is needed (remember 
the equations eq. 1, eq. 2, eq. 3; being q the zenithal 
coordinate and f the azimuthal coordinate). After the 
return from the function, writing on the chart is enabled by 
including the command "hold on", which will overlap more 
faces in subsequent loop cycles without removing the 
previous ones or creating a new chart each time. When 
all the iterations of the loop have been done (as many 
iterations as faces of the original polyhedron), the 
command "hold off" is used to disable the writing on the 
current chart and the program ends. 

2.4  Differences between each triangulation 
algorithm 

In the tetrahedral triangulation case it has been 
decided, in order to distinguish this triangulation from the 
other methods and take advantage of the fact that the 
tetrahedron has one side parallel to the ground plane (z = 
0) by placing the corresponding ternary axis 

perpendicular to the ground, not to apply the triangulation 
to the face contained in this plane. This modification 
achieves to guide the project, at least one of its branches, 
to a possible practical application in the design of domes 
or spherical base covers built on a triangular lattice base. 
Due to this change, it varies the size of some of the 
matrices used in the program, as it is evident. The 
tetrahedral triangulation shows a six-planes-of-symmetry 
spherical approach as a result. Each plane is defined by 
each edge and the medium point of the opposite one. This 
result will have 4 * n2 faces, being n the accuracy 
parameter described above. 

The fig. 3 shows the result of applying the tetrahedral 
triangulation algorithm to a sphere of one unit of radius. 
The value of the accuracy parameter (n) used in this first 
approach was 6. Another simulation of the same algorithm 
was carried on using a value of 20 for the “n” parameter. 
The result is shown in the fig. 4. 

 

Fig. 3 Tetrahedral triangulation with n=6 

Tetrahedral triangulation of the sphere obtained using 
an accuracy parameter of n = 6 means that each edge of 
the original tetrahedron (inscribed inside the theoretical 
sphere which radius is given) is divided in six new edges, 
generating 36 new triangles per original face. 

 As it was said above, one of the faces is not 
triangulated in the tetrahedral approach, so the final 
number of triangles in the mesh is 108. 

This figure and the rest of approaches to the sphere 
showed below were obtained running the program in the 
MATLAB console. Although the graphic results of the 
simulation come from the MATLAB environment, they are 
only a way to show visually the obtained results (vertices 
of the generated approach) and they can be easily stored 
and showed using any other graphic tool.  

The colour assigned to each face depends on the value 
of the Z coordinate (vertical height): Dark blue is assigned 
to the ones that show a lowest value of the Z coordinate 
and dark red is assigned to the ones that show a highest 
value. Points with a value of the Z coordinate between the 
minimum and the maximum get as colour the result of the 
lineal combination of the extreme colours.  

In tetrahedral triangulation of the sphere obtained using 
an accuracy parameter of n = 20 (as show figure 4), each 
edge of the original tetrahedron is divided in 20 new 
edges, generating 400 new triangles per original face. 
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Fig. 4 Tetrahedral triangulation with n=20 

Only three faces were triangulated, in order to suggest 
a real application in the vault calculus, like in the previous 
simulation result. The final number of triangles in the 
generated mesh is 1200. 

The cubic triangulation produces a spherical approach 
from a cube, so the triangles are not equilateral and a 
lower structural quality approach is obtained. Anyway, it is 
more accurate than the tetrahedral one. This spherical 
approach will have 6 * 4 * n2 faces, being n the accuracy 
parameter described above. 

The fig. 5 shows the final polyhedron obtained from the 
application of the cube-derived triangulation algorithm. 
The used value of “n” was also 6 in this first simulation 
and also 20 in the second one, which result is shown in 
the fig. 6. 

 

Fig. 5 Cube-derived triangulation with n=6 

In the approximation obtained from the cube using an 
accuracy parameter of n = 6 (Fig. 5), each edge of the 
polyhedron generated (not edges of the cube) is divided 
in 6 parts, generating 36 new triangles per triangle. It 
produces a quite complete meshing, with 864 generated 
triangles. 

 

Fig. 6 Cube-derived triangulation with n=20 

In the cube-derived triangulation of the sphere obtained 
using an accuracy parameter of n = 20, each edge of the 
polyhedron generated from the cube is divided in 20 parts, 
generating 400 new triangles per original triangle. It 
produces a 9600 triangles mesh. 

The octahedral approach offers a regular structure, 
made from equilateral triangles, with nine symmetry 
planes but a worse mesh density than the cubic one, with 
only 8 * n2 faces in the final result. 

The same two values of the “n” parameter were used to 
carry on the simulation of the octahedral triangulation 
algorithm. The obtained result for the n = 6 approach 
appears in the fig. 7. This simulation produces a quite 
regular mesh of 288 triangles.  

 

Fig. 7 Octahedral triangulation with n=6 
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The result for the approach with n = 20 one is shown in 
the fig. 8. This simulation produces a regular mesh of 
3200 triangles. 

 

Fig. 8 Octahedral triangulation with n=20 

Finally, the icosahedral spherical approach is the 
alternative that belong the best characteristics. The result 
has fifteen planes of symmetry and it generates 20 * n2 
equilateral faces following a regular icosahedral structure. 

Proceeding like in the previous approaches, the 
icosahedral triangulation one is tested using the same 
values for the “n” parameter. The obtained results of the 
algorithm are graphically represented in the fig. 9 and in 
the fig. 10. 

 

Fig. 9 Icosahedral triangulation with n = 6 

The obtained result in this case is a highly regular 
mesh of 720 triangles. 

 

Fig. 10 Icosahedral triangulation with n = 20 

The result is a highly regular mesh of 8000 triangles. 
A quick comparative overview of the four different 

methods can be obtained easily from the tab. 2. 
 

Triangulation 
method 

Tetrahedral Cubic Octahedral Icosahedral 

Seed body 
vertices 

 4    8+6 6 12 

Seed body 
edges 

 6  12+24    12 30 

Seed body 
faces 

 4    6*4 8 20 

Final 
polyhedron 

faces 
    4*n2  24*n2    8*n2    20*n2 

Accuracy     Low   Medium Medium    High 
Mesh 
quality 

Medium    Low Medium    High 

Tab. 2 Relevant data of each triangulation method 

This table shows the number of vertices, edges and 
faces of each seed polyhedron as well as a qualitative 
description of the accuracy of each method and the 
structural quality of the corresponding mesh. 

3 Conclusions 

3.1 Comparison of the geometric regularity 
between the MATLAB “SPHERE” approach and the 
developed approaches 

In order to compare the geometric regularity of the 
different triangulation methods developed and compare it 
to the results obtained for the built-in MATLAB “SPHERE” 
approach the divergence between the longest and the 
shortest edge of each own approach will be calculated. 

Since we would like to get values of that divergences 
for several accuracys (using the number of faces of the 
approach as an accuracy parameter, for example) of each 
approach method, a high-level program will be created, in 
ordre to proccess and show all the divergence data of 
each approach and it’s evolution with the total number of 
faces generated (N2). 
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This program will execute one by one all the sub-
programs and obtain the value of the longest and shortest 
edges generated. The geometric divergence of each 
method will be obtained as the difference between both 
parameters. The proccess will be repeated for all the 
wished values of the accuracy parameter. All the obtained 
data will be storaged and showed in a graph in order to 
compare our approaches to the MATLAB one more 
easily. 

The obtained data for several values of the number of 
faces (N2

, where “N” is not the described accuracy 
parameter but the square root of the total number of 
generated faces, to allow the easy comparison with the 
MATLAB “SPHERE” command obtained results) was 
collected in tab. 3, where the first row contains the data 
related to the tetrahedral approach, the second one refers 
to the cubic-based one, the third one to the octahedral 
approach and the last one to the icosahedral one. 

Tab. 3 shows the results of the spherical approach 
regularity analysis (divergence between edges) applied 
over the MATLAB “SPHERE” algorithm. The values are 
given as multiples of the radius of the original sphere (R). 

  

Tab. 3 Results of the spherical approach regularity  
(divergence between edges) 

A quick view of tab. 1 and tab. 3 shows that even the 
worse triangulation method developed, at least in terms of 
geometric regularity, which is the tetrahedral one, is much 
better than the meshing method used by the MATLAB 
“SPHERE” function. Having a look at the obtained data 
for 502 faces, the MATLAB “SPHERE” approach offers a 
divergence of almost 25%R, meanwhile the tetrahedral 
triangulation reaches a divergence of 8.45%R, the cubic-
based triangulation 7.06%R, the octahedral triangulation 
6.21% and the icosahedral triangulation method is able to 
reduce the divergence below the 5%R. 

The evolution of the divergence increasing the number 
of divisions done in each of the original edges of the seed 
polyhedron (real “n” parameter) for each method is easily 
observable in fig. 11, fig. 12, fig. 13 and fig. 14, which 
show the collected data of the regularity analysis carried 
on for the tetrahedral triangulation method, the cubic-

based triangulation method, the octahedral triangulation 
method and the icosahedral triangulation method, 
respectively.  

 

Fig. 11 Divergence between edges (tetrahedral approach) 

In Fig. 11 we can see the evolution of the divergence 
between edges of the tetrahedral approach by increasing 
the value of the accuracy parameter “n”. The divergence 
(blue line) is the difference between the longest edge (red 
line) and the shortest one (green line). 

 

Fig. 12 Divergence between edges (cubic approach) 

Fig. 12 shows the evolution of the divergence between 
edges of the cubic-based approach by increasing the 
value of the accuracy parameter “n”. The divergence (blue 
line) is the difference between the longest edge (red line) 
and the shortest one (green line). 

 

Fig. 13 Divergence between edges (octahedral approach) 

Fig. 13 shows the evolution of the divergence between 
edges of the octahedral approach by increasing the value 
of the accuracy parameter “n”. The divergence (blue line) 

Faces 
(n2) 

Tetrahedral Cubic Octahedral   Icosahedral 

52 0.4494 0.2352 0.1801  0.0171 

102 0.3122 0.2685 0.1924  0.1372 

152 0.2343 0.2019 0.1559  0.1167 

202 0.1821 0.1581 0.1279  0.0979 

252 0.1508 0.1273 0.1089  0.0841 

302 0.1303 0.1075 0.0945  0.0733 

352 0.1147 0.0948 0.0837  0.0652 

402 0.1025 0.0850 0.0748  0.0587 

452 0.0926 0.0771 0.0679  0.0533 

502 0.0845 0.0706 0.0621  0.0490 
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is the difference between the longest edge (red line) and 
the shortest one (green line). 

 

Fig. 14 Divergence between edges (icosahedral approach) 

Fig. 14 shows the evolution of the divergence between 
edges of the icosahedral approach by increasing the 
value of the accuracy parameter “n”. The divergence 
(blue line) is the difference between the longest edge (red 
line) and the shortest one (green line). 

The supremacy of the icosahedral triangulation 
method, according to the geometric regularity, over the 
MATLAB “SPHERE” function and the rest of the 
developed triangulation methods is observable in these 
last figures. The starting value of the divergence is 
extremely low and it falls really fast increasing the value 
of “n” (divisions per edge of the original polyhedron). 

3.2 Comparison between the own algorithms 
and conclusions about future applications  

After to have checked the four algorithms created to 
give a triangular approach to the sphere it is obvious that 
the best results are obtained using the icosahedral 
approach. The accuracy of this triangulation method is 
extremely high using a relatively low number of triangles. 
The generated triangles are equal to each other in almost 
all the cases and the structural regularity of the obtained 
mesh is also the best one. 

This result is easily expected taking into account the 
fact that the icosahedron is the regular polyhedron that 
has the highest number of equilateral triangles as faces 
(20), as the tab. 2 shows. Apart from that, the regular 
distribution of its faces makes the icosahedron probably 
the best seed body to carry on an accurate triangulation 
of the sphere. 

The tetrahedral triangulation method reaches also a 
high accuracy from certain values of the “n” parameter. 
Probably the main problem of this approach is, more than 
the low accuracy for low “n” values, the preservation of 
the three edges of the tetrahedron after the triangulation, 
as circumference arcs over the theoretical spherical 
surface. 

This “problem” could also be an advantage. Despite 
the existence of this phenomena mean, first of all, that the 
triangles close to them are not equals to the rest, it also 
mean that if this model is used to build architectonical 
elements it is highly probably that the rest of the bars of 
the structure discharge their tensions over this other bars. 
In other words, this effect could create three base points 
where the whole weight of the structure and the rest of 
the charges over it will transmit their efforts. Of course 
this effect will depend on the distribution of charges over 
the structure. Anyway, it would allow us to distribute the 

charge over three single points (columns), which is more 
stable than using four or more supporting points. 

The cubic approach generates a higher number of 
triangles than the expected one for a fixed value of “n” 
because each face of the original cube is converted, 
before starting the application of the algorithm, in four 
non- equilateral triangles. The high number of faces 
doesn’t mean a high quality mesh because the cubic base 
and the later adaptation to a triangular-faced polyhedron 
make some convergence points to appear. These points 
are placed in a position corresponding to the centre of 
each cubic face, common point between the transformed 
edges. 

This characteristic can be also used in architectural 
elements design and building because it allows us to build 
semi-spherical domes with four points of tensional 
concentration, where the columns must be placed. 

The octahedral triangulation method offers a better 
approach from the mathematic point of view, eliminating 
divergences between triangles and convergence points. 
The obtained accuracy is higher for the same number of 
faces in the final polyhedron. It’s the second best model, 
after the icosahedral one, of course. 

The icosahedral triangulation algorithm offers the best 
result and it could have thousands of applications, not just 
in the design and development of domes, but in any area 
of the applied sciences where a high accuracy discrete 
model of the sphere is needed. The softness and 
regularity of the obtained result is clear in the fig. 9. The 
accuracy of the approach can be increased as much as 
needed due to the high computational efficiency of the 
generated algorithm. 

The only problem could be the computing time but to 
reach higher than one second computing times it was 
necessary to use values of the accuracy parameter (n) 
around 100. It means 200000 triangles in the icosahedral 
approach final polyhedron. 

It was impossible, for now, to make any of these 
algorithms to fail or break the execution of the program. 
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Abstract 

A popular method of constructing a smooth surface with arbitrary topology is choosing an 
irregular mesh and applying iteratively the Catmull-Clark algorithm. The sequence of meshes 
obtained in this way converges to a surface, whose curvature is continuous, except in a 
vicinity of special mesh elements; apart from the curvature discontinuity there, the limiting 
surface exhibits undesirable undulations, visible on curvature images. In this paper a shape 
optimization method is described, modifying vertices of the mesh to produce a surface with 
the curvature continuous and the undulations significantly reduced.  

1 Introduction 

To be convenient for designers, representations of 
surfaces with complicated shapes must have a rather 
small complexity. The number of points manipulated 
directly by a designer may be reduced by allowing the 
designer to specify only the surface boundary and using 
an automatic procedure to compute the other control 
points. A typical approach for surfaces of arbitrary 
topology is approximating smooth surfaces by planar 
triangles, and solving geometric flow equations (see e.g. 
[2], [14], [15]). The optimization of shape explicitly using 
B-spline representations of surfaces is harder, though this 
approach turned out to be competitive for tensor product 
patches [8]. The main difficulty in extending the latter 
approach to surfaces of arbitrary topology is the necessity 
of constructing an appropriate function space. In this 
paper such a construction has been developed for 
surfaces with curvature continuous, represented by 
irregular meshes, and made (almost entirely) of bicubic 
polynomial patches. 

2 Mesh refinement 
In this section we recall the mesh representation of 

surfaces and the mesh refinement algorithm; it may be 
used to increase the resolution of surface representations 
in order to represent finer details of shape, and in the 
construction of special element domain nets described in 
Section 3. A mesh consists of vertices, edges and facets. 
An edge may belong to one or two facets; in the former 
case it is called a boundary edge, and in the latter case it 
is called internal. The vertices, whose all incident edges 
are internal, are called internal. Any facet with all vertices 
internal is also called internal. Other vertices and facets 

are called boundary vertices and facets. The internal 
vertices, whose numbers of incident edges are other than 
four, and the non-quadrangular internal facets, are called  
special elem ents of the mesh.  
The mesh refinement algorithm is implemented using two 
operations, called doubling and averaging. 

Doubling is a construction of a new mesh, with copies 
of all original facets and with additional facets, 
corresponding to the original edges and vertices. A~facet 
corresponding to an edge has four edges and vertices; its 
two opposite edges have the vertices, which coincide with 
the original edge end points, and thus the facet is reduced 
to a line segment. A facet corresponding to a vertex is 
degenerated to a point; the number of its vertices is the 
number of edges incident with the original vertex (plus 1 
for a boundary vertex, fig. 1a)  

Averaging is a construction of a new mesh, whose 
vertices correspond to the facets of the given mesh; they 
are positioned at the gravity centres of the sets of vertices 
of those facets. Each internal edge produces an edge 
between the vertices corresponding to the two facets 
sharing that edge. Facets of the new mesh correspond to 
the internal vertices of the given mesh (fig. 1b). 

Refinem ent is a doubling followed by n averaging 
operations. Note that  

 
- All facets of a mesh obtained by doubling, 

corresponding to the edges of the original 
mesh have four vertices and edges. 
Moreover, all internal vertices are incident with 
four edges. Thus all special elements of    a 
mesh obtained by doubling are facets. 

- Averaging converts special vertices to special 
or boundary facets and special facets to 
special or boundary vertices. If n is even, then 
the mesh refinement produces a mesh, whose 
all special elements are facets. If n is odd, 
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then all special elements of the result are 
vertices. No new special elements are 

produced by the operations discussed here.  
- If a mesh has no special element, then the 

refinement operation implements the Lane-
Riesenfeld algorithm [11] (see also [12]). 
Iterating it produces a sequence of meshes 
convergent to a limiting surface. Any part of a 
mesh from this sequence, consisting of n x n 
facets    and n+1 x n+1 vertices, which form a 
square array with the edges joining the 
neighbouring vertices in the columns and 
rows, is the B-spline representation with 
equidistant knots of a polynomial patch of 
degree (n,n), being a part of the limiting 
surface. The convergence of the sequence of 
meshes is fast: some estimate of the distance 
between the mesh and the limiting surface, 
after the refinement is decreased four times. 

- If a mesh has special elements, then the 
limiting surface consists of an enumerable set 
of polynomial patches of degree (n,n). The 
refinement operations with n=2 and n=3 are 
special cases of the Doo-Sabin and Catmull-
Clark algorithms (see [3], [1], [12]). 

 
A mesh to be optimized must have all facets 

quadrangular. The shortest path between any two special 
vertices or between a special vertex and a boundary 
vertex must consist of at least two edges, which belong to 
different facets. Usually two iterations of the Catmull-Clark 
algorithm suffice to produce a mesh satisfying these 
conditions from an arbitrary mesh. 

 

3 Space and basis construction 
 
The surface representation may be written in the form 
 
                                                             (1) 
 
where  are the mesh vertices, and 

 are functions defined in the domain made of 
elements described below. The shape optimization is 
done by modifying some vertices of the mesh. 

The surface consists of polynomial patches; each of 
them corresponds to an internal facet of the mesh. There 

are two types of the patches. An ordinary patch 
corresponds to a facet surrounded by eight other facets, 

whose vertices may be arranged in 4 x 4 array (fig. 2). 
Such an assembly of 9 facets, 16 vertices and  24 edges 
will be called an ordinary patch control net. It is 
associated with a so called ordinary elem ent, which is a 
unit square. 

 

 
Fig. 2: An ordinary patch control net and a Sabin net 

of radius 2 in a mesh 
There are 16 basis functions , nonzero in any 

ordinary element; they are associated with the 16 vertices 
of the ordinary patch control net. The restriction of  to 
the ordinary element is the tensor product of the 
polynomials, which describe cubic B-spline functions with 
integer knots. Thus the ordinary patch control net is the 
bicubic B-spline representation of the ordinary patch. 

An example of a function , nonzero in 16 adjacent 
ordinary elements, is shown in fig. 3. 

Parts of a mesh surrounding special elements are 
referred to as Sabin nets [4]. In our case all special 
elements are vertices incident with  edges; a part of 
a mesh surrounding such a vertex, made of  facets, is 
called a Sabin net of radius . A Sabin net of radius 2  
(fig. 2) represents  special patches. 

Fig. 1: Doubling (a) and averaging (b) of a mesh 
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Fig. 3: A basis function with support consisting of 

ordinary elements 
 
A special elem ent is the domain of a parameterization 

of the  special patches represented by a Sabin net. The 
idea of construction of a special element and basis 
functions nonzero in it is as follows: let  denote the 
composition of the refinement operator (doubling followed 
by 3 averaging operations) and the operation extracting a 
Sabin net of radius 3 around a vertex incident with  
edges from the refined mesh. The operator  has the 
greatest eigenvalue 1 and the multiplicity of the next 
greatest eigenvalue is 2. There exists a planar Sabin net 
with  axes of symmetry, which is an eigenvector of  
associated with that double eigenvalue, (see fig. 4). 

In the construction its size is chosen so as to obtain 
the area  described below of measure , which is 
relevant for the choice of the constants  (see Section 4). 
Such a Sabin net is called a special elem ent domain 

net. Subnets of a special element domain net represent 
 bicubic patches, which surround a curvilinear polygon 
 with  corners. The area  is divided into  curvilinear 

quadrangles , identical up to rotations and 
axial symmetries. A polynomial mapping  is 
defined for . Then Sabin nets in  are 
constructed as follows: the vertices have the x,y 
coordinates as in the domain net. The  coordinate of one 
of  vertices of the Sabin subnet of radius 2 is set to 
1, and the other vertices have . The surface made of 
the ordinary patches represented by such a net is a graph 
of a scalar function  defined in an area with the hole . 
A set of polynomials  of degree (9,9) is constructed, 
such that the function  defined piecewise as 

 for  is of class  and it is a 
numerical solution of the triharmonic equation  
in , with the boundary condition fixing the function value 
and the first and second order cross derivatives at the 
boundary of , determined by the function . As a 
consequence, the special patches have polynomial 
parameterizations of degree (9,9), and if the surface 
represented by a mesh is regular, then its curvature is 
continuous. Examples of basis functions constructed in 
this way are shown in fig. 5. Details of this construction 
are described in [6], where it has been used to fill 
polygonal holes in mesh surfaces (see also [7]). The sum 
of the basis functions in each element (special as well as 
ordinary) is 1, and due to this fact the relation between the 
surface and the mesh representing it is an affine invariant.

 

 
 

 

 
 

Fig. 4: Special element domain nets for k = 3, 5, 6, 8 

Fig. 5: Examples of basic functions nonzero in a special element 
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4 Optimization criterion 

It is assumed that the surface has a boundary, which is 
fixed together with the tangent plane and mean curvature 
at each point of the boundary. This is done by fixing all 
vertices of the mesh, whose distances from any boundary 
vertex (measured by the number of edges in between) 
are less than 3. If necessary, one can fix additional 
vertices, which is a method of imposing constraints on the 
surface. Such constraints are called soft, as opposed to 
hard constraints, having the form of linear equations (to 
be satisfied by mesh vertices), expressing e.g. 
interpolation conditions for the surface. Examples of using 
constraints are discussed in section 6. The shape 
optimization is done by searching a minimum of the 
functional 

                                                   (2) 

Here  is a surface, whose parameterization  is 
represented by a mesh, as described in previous 
sections. The symbol  denotes the gradient of the 
mean curvature on the surface; the integration is done 
with respect to the surface measure. The value of the 
functional  may be computed by integration over the 
elements: 

                              (3) 

4.1 where  denotes the set of element indices,  is 
an element, and  is the matrix of the first fundamental 
form of the parameterization . The mean curvature  is 
interpreted here as a function defined in the elements, 

and  is the ordinary gradient. Though the 

evaluation of the functional  may be done using 
derivatives of the parameterization, the functional is 
parameterization independent, i.e. its value is determined 
by the shape of the surface . This causes a trouble for 
the numerical algorithm, as the minimization problem may 
not have a unique solution. To overcome this problem, a 
regularization term is added. The optimization goal is to 
minimize the functional 

                                                       (4) 

where  is a positive constant discussed later, and 

                                        (5) 

The letter  denotes the orthogonal projection of  on 
the tangent plane of the surface; this projection is 
supposed to weaken the influence of the surface 
curvature on the value of the functional , which 
increases with the growth of undulations of constant 
parameter curves of the parameterization  over the 
elements. The coefficients  are arbitrary positive 
constants. If a mesh represents a tensor product bicubic 
B-spline patch, then one can take the same  for all 
elements. Experiments show that taking  
works also for meshes with special elements, i.e. it makes 
the optimization method convergent. However, the 
regularization term affects the shape of constructed 
surfaces, and the effect is most pronounced in a vicinity of 

special patches. The resulting quality degradation may be 
reduced by taking smaller coefficients  for special 
elements and their neighbouring ordinary elements. 
Taking  too small causes troubles with the convergence 
of the optimization algorithm. Studying the influence of the 
parameters  on the result and developing alternative 
regularization methods are open problems. If an isometry 
is applied to the surface, the values of both terms in 
Formula (4) remain unchanged. The choice of the factor 

 

where  is the diameter of the (fixed) surface 
boundary and  is the total number of elements, is based 
on the analysis of behaviour of  and  when a homotetia 
is applied to the surface or to the parameterization domain 
(see [8]). With  chosen as above any homotetia changes 
both terms in (4) by the same factor, which ensures the 
invariance of the construction with respect to geometric 
similarities. 

5 Optimization algorithm 
The optimization algorithm is based on the classical 

Ritz method. The arguments of the function 
                                     (6) 

are the coordinates of the non-fixed mesh vertices. The 
numerical procedure is searching for a zero of the 
gradient of . Subsequent approximations  of the 
solution may be constructed using an iterative procedure 
described in [8], where it was used to optimize the shape 
of bicubic B-spline tensor product patches. During an 
iteration, the system of linear equations 
                                                               (7) 

is set up, where  is the gradient and  is the 

Hessian of the function  at . If the matrix  is 
positive-definite, then the system [7] is solved and then, if 

, the procedure takes  
; this is a Newton method step. If the 

Hessian matrix is not positive-definite or the Newton 
method does not decrease the function value, 
minimization along the Levenberg-Marquardt trajectory [5] 
is done, i.e. searching for a minimum of the function 

 
                                                     (8) 
 
where  is the solution of the system of equations 
 
                                                  (9) 
 
This method makes it possible to use starting points 

insufficient for the Newton method. The formulae to 
evaluate (using quadratures) the function , its gradient 
and the Hessian may be found in [8]. 

The Hessian matrix is sparse, with nonzero coefficients 
scattered irregularly. By renumbering of variables it is 
possible to transform it to a matrix with an irregular band 
containing relatively few zeros, which may be 
decomposed at a reasonable cost using the Cholesky's 
method. The most time-consuming part of the algorithm is 
the computation of the Hessian coefficients and therefore 
if the Newton method step is effective, i.e. in addition to 
decreasing the value of  it decreases the length of 
gradient by the factor at least 4, the Hessian matrix and its 
decomposition factor are reused in subsequent iterations. 
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The rate of convergence is thus decreased, but the total 
computation time is shorter. 

The algorithm outlined above works well enough if the 
number of unknown variables is moderate --- up to about 
15000 (i.e. approximately 5000 mesh vertices). 

Beyond that the Cholesky's decomposition is too 
inefficient. The optimization method appropriate for 
meshes with greater numbers of vertices is based on the 
domain decomposition. The idea is as follows: subsets of 
the set of vertices, called blocks, are chosen, which 
cover with overlaps the set of the non-fixed mesh 
vertices. Iterations of the minimization method described 
above are made for subsequent blocks until the Newton 
method step for each block is effective. Then the final 
phase of optimization is entered: the Newton method for 
the entire set of unknown variables. The system [7] is 
solved using the conjugate gradient method [10], with a 
preconditioner described below. 

Let  be a block index and let 
 

 
 
Where  is the Hessian matrix of  at ,  is the 

diagonal matrix with the -th diagonal coefficient equal to 
1 if the -th argument of  belongs to the -th block, and 
0 otherwise, and  is the permutation matrix, chosen so 
as to obtain 

 

 

 
where is a nonsingular matrix with a possibly 

narrow band. The preconditioner is the matrix  such that 
 

 

 
The conjugate gradient method may fail, as the matrix 
 may be undefinite even if all matrices  are positive-

definite. In that case a number of additional iterations for 
the blocks are made. 

Fig. 6 shows an example of blocks. Black dots mark 
the vertices, which belong to one block, and the vertices 
from more than one block are marked with blue dots. Let 
the diameter of a block be defined as the maximal 
distance (the number of edges in the shortest path) 
between its vertices. It is desirable (because of the rate of 
convergence of the optimization algorithm) to choose 
blocks, whose diameters are small relative to their 
numbers of vertices, and making rather wide overlaps. 

The algorithm used in the existing implementation choses 
seeds, i.e. some vertices of the mesh, and then it builds 
in the set of vertices a discrete Voronoi diagram for these 
seeds. Each block consists of the vertices from one 
Voronoi region extended to create overlaps. The resulting 
rate of convergence is often satisfactory, but further 
studies of the subject are planned. 

Using the preconditioner made of blocks as described 
above is a special case of the additive Schwarz method 
[13]. With the block algorithm is possible to optimize the 
shape of surfaces represented by meshes having up to 
30000 vertices. If an even finer representation of the 
surface was necessary, a multilevel method would have to 
be used; currently it is developed. 

 

6 Results 
 
Fig. 7 shows a surface obtained by iterating the 

Catmull-Clark mesh refinement operator and two surfaces 
with shape optimized. The mean curvature of the two 
surfaces, shown using the texture, is distributed much 
more evenly. The number of vertices of the mesh 
representing the surface in the middle is 1007, and 719 of 
these vertices were computed by the optimization 
procedure (the other vertices determine the surface 
boundary). For the surface on the right side there are 
3743 vertices, 3167 of which were non-fixed. The 
optimization of the surface in the middle took 134 
seconds. Then the mesh was refined and used as the 
starting point for the optimization leading to the surface on 
the right side, which was done in 791 seconds. In both 
cases the non-block optimization procedure was used.  

The optimized surfaces shown in fig. 7 slightly bulge at 
the central parts. To improve the shape one can impose 
constraints by fixing some vertices in addition to the 
vertices, which determine the surface boundary. The 
surfaces shown in figures 9-11 were obtained with 
constraints; the meshes representing the surfaces on the 
left side are shown in fig. 8. The vertices, which determine 
the surface boundary, are marked with blue dots, while 
red dots denote the vertices fixed in addition. 

The constraints for the junctions of three and five tubes 
in figures 9 and 10 fix the marked vertices along straight 
lines in two parallel planes. The resulting surfaces contain 
curves very close to line segments in two parallel planes. 
To obtain surfaces containing these line segments one 
might use hard constraints, i.e. interpolation consitions for 
the surface. However, the implementation of the 
construction with hard constraints is currently an open 

Fig. 6: Blocks of vertices and their overlapping parts 
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problem, and the soft constraints make it possible to 
obtain very close results. 

The junctions of tubes in fig. 11 were obtained after 
fixing some mesh vertices so as to obtain a B-spline 
approximation of a part of a cylinder. Additionally the 
vertices of a polyline made of the mesh edges were fixed 
in order to outline the desired shape of the appropriate 
part of the surface. 

Some information about the experiments, which gave 
the nine surfaces shown in figures 9-11, are given in  
tab. 1. The symbol  denotes the total number of 
vertices,  is the number of vertices computed by the 
optimization procedure,  is the number of elements,  
is the number of blocks and  denotes the number of 
Hessian evaluations during the optimization; if more than 
one block was used, then the first number in this column 
denotes the number of block Hessians (the matrices , 
see Section 5), and the second number is the number of 
Hessian matrices for the entire system of equations 
computed in the final stage of optimization. Computation 
times are given in the last column. All these experiments 
were done using a sequential, single-thread 
implementation of the algorithm, and a computer with a 
2.4GHz Pentium Core 2 processor. 

 

fig.      
time 

(s) 
9 1007 667 836 1 5 75 
9 3743 3033 3428 1 5 563 

9 14399 12969 13796 6 
2

0, 1 
2115 

10 1677 1095 1392 1 4 129 

10 6237 5055 5712 5 
9, 

1 
525 

10 23997 21615 22992 
1

0 
2

6, 1 
3523 

11 1871 925 1712 1 6 163 
11 7199 4021 6896 1 6 810 

11 28223 16741 27632 8 
2

7, 3 
4647 

Tab. 1: Data sizes and computation times 

 

7 Conclusion 
Spline surfaces represented by meshes are truly 

smooth, as opposed to sets of planar triangles computed 
by most shape optimization procedures described in 
recent publications. If smoothness is a mark of quality, 
then the construction described in this paper may produce 
surfaces of very high quality; to see any undulations one 
has to use very sharp visualisation tools, like curvature 
maps, as these undulations are invisible on pictures 
rendered using a lighting model and no texture, and even 
with weaker tools, like reflection or highlight lines, it is 
hard to reveal them. Imposing constraints may cause the 
appearance of undulations, however when constraints are 
used with sufficient care, one can obtain also surfaces of 
such a quality. 

There is no universal optimization criterion, and 
obviously one may need to modify the functional 
considered in this paper. The simplest possibility is to 
take advantage of the lack of affine invariance of the 
construction, by changing the coordinate system with a 
nonuniform scaling; this technique was used in [8] for 
tensor product patches. The rule is, that to decrease 
undulations in some direction one should scale down the 
surface in that direction. While this possibility greatly 
enhances the flexibility of the construction, it may be 
insufficient if the boundary conditions enforce rapid 
changes of the surface curvature. It seems that using 

curvilinear coordinate systems, specified with free-form 
deformations, might make it possible to adopt the 
optimization criterion to a really wide variety of 
applications. Implementing that is, however, another open 
problem. 

Soft constraints may be used, to a certain extent, to 
simulate hard constraints in the following way: each 
polynomial patch of the surface corresponds to an internal 
facet, and each corner of the patch may be associated 
with a vertex of this facet. If interpolation conditions (i.e. 
hard constraints) are to be satisfied by the corners of the 
patches, then at first one can fix the vertices at the 
desired locations of the patch corners. The interpolation 
conditions will be satisfied by the surface optimized with 
these soft constraints with some error. For each patch 
corner one can find the position error vector, subtract it 
from the associated mesh vertex, and fix the vertex at the 
new location. Then the optimization may be repeated. 
After one or at most a few iterations the interpolation 
conditions should be satisfied with a very small error. 

Having an optimized mesh, one can generate Bézier 
patches forming the surface. If the degree (9,9) of the 
special patches is too high, one can replace them by 
patches of lower degree, filling the polygonal hole in the 
surface, e.g. using the method described in [7], which 
produces biquintic patches forming a tangent plane-
continuous surface with small discontinuities of curvature. 
Another possibility is using the Catmull-Clark algorithm to 
obtain a better approximation of the limiting surface 
represented by the optimized mesh. 

An open source implementation of the construction 
described here is available from the author's web page 
[9]. This implementation is written in C; it was compiled 
using the GCC compiler and built into an interactive 
program running in the XWindow environment. It may be 
used directly to design surfaces, or it may serve as a 
reference in developing highly optimized, parallel 
industrial implementations. 
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Fig.7: A surface obtained by iterating the Catmull-Clark and results of shape optimization 

Fig. 9: A junction of three tubes 

Fig. 8: Meshes with some vertices fixed to impose constraints 

Fig. 10: A junction of five tubes 

Fig. 11: Another junction of tubes 
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Abstract 

The rational Bézier form has become a standard in CAD-CAM packages and data exchange 
formats, because it encompasses both conic segments (in the quadratic case) and general 
free-form geometry. We present several results on the relationship between the quadratic 
rational Bézier form and the classical definition of conics in terms of their characteristics, such 
as foci, centre, axis and eccentricity. First, we recall a simple geometric procedure to 
compute arbitrary conic segments of given focus in Bézier form. Second, from this procedure 
we derive the geometric characteristics of a given Bézier conic in a straightforward manner, 
by employing complex arithmetic. For a central conic, a simple quadratic equation defines the 
foci location, and its solution furnishes not only an explicit formula for the foci, but also for the 
centre, axis direction and linear eccentricity. 

1 Introduction 
The original polynomial Bézier model has a shortcoming, 
namely that it does not encompass all conics (only the 
parabola). This is a serious shortcoming as, for instance, 
conics find widespread use in optical and 
telecommunication instruments [3], owing to their 
remarkable reflective properties. To remedy this 
deficiency, the rational Bézier model was developed, 
where each control point is assigned a weight. Any conic 
segment can be expressed in quadratic rational Bézier 
form, and vice versa, any quadratic rational Bézier curve 
is a conic segment. This rational Bézier form has thus 
become a standard in CAD-CAM packages and data 
exchange formats. 
The Bézier representation of conics is found in most 
textbooks on CAD [5],[6],[9], and all NURBS monographs 
[4],[12],[13]. However, only Piegl and Tiller [12] include 
formulae, due to Lee [10], for obtaining the geometric 
characteristics (centre, foci, axes) of an already 
constructed rational quadratic Bézier segment, in terms of 
its weights and control points. Recently, Xu et al. [18] 
have derived explicit formulae, based on Lee’s results, for 
computing the eccentricity of a Bézier conic. Although not 
difficult, Lee’s computations [10] are rather involved. They 
require the use of Lagrange multipliers to derive the axis 
length, and involve complex formulae in terms of vector 
and cross products. Furthermore, no simple direct 
expressions are given for the foci, the relevant points 
regarding reflective properties sketched in figs. 1,2. 
This shortcoming was somehow tackled by Albrecht [1], 
who emphasizes on determining the foci of a given conic 
in Bézier form. However, her derivation requires heavy 
and sophisticated mathematical machinery, such as 
computing the singular points of a certain algebraic curve 
of degree four, or the use of a symbolic algebra package 
to derive some expressions. 

 
 

Fig. 1 Reflective properties of central conics with foci F−, F+ 
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Fig. 2 Reflective properties of a parabola with focus F 
 
Explicit formulae for all geometric characteristic are due to 
Goldman and Wang [8], although they do not employ the 
customary Bézier representation. They derive their results 
in an algebraic way, from the invariants of rational 
quadratic parameterizations under rational linear 
reparameterizations. 
We advocate an alternative, more geometric approach, 
based on representing conics in the complex plane �� . 
Complex analysis is a powerful and elegant tool that, 
though restricted to the planar case, facilitates the 
construction and analysis of curves in CAGD, as Farouki 
[7] notes. It might seem that representing a curve in �� , 
instead of in the customary 2D-Euclidean space, could be 
just a matter of taste. The point is that the space ��  
enjoys the algebraic structure of field, where not only can 
points be added, but also multiplied and divided, and 
square roots become meaningful. As a consequence, 
complex arithmetic drastically simplifies the expressions 
for the foci, centre, and linear eccentricity of a Bézier 
conic. 
The paper is arranged as follows. In Section 2, we first 
characterize the focus in a trivial form with complex 
notation. This basic result allows us to obtain the foci in 
Section 3, as the solutions of a (complex) quadratic 
equation. The centre and linear eccentricity come as by-
products. We also sketch how to computer other conic 
characteristics (Section 4). Finally, conclusions are drawn 
in Section 5. 

2 Characterizing the foci with complex 
products 

Before trying to obtain the foci of a given quadratic Bézier 
conic, we recall the inverse problem, that is, how to 
construct arbitrary Bézier conics of given focus F. Without 
loss of generality, we employ the standard form (with unit 
weights for the endpoints b0,b2.). Sánchez-Reyes [16] 
shows that, whereas we can choose arbitrarily b0,b2, the 
inner point b1 and weight w1=w are constrained: 
1) The point b1 lies on the bisector of the lines Fb0,Fb2, i. 

e., so that the segments b0b1 and b1b2 see F with the 
same angle Δ (fig. 3a). 

2) The inner weight w takes a specific value, determined 
by the radial distances rk: 

 

   

w2 =
r0r2

r1
2

,
rk = rk

rk = bk -F
. (1) 

Condition (1) simply rewrites in Bézier representation a 
classical result [14], which states that the intersection of 
any two tangents to a conic and both points of contact are 
seen from F within equal angles Δ. 

 
Fig. 3 Bézier points bk of a conic with focus F: 

a) General conic. b) Parabola. 
 

The radial vectors rk (1) can be hence written in polar form 
as complex exponentials [11] of moduli rk, and arguments 
θk equally spaced by the angle Δ: 

 
   
rk = rk eiqk , qk+1-qk = D . 

By introducing these complex exponentials and the value 
w (1), we obtain a startlingly simple characterization of the 
focus F, in terms of complex products: 

 
   
(wr1)2 = r0r2, rk = bk -F . (2) 

For the case of a parabola (w = 1), this relationship 
indicates that the values rk form a geometric progression, 
which admits an intuitive interpretation: the adjacent 
triangles Fb0b1 and Fb1b2 are similar (fig. 3b). This 
geometric property was already noted by Sánchez-Reyes 
[15], and derived also by Ueda [17] from the pedal-point 
construction of a parabola. 

3 Computing the foci, centre and linear 
eccentricity 

3.1 Conic classification 

Suppose that we are given a Bézier conic in standard 
form, of points bk and inner weight w1=w. To find the 
focus F, simply interpret equality (2) as an equation in the 
unknown F, and solve it. 
As shown in this Section, simple algebra yields the roots, 
according to the well-know case distinction (Fig. 4) that 
determines the conic type: ellipse or hyperbola (w ≠ 1), 
and parabola (w = 1).  
 

 
 

Fig. 4 Conic type accordino to the inner weight w. 
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To fix our ideas, we assume the customary condition 
w > 0. However, the sign of w plays no role, as reflected 
in the characterization (2), where w is squared. By 
reversing its sign, we just obtain the complementary 
segment of the same conic [5]. 

3.2 Ellipse or hyperbola 

 
The case w ≠ 1 yields a central conic, i. e., an ellipse 
(w < 1) or hyperbola (w > 1). Equation (2) is quadratic in 
F and, after straightforward manipulation, can be written 
in monic form: 
 F2 – 2CF + d = 0, (3) 

with coefficients C,d expressible as barycentric 
combinations: 

 

   

d= (1-a)b11
2 +ab0b2, a = 1/ (1-w2),

C = (1-a)b1 +aM, M = 1
2

(b0 +b2).
 (4) 

This quadratic equation (3) has two distinct solutions, 
namely the foci: 

   F =C±c, c= C2 -d , (5) 

where the symbol  denotes the principal square root of 
a complex number. Both C and c (5) admit an immediate 
geometric interpretation (fig. 5): 
· C is the midpoint of the segment joining the two foci F−, 

F+, and hence the centre of the conic. 
· c defines the direction of the major axis, joining C and 

F−, F+. The modulus c=|c| is thus the distance between 
C and either focus, called linear eccentricity. 

 

 
 

Fig. 5 Foci F, centre C and axis of a Bézier conic: 
central conics (ellipse and hyperbola) 

Observe that C is a barycentric combination (4) of b1 and 
the midpoint M  of the chord b0b2. Therefore, C lies on the 
line joining b1 and M , as already Lee noted [10]. In case 
c=0, we have a circle, where the two foci coalesce 
(F−=F+=C). 

3.3 Parabola 

A parabola can be regarded as a limiting case of a central 
conic such that w = 1. Therefore, α = ∞ for the barycentric 
coordinate (4), and C lies hence at infinity, along the line 
joining b1 and M. This line defines the axis direction a (fig. 
6): 

 
  
a=M -b1, M = 1

2
(b0 +b2) . (6) 

In this case, relationship (2) simplifies to a linear equation 
in F, whose solution is the sole focus of a parabola: 

 
  
F =

b0b2 -b1
2

2a
. (7) 

 
 

Fig. 6 Foci F and axis of a parabola in Bézier form 

 

4 Other conic characteristics 
Once the foci, centre and linear eccentricity are known, 
the computation of other geometric characteristics, such 
as axis length, eccentricity or focal parameter, is a 
straightforward exercise via traditional geometry [3], as 
explained in this section. We may also use the 
intermediate shoulder point S [9] on the Bézier conic, 
shown in fig. 4: 

 
   
S= 1-s( )b1 +sM, s =

1

w +1
. (8) 

4.1 Ellipse or hyperbola 

According to its well-known string construction [2], an 
ellipse (or hyperbola) is the locus of points such that the 
sum (or difference) of their distances to the foci F−, F+ is a 
constant 2a. This constant is easily calculated from any 
point b on the conic, such as b0 or b2, or the shoulder 
point S (8), for the sake of symmetry: 

 

   
2a = |b-F+| ± |b-F-|, +: ellipse

- :  hyperbola
. 

This value coincides with the length 2a of the major axis, 
joining the two vertices. From this length, and the linear 
eccentricity c, we derive the eccentricity e, as well as the 
semi-length b of the minor axis (ellipse): 
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e =

c

a
, b = c2 - a2 . 

4.2 Parabola 

A parabola is the locus of points that are equidistant from 
a point (the focus F) and a line (directrix). It corresponds 
to limit case of an ellipse with unit eccentricity (e = 1), and 
infinite linear eccentricity. 
Now the relevant characteristic is the focal parameter p, 
namely the distance between the focus and the directrix 
(fig. 7). Similarly to the case of the axis length for an 
ellipse or hyperbola, p is easily calculated from any point 
b on the conic. We compute now its distance r to the 
directrix, which equals that to F (8), minus the projection 
of b–F along the axis, defined by a (7). If β denotes the 
angle between a and b–F, then: 

 
   p = r(1- cosb), r = |b-F| . 

 
 

Fig. 7 Foci F, centre C and axis of a Bézier conic: parabola. 

5 Conclusion 
 
Complex arithmetic operations allow a simple, more 
accessible computation of the characteristics of conic 
sections in quadratic Bézier form. A complex quadratic 
equation yields as solutions the foci of a given central 
conic. Moreover, in the resulting expressions we readily 
identify the centre, linear eccentricity are direction of the 
major axis. Thus, the reflective properties of the conic are 
easily determined. For a parabola, the equation 
characterizing the focus reduces to a linear one. This 
approach for obtaining conic characteristics is 
conceptually and mathematically simpler than existing 
techniques. Otherwise complicated formulae with scalar 
and vector products reduce to trivial expressions. 
Once the foci, centre and linear eccentricity are known, 
the computation of other geometric characteristics is a 
simple exercise. 
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Abstract 

This paper presents a novelapproach for constrained B-Spline curve approximation based on 
the Force Density Method (FDM). This approach aims to define a flexible technique tool for 
curve fitting, which allows approximating a set of points taking into account shape constraints 
that may be related to the production process, to the material or to other technological re-
quirements.   
After a brief introduction on the property of the FDM and the definition of the network usedfor 
the formulation of the fitting problem, the paper explains in detail the mathematical approach, 
the methods and the techniques adopted for the definition of the proposed constrained B-
Splinecurve approximation. 
The results suggest that the adoption of a mechanical model of bar networks allows develop-
ing a more flexible tool than the traditional least squared methods (LSM) usually adopted for 
fitting problems. Numerical examples show that the new approach is effective in fitting prob-
lems when the satisfaction of shape constraints, such as those related to production orto 
technological processes, are required. 

1 Introduction 
Engineers often need to fit geometric or experimental 

data using a model based on mathematical equations. 
Several mathematical models are commonly used for 
curve fitting (e.g.: polynomial, Bézier, B-Spline, NURBS) 
and the choice of the right model requires a good know-
ledge of both the data to be fitted and the formulation that 
may be adopted. But, once the model has been chosen 
and the data are approximated through one or more 
curves, engineers can determine important characteristics 
of the data, such as the rate of change along the curve 
(first derivative), the local minimum and maximum points 
of the function (zeros of the first derivative), and the area 
under the curve (integral).  

The goal of curve fitting is to find the set of parameters 
that most closely match the data. The main theory behind 
curve fitting data revolves around minimizing the sum of 
the squares of the residuals: the residual of a curve fit for 
each data point typically is the vertical deviation from the 
observed data point and the predicted value as given by 
the function of the curve (the Euclidean distance, rather 
than vertical distance, might have been used, but it is 
more difficult to handle because it produces non-linear 
equations [1]). This approach is known as the least 
squares method (LSM). This method assumes that the 
measurement errors are independent and normally distri-
buted with constant standard deviation. For linear func-
tions, the solution for a best fit curve is a defined closed 
solution that can be directly solved. 

For non-linear functions, an iterative non-linear least 
squares approach is utilized to converge to the best fit 
curve (several algorithms have been formulated to aid in 
converging the solution to non-linear curve fitting [2-4]). 

LSM is the most widespread approach for curve fitting 
but, such as for other optimization methods [5-8], in some 
technological fields it is not easily applicable. 

Reverse Engineering and Topological Optimization are 
two application fields in which LSMs are often used to ap-
proximate a set of points or polygons with a mathematical 
model (fig.1). 

 

 
(a) 

 
(b) 

Fig.1Physical object, mesh model and section 

 extracted from the mesh model(a).  

Voxel model, polyhedron model and its silhouette(b).

Starting from a set of points, that could be captured as 
part of a reverse engineering process or extracted from 

topological optimization results, the designer has the ne-
cessity to rework these raw data with the introduction of 
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shape constraints in order to produce B-Spline curve that 
successfully reproduce regularities required by engineer-
ing applications (such as curvature, position and distance 
constraints). The constraints to be satisfied may be re-
lated to the production process, to the material or to other 
technological issues. 

Only the specialist that holds the specific knowledge is 
able to interpreter these data and take the right decisions 
about the fitting (e.g.: mathematical model and relative 
parameters, how to split the curve in several segments, 
continuity between each couple of consecutive segments, 
etc.). 

So it is possible to assert that curve fitting in some 
cases is a knowledge-based process, whichmight not be 
completely automated. 

To better control the link between the semantic of the 
processes, to avoid low manipulations of geometric data, 
and to be more flexible thanthe LSMs, the Force Density 
Method (FDM) introduced by Scheck [9] has already 
proved its capacities. It is based on a mechanical model 
of a network with tensile bars.Thanks to its properties, the 
FDM has been applied in various domains including 
lightweight tension and tensile integrity structures [10], 
optimization of tensile textile structures [11], and deforma-
tion of free form surfaces [12,13]. The large spread of this 
method is due to its main advantages: 
· Any state of equilibrium of a general net structure can 

be obtained by the solution of one system of linear 
equations. This system is constructed using the force-
length ratios or “force densities” in the branches as 
network description parameters. In other words, one 
single force density is prescribed in order to obtain a 
unique result for the appropriate state of equilibrium. 

· It is possible to extend the linear approach to the non-
linear force density method. The number of non-linear 
equations is identical with the number of additional 
conditions and is independent of the number of net 
nodes [9]. 

Therefore this approach may be simpler and less expen-
sive than the conventional solutions. 

In this paper, we propose to take advantage of the 
FDM to develop a constrained B-Splinefitting tech-
nique,able to take into account some shape con-
straintsthat may be specified in order to satisfy specific 
technological needs.  

The paper describes the overall methodology neces-
sary to reach a constrained fitting of B-Spline curves 
based on the FDM in which only a few set of constrains 
have been tested. After a brief introduction on the proper-
ty of the FDM and the definition of the network adopted 
for the formulation of the fitting problem, the paper ex-
plains in detail the mathematical approach,the methods 
and the techniques usedfor the definition of the proposed 
constrained B-SplineSplinecurve approximation. 

The approach is composed by four stages. In the first 
stage an initial B-SplineSplinecurve fitting problem is 
solved using the minimization of an objective function de-
fined as the sum of the square external forces computed 
on the free nodes of the network. 

The second stage implies the use of a toolbox for the 
curvature analysis and evaluation. In addition to the cur-
vature ,this toolbox is able to compute and depict the 
most important points belonging to the B-SplineSpline by 
means of the Leyton Process-Grammar [14]. 
 The third stage is characterized by a splitting toolbox 
that, using the information elaborated in the previous 
stage, introduces G0 continuities on the initial curve in or-
der to simplify its manipulation.  In fact, in the last stage, 

the B-Spline fitted curve is calculated again with the intro-
duction of some shape constraints like position, distance, 
straight and curvature.The fitting problem is solved using 
the Optimization Toolbox of MatLab[15] that allows to 
program linear/non-linear and equality/inequality con-
straints. 

The results suggest that the adoption of a mechanical 
model of bar networks allows developing a more flexible 
tool than the traditional LSMs usually adopted for fitting 
problems. Numerical examples show that the new ap-
proach is effective in fitting problems when the satisfaction 
of shape constraints, such as those related to production 
or to technological processes, are required. 

2 State-of-the-art 
Even if the FDM has been applied in different and vari-

ous engineering fields, for what concern curve fitting prob-
lems the state-of-the-art proposes only two researches.  

Eric Saux[16] proposes an application to cartographic 
generalization of maritime lines. His attempt is to include 
the fitting method for geographic data reduction in carto-
graphic maps; in particular the use of B-
SplineSplinecurves for modeling smooth lines such as 
roads, railways or waterways. With his research Saux 
proposes two approaches for the implementation of the 
working tools in generalization of cartographic maps[17]. 
One is automatic while the other is interactive. A cata-
logue of cartographic generalization operators has been 
proposed, including selection/elimination, aggregation, 
structuring, compression (or filtering), smoothing, exagge-
ration, caricaturing, enlargement and displacement. The 
curve deformation is obtained through mechanical para-
meter modifications which lead to a shape modification, 
the strategy is that suggested by Léon and Trompette[18] 
based on the ForceDensity Method. Each equilibrium po-
sition of the barsnetwork (coupledto the control polygon of 
the curve) can be determined solving a linear system of 
equations. The strategy relies on a mechanical approach 
permitting fast calculations as well as local and global de-
formations. 

Sanchez [19] proposes NURBS fitting techniques to 
represent tensile structures. The first step of the method 
consists into an initial grid generation; this structural net 
has the minimum nodes and elements needed to obtain 
the double curvature of the membrane. On the initial grid 
the FDM is applied in order to obtain the equilibrium 
shape of the membrane. Once the equilibrium shape is 
obtained, NURBS fitting techniques [20, 21] are used to 
represent a smooth parametric surface that passes 
through the points obtained in the previous form finding 
step. The values of the force density parameters and the 
applied forces may also be changed, obtaining different 
equilibrium shapes in real time. With this method they 
have tested different algorithms, but these are not de-
scribed in detail in the paper.  

The maindrawback of these researches is their being 
limited to the contexts of cartographic map and tensile 
structures,respectively. Furthermore they don’t consider 
the possibility to enforce shape constraints that may be 
required by engineering applications and technological 
processes. 

3 Proposed method 
The proposed approach for performing a constrained 

Force Density B-SplineSplinecurve fitting is based on a 
four stages method depicted infig. 2. 
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Fig.2Stages for the constrained FD fitting method. 

In the first stage we present a B-Splinecurve fitting 
procedure in which a fixed number of control points are 
the only unknowns, and they are solved by minimizing an 
objective function computed using the FDM.TheB-Spline 
curve is the model adopted for the FD fitting because it is 
suitable for CAD/CAM and machining applications. The B-
Spline curve of degree p and n control 
points is defined by: 

 (1) 
 
where are the basis functions defined by the Cox-

de Boor recursion formulas on ; specifically:  
 

  (2) 

 

 (3) 

 
The second stage implies the use of a toolbox for the 

curvature analysis and evaluation. This toolbox calculates 
the curvature of the approximating curve and depicts this 
information on diagrams that allows the user to identify 
and select, in a more objective manner, the characteristic 
points of the initial fitted curve. In addition to the curvature 
graphs, the curvature evaluation toolbox is able to high-
light the most important points belonging to the B-Spline 
by means of the Leyton Process-Grammar. 

This information represents the input for the next stage 
in which a splitting toolbox, whose implementation is 
based on the Boehm’s knot insertion algorithm, allows to 
increase the flexibility of the B-Spline without changing 
the shape of the curve by inserting additional knot values 
into the knot vector and thus inserting new control points. 
The result is a more flexible curve on which G0 continui-
ties have been introduced. 

In the last stage, the B-Spline fitted curve is calculated 
again with the introduction of some shape constraints like 
position, distance, straight and curvature. 

All the functions have been implemented in MatLab 
and the solver used for the resolution of the optimization 
problem is fmincon of the Optimization Toolbox [22] that 
attempts to find a constrained minimum of a scalar func-
tion of several variablesby starting at an initial estimate.In 
the followings sections each stage will be discussed in 
details. 

3.1 Initial Fitting 

This section describes in detail the mathematical pro-
cedure defined for the initial unconstrained fitting.The B-
Spline curve is the model adopted for the fitting of  initial 

 points, the curve’s degree  and the number of the  

control points  of the fitted curve must be input also. 
The coordinates of the control points of the fitted B-Spline 
curve are the solutions of a minimization problem in which 
the objective function is computed by means of a me-
chanical model of spring network. The following flow chart 
depicts the mathematical approach defined to reach this 
goal. 

 

 
 

Fig.3 Flow chart and methods for the FD B-Spline fitting 

curve. 

For each step, specific functions have been pro-
grammed in MatLab, in order to automate the whole 
process. 

From the initial points it is possible to derive the 
values of the  parametric coordinates necessary to 

find the positions of the free nodes usedto define the me-
chanical model. The Chord Length Method [21] has been 
adopted in order to computethe  values. This is the 
most widely used method, and it is generally adequate. 

The  parameters, in conjunction with the degree  
and the number  of control points, are necessary for the 
computation of the knots vector . The B-Spline curves 
adopted for the initial unconstrained fitting problem are 
open uniform B-Spline curves that impose that the initial 
and final  knot values are, respectively, 0 and 1. In 
presence of internal knots, which number is equal to 

, their definition is obtained through the adop-
tion of either the Averaging Method or the De Boor Me-
thod, that allows knots vector  to reflect the distribution 
of the  parameters[21, 23]. Once the knots vector  has 
been defined, the basis functions and the equation 
of the B-Spline  curve are computed automatically, in 
which the unknowns are the  coordinates of the 
control points . In order to select one solution among all 
the possible ones, an objective function is added and a 
criterion has to be chosen. 

3.1.1 Mechanical model definition 

The FDM enables geometric manipulations of a bar 
network through the modification of external forces ap-
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plied to its nodes. It is possible to distinguish the blocked 
nodes from the free nodes (unknowns of the fitting prob-
lem). The position of the free nodes is automatically up-
dated to compensate the external forces variations and 
maintain the static equilibrium of the structure. 

Each bar can be seen as a spring of length li with a 
force density (stiffness) qi. To preserve the static equili-
brium state of bars, fiexternal forces have to be applied to 
the endpoints of the bar:  (fig.4). The set of ex-
ternal forces applied to the initial bar network can be then 
obtained through the static equilibrium equations at each 
free node. 

The shape of a network strongly depends on the con-
nectivityrulesspecifyingwhich nodes have to be connected 
by springs. For the fitting problem the definition of a me-
chanical model of a spring network has been necessary 
for the computation of the objective function. Among the 
different solution that could be adopted the next figure 
shows the final network that is coupled between the point 
to be fitted and the B-Spline curve: 

 

 
 

Fig.4 Mechanical model of a spring network adopted for the 

fitting. 

The points1 to 5 are the blocked nodes (  initial 
points) to fit; 2’, 3’ and 4’ are the free nodes located di-
rectly on the curve. There are totally  springs that 
can be distinguished in those that link two consecutive 
nodes on the curve with the same force density , and 
the other ones, with force density  that link a blocked 
node with the correspondent free node on the curve. The 
force densities  are parameter that increase the flexibili-
ty of the method indeed their modification influence the 
shape of the fitted curve. In particular for  and 

 the method returns the same results as forthe 
LSM. 

As stated before, the equilibrium is calculated only on 
the free nodes, then, for a fitting problem with  points to 
fit,  equations will be calculated in order to 
compose the equation of the objective function. The mi-
nimization of the sum of the square external forces, com-
puted on the free nodes of the network, has been adopted 
as objective function. 
 
  (4) 
 

The equation of the objective function Φ(F) is calcu-
lated automatically and given as input to the solver, which 

returns a vector of dimension  that are the   
coordinates of the  control points . 

3.2 Curvature Evaluation 

The second stage of the proposed methodology is the 
curvature evaluation, whose aim is the individuation, in an 
objective manner, of the principal characteristics of the B-
Spline fitted curve computed in the previous stage. The 
curvature evaluation consists of two main steps: the cur-
vature analysis and the Leyton signature that allows to 
index each curve through the adoption of the Ley-
ton’sprocess-grammar. 

3.2.1 Curvature Analysis 

The curvature is defined as the vector  whose magni-
tude is the reciprocal of the radius of the circle [24, 25]. 
For aB-Spline curve B(u) the curvature function is: 

 

  (5) 

 
For example, the next figures depict a cubic B-Spline 

curve (red) with 14 control points (blue circles) calculated 
by the fitting of 21 initial points (black circles) and its cur-
vature graph that allows to pick out the points of the curve 
with the highest curvature. 

 
 

 
 

Fig.5 Initial B-Spline fitted curve. 
 

 

Fig.6Curvature plot of the initial fitted B-Spline curve.

3.2.2 Leyton’s Signature 

The process-grammar of Leyton [14, 26] is a syntactic 
description of a curve based on two structural factors: 

symmetry and curvature. Mathematically, symmetry and 
curvature are two very different descriptors of shape. 
However, the symmetry-curvature duality theorem proved 
in [14] shows that there is an intimate relationship be-
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tween these two descriptors. Indeed the theorem states 
that, to each curvature extremum, there is a unique sym-
metry axis terminating at that extremum. Furthermore the 
Interaction Principle [14] statesthat each of the axes is a 
direction along which a process has acted. The implica-
tion is that the boundary was deformed along the axes; 
e.g. each protrusion was the result of pushing out along 
its axis, and each indentation was the result of pushing in 
along its axis. There are four alternative labels (M+, m−, 
m+, and M−) that could be associated to each axes and 
these correspond to the four alternative types of curvature 
extrema. M and m denote, respectively, a curvature max-
imum and minimum; and + and −, respectively, denote 
positive and negative curvatures. 

The introduction of the Leyton’sprocess-grammar with-
in the proposed approach allows identifying the exact po-
sition of the curvature extrema. Indeed the next picture 
shows that the curvature graph, calculated in the previous 
section, can be enriched of the information obtained 
through the Leytonprocess-grammar; in particular the 
highest curvature’s value is for . 

 

 

Fig.7Curve’s signature and parametric position of its extre-

ma. 

As depicted in figure7, each curve’s extremumhas 
been individuated with a label that specify the type of the 
extremum, and for each of themit is possible to detect: the 
parametric position on the curve, the value of the curva-
ture and the type of the extremum. 

3.3 Splitting Toolbox 

Before proceeding with the enforcement of shape con-
straints in the fitting problem it is necessary to increase 
the flexibility of the initial fitted B-Spline curve. This opera-
tion allows the engineers to restrict the influence of con-
straints in specific regions of the B-Splinecurve,from there 
it will be possible to impose various constraints in the fit-
ting problem by specifying their type and range of influ-
ence. 

For B-Spline editing the literature proposes different 
and various algorithms [27] that allow increasing or reduc-

ing the flexibility of a curve, these algorithms can be clas-
sified in: degree elevation/reduction; knot insertion; knot 
removal; reparameterization. The basic idea behind these 
techniques is to increase the flexibility of the curve without 
changing the shape of the curve. The success of the idea 
depends on the fact that there are an infinite number of 
control points with more than the minimum number of ver-
tices that represent identical B-Spline curves [28]. 

In order to develop a toolbox that allows splittinglocally 
a B-Spline curve,it is necessary to enhance the flexibility 
of the B-Spline by increasing the number of the control 
points, which corresponds in inserting additional knot val-
ues into the knot vector  (knot insertion technique). The 
finalresult is a curve defined by a larger number of control 
points, but which defines exactly the same curve as be-
fore the knot insertion. This technique provides more local 
control by isolating a region to be modified from the rest of 
the curve, which thereby becomes immune from the local 
modification. In particular the development of the splitting 
toolbox is based on the Boehm’s knot insertion algorithm 
[29, 30]. Consider the original curve B(u) defined by eq.1 
with the knot vector . After knot 
insertion, the new curve is C(t) defined by: 
 
  (6) 
 
with the knot vector  where m 
> n. The Boehm’s algorithm allows to determine the new 
control polygon vertices  such that . 

In a nutshell, the implementation of the splitting toolbox 
allows insertingG0 continuities in the characteristic points 
detected during the curvature analysis; from a mathemati-
cal points of view, the outputs of the splitting toolbox are: 

1. the modified knot vector  with internal multiplici-
ties; 

2. the new set of  parameters (their number is equal 
to the number of control points ) necessary to 
build the final bar network. 

These outputs represent the data necessary in the last 
stage to perform the constrained force density fitting that 
allowsfinding the final shape of the B-Spline curve. 

The next figure shows the result of the splitting toolbox 
applied to the B-Spline depicted in fig.8, the curve has 
been split in the point according the curvature analysis 
represented in fig.7. The continuity has been obtained 
with a multiple internal knot that yields 3 new control 
points, one of which is exactly on the curve at the location 

: 
 

 

Fig.8Curve splitting using Boehm’s algorithm.

3.4 Constrained Fitting 

As stated before, the method ends with the computa-
tionof the final constrained fitting curve taking into ac-

count: the set of points  to fit; the curva-
ture information and the characteristic points of the initial 
fitted B-Spline curve inferred by the curvature evaluation 
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toolbox; the modified knot vector and the new set of 
 parameters output of the splitting toolbox. 
While the first fitting toolbox yields a uniform B-Spline 

curve, in the last fitting procedure a non-uniform B-Spline 
curve has been adopted in order to utilize the output of 
the curvature analysis and splitting toolbox and then per-
form a constrained fitting curve. The non-uniform B-Spline 
model is more general than the uniformB-Splines curves, 
although it is not the most general type of this curve. It is 
obtained when the knot values are not equally spaced. 
The only requirement is that the knots have to be non-
decreasing. 

From a mathematical point of view,ourconstrained fit-
ting problem is translated into the following optimization 
problem: 

 

  (7) 

 
where  is the objective function to minimize whose 

computation depends on the adopted mechanical model 
of bar network, and  is the set of shape constraints to 
enforce in the fitting problem. 

The condition of the final fitting problem has been im-
plemented using the Matlab function "fmincon" (find min-
imum of constrained nonlinear multivariable function) be-
longing to the “Optimization ToolBox” that allows to pro-
gram linear/non-linear and equali-
ty/inequalityconstraints.As stated before, only some 
shape constraints have been programmed and tested, 
such as: position, distance, straight and curvature con-
straints. 

 
Position Constraint. The position constraint is a linear 

equality constraint that can be imposed eitheron one or 
more control points  oron point/s of the B-
Splinecurve . In the first case two equations are add-
ed to the system for each constrained control point. The 
equations of each position constraint added to the fitting 
problem are calculated automatically by the correspon-
dent function implemented in MatLab, which accepts the 

coordinates of the control point to constrain as in-
put parameters. 

Also the position constraint applied on a specific point 
of the B-Splinecurve yields two linear equality equations 
to add to the system. For example, the introduction of a 
position constrainton the specific point 

can be written as: 

 

 
Distance Constraint. The distance constraint is an 

equality non-linear constraint that can be applied either 
betweentwo control points of the B-Spline curve, i.e. 

, orbetween two points of the curve, 

i.e. .In both cases the imposition of a 
distance constraint implies the addition of one equation to 
the system: 

 

·  
 

· 

 
 
Straight Constraint. In order to impose that a specific 

region of the B-Splinecurve has to be straight it is neces-
sary to apply the straight constraint on the control points 

 of the curve.Such a constraint can be expressed with 
the followingvectorial equation: 

 
 

 
that is an equality non-linear constraint. In order to in-

troduce automatically this type of constraint,in the fitting 
problem, the function implemented in MatLabaccepts the 
coordinates of the control points as input parameters. 

 
Curvature Constraint. The curvature constraint is an 

equality non-linear constraint that can be formulated using 
the subsequent equation: 

 

 

 
where  is the set ofpoints of the B-Splinecurve on 

which the curvature constraint are imposed, and  is the 
curvature’s radius. The derivatives  and  of a B-
Spline curve at any point on the curve are obtained by 
formal differentiation. Specifically, the first and the second 
derivative are, respectively: 

 

 

 
The derivatives of the basis functions (eq.2 and eq.3) 

are also obtained by formal differentiation: 
 

 

 
Differentiating the previous equation yields the second 

derivative of the basis function: 
 

 

 
For example, let us suppose we are performing a con-

strained fit that starting from the initial fitting (fig.5) and the 
information inferred from the curvature analysis (fig.7) and 
the splitting toolbox (fig.8) consider also a curvature and a 
straight constraint, the following figure shows the resultant 
final constrained FD B-Spline fitted curve: 

 

(8) 

(9) 

(10) 

(11) 

(12) 

(13) 

(14) 

(15) 
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Fig.9 Final constrained fitted curve. 

In this example we have imposed but, as general 
rule, the curvature’s radius is a well-known parameter re-
liant on the product or the technological process however 
it may also be inferred from the curvature plot.   

4 Conclusion 
The paper has proposed a new approach for a con-

strained B-Spline fitting technique based on the Force 
Density Method. Its usefulness has been illustrated with 
some shape constraints where the enforcement, in the 
fitting problem, may be necessary to satisfy tolerances 
and reproduce regularities required by technological 
processes and engineering applications.   

The method is composed by four stages: for each one, 
different functions have been implemented in MatLab in 
order to automate the whole process. The method has 
been validated with the implementation of simple shape 
constraints, but the functionalities present in the Optimiza-
tion Toolbox, adopted as a solver, allow to develop any 
kind of constraint and then to create libraries of shape 
constraints depending on the engineering applications or 
technological processes to be adopted. 

The results suggest that the adoption of a mechanical 
model of barnetworks (FDM) allows developing a more 
flexible tool than the traditional LSMs usually adopted for 
fitting problems. Indeed, as described in the paper, for 
specific values of the force densities the approach yields 
the same results of the LSM.  

However there are some limitations due to the formula-
tion of the B-Spline curve:B-Spline are still polynomial 
curves indeed, hence cannot represent many useful sim-
ple curves such as circles and ellipses. Nevertheless this 
approach could be extended and easily readapted for the 
NURBS curves,which allow to further enhance the flexibil-
ity of the proposed technique. 
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Abstract 

Purpose: 
Our work consists on helping the designer to create eco-designed product and allow the 
industry to still present in the market by respecting new established ecological laws. 

Method: 
In this paper we are focused on searching a simple ecological tool to the designer which is 
inspirited from researchers done to couple Computer Aided Design (CAD) and Life Cycle 
Assessment (LCA) tools. 

Result: 
As a result we proposed a framework which consists firstly on a special geometric data base 
(D.B) containing the impact of all existing solutions in a given industry. Secondly, it consists 
on a macro applied to CAD and LCA tools which can calculate the impact of a new 
geometrical solution and adds it to the data base (D.B). 

Discussion & Conclusion: 
The need of ecological tools used on the design phase by a designer non expert in terms of 
environnement is still exists. In our work we tried to exploit existing geometrical solution 
environnemently evaluated to reduce the time of choosing the most ecological solution from 
used solution in industry and giving the possibility of new evaluation in case of a new one.  
This is done because the influence of geometry on the whole life cycle product. Our 
framework can be applied to each industry but the numeric tool is not yet developed;  this can 
be the aim of a future work . 

Introduction 
  
Today, the integration of the environmental impacts in the 
product design process becomes an application required 
by competitive industrial to guard their marketplace.  
In the design phase, the designer can act at the source 
without resorting to a realization, so why it is necessary to 
assess the impacts that will be generated on all stages of 
the life cycle, upstream in order to reduce them to the 
maximum at this phase.  
The innovation in our work is to choose the most 
ecological solution between existing ones or to create an 
ecological one during the design process, which is an 
important phase in the product life cycle by reducing its 
environnemental impacts before assessment results 
given by LCA tool. 
This process involves several steps, in our work we are 
focused essentially on the detailed design phase which is 
characterized by the use of CAD tools. In order to make 
eco-products it is important to reduce their 
environnemental impacts which can be calculated by LCA 
tool. In order to choose the most ecological solution 
environnemental parameters were introduced for the 
comparison between different solution and estimate 
impacts. These parameters are essentially related to data 
given by the CAD activity. 
All possible scenarios in the same industry will be 
established on the aim to evaluate and compare them. CAD activity.  

The environnemental evaluation will be based on 
geometric characteristics, that we show their influence in 
the reduction of the product impacts along its whole life 
cycle process from the extraction of raw materials until the 
end of life.  
We translate our thoughts, in the second part, by a 
methodology to evaluate the product impact before 
finishing geometric modeling.  
To do this, we illustrate the validity of our methodology on 
a concrete example which shows that changing the 
geometry can conserve ecological quality of the 
environnement. 

1 What is design what is eco-design? 

1.1 What is the design Process? 

The design process is a phase of a product life cycle, 
which impacts all activities of a company. Thos process 
aims at bringing a new product to the market.  
Searching solutions and ideas is an important step which 
call to creativity tools and its aim is to provide a maximum 
of possible solutions. The problem is globally complex 
from one side, and the product has to satisfy a user from 
another side, so it is preferable to solve a function by 
function (step by step). It means, searching a maximum of 
possible solutions that respond to the service functions. 
To choose the optimum solution, in terms of cost or 
feasibility for example, the designer has to assess all 
functions and combine all solutions. 
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1.2 What is the Eco-design  

 
    The Eco-design is to assess and reduce the 
environmental impacts of a product from the design 
phase [3]. The environnemental stress has been 
integrated in multiple ways in the process of classic 
design [4, 5]. In addition, several works have presented 
the concepts, methodologies, and even tools that can 
exploit some geometric model data for environmental 
analysis. Integrations are designed to couple a CAD tool 
to a LCA one.  [6]. 
Most solutions developed in the CAD/ALCA coupling tried 
to introduce a suitable simple tool to non-expert designer 
in terms of environment. This will allow visualizing the 
impacts of its model during its life cycle. Our contribution 
to this axis is to present a methodology that allows 
exploiting the expertise of the designer in his field to 
produce eco-designed products.  

2 State of the art of coupling CAD and 
LCA tools 
 

     During the product life cycle many activities are 
involved, in our work we are focused on the design 
phase. The aim is to exploit this phase in order to develop 
eco-friendly products. In the first step the designer has to 
realize a CAD model which contains form, geometric 
characteristics, etc.  
In order to make it a more ecological product, the second 
step, then, is to realize a LCA which can identify 
environmental hot spots. Then, the environnemental 
expert team will send a report to the designer team 
containing environnemental impact sources and give 
suggestions on their minimization we represent this 
exchange by fig. 1 
 
 

 

Fig. 1 Data transfer between CAD and LCA teams 

  
 
    The operations of assessing product and making 
changes to obtain an eco-product can take a long time 
and the product can not respond to time to the market. 
So, improving environnemental product performances 
during its development can be carried out by exchanging 
data between CAD and LCA software tools.  
In presence of the lack of environnemental knowledge of 
the designer, many researches tried to surpass it by 
realizing a coupling between the two tools in order to help 

him to locate impact sources and improve his product 
performances in a short time. 
This coupling consists of exchanging data between CAD 
and LCA tools.   
To perform integration between the two different tools, it is 
necessary to identify the input-output entities of each one 
in order to adapt them and make one in the service of the 
other. 

2.1 Input- output data of geometric modelling tool  

 
   CAD model is the computer representation of the object 
in design fig. 2. It is digital, virtual object model. Today, 
the geometric model is the heart of a CAD system. [7]  

 

Fig. 2 CAD geometric modeling 

To design a product, in a geometric Modeler, designer 
have to provide dimensions, volumes, etc. the output is a 
virtual model which is  similar to a real product. The table 
below tab.1 presents entities of input-output for an 
example of geometric modelers "SolidWorks” [9]. 
 

Tab.1 Input-output data of CAD tool “CATIA” [22] 

2.2 Input-output data of life cycle assessment tool  

   Practicing an LCA consist on analyzing different life 
cycle stages. These stages are in number of five: it begins 
with the extraction of raw materials, then manufacturing, 
then use and end of life without forgetting the logistics that 
exists between the other stages fig .3.  To use specialized 
LCA tools, it is necessary to provide some data; this data 
may be quantities, processes, distances, parentages, etc. 
We conclude that introduced data are from of different 
types. The table below tab.2 displays input-output data of 
the software "Bilan Produit" developed by ADEME [10]. 
 
 

 

Input  Output  
Component noun  
Product weight 
Material 
Mean of transport 
Distance 
process 
Etc. 

Impact by stage 
Comparison between 
stages impacts  
Comparison between 
product 
Etc. 
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Fig. 3 Life cycle product stages  

  

Tab.2 input-output data of a LCA tool “Bilan Produit ” 

The integration of the two different tools seems to be 
contrasted by many stresses that we can find: 
Incompatibility of existing formats of the tools. 

· CAD data transferred are not sufficient to practice 
LCA  

· Data bases are incompatible. 

· Lack of synchronization between assessments 
and design of the virtual model  

· Misunderstanding of the results achieved by a 
non-expert designer in terms of environment 

· Loss of time in iterations made to calculate product 
impact after each change 

· Inability of some companies to adopt eco-design 
for its high cost 

· Etc.  

Researchers in this axis tried to resolve some of these 
problems, in order to help and guide the designer to 
reduce his product impacts with using only his know-how. 
Here we show some works aiming to connect CAD an 
LCA tools. 

2.3   State of the art of Coupling CAD/LCA  

 
   Through literature review and research observations, it 
appears that numerical interfaces between usual design 
and eco-design software are needed to help the various 
experts involved in the design process to interact with 
each other. In fact, many researches were done in the 
last decade in this axis. We show some of them that we 
classify into three major categories: concepts and 
methodologies for connection, prototypes based on PDM 
system and finally interfaces, macros and special simple 
tools developed.  
For the first category chosen we found Walace et al [12]. 
They have created models of stroke configured taking into 
account all stages of the life cycle of a product. These 
models are based on existing products; the problem 
analysis persists if it is a new product. Capelli [13] 

developed a generic algorithm for exchanging data 
between CAD and environmental analysis, except that 
this analysis is not based on specialized software. Yang 
[14] has used LCA software for its coupling that relates 
only to the product he has seen (a DVD). Marosky [15] 
presented the structure of an algorithm that allows a 
mutual transfer of data between CAD (SolidEge) [16] and 
LCA tool (SimaPro) [17], except that his model was not 
developed to a functional tool which is the same case to 
Maud Rio [6], who also proposed recently a framework to 
an interface between CAD and LCA tool. Concerning the 
category that includes all the tools and prototypes based 
on the PDM system that manages data. Hagstrom [18] 
have used for its coupling simplified environmental 
assessments, based on PDM system, which can be 
understood by the designer, however it does not detect 
the potential impacts for several products that require a 
detailed environmental assessment. Melk [19] also 
presented a prototype PDM operator to extract more data 
to realize a complete LCA and get closer to the actual 
impacts, but the tool still exist on paper. For the last 
category that we considered and consists of computer 
developed tools realizing the CAD / LCA connection. In 
this axis we find the work of Takao [20] and Al with their 
support system design that puts into consideration the 
recycling from the beginning it has reduced the amount of 
waste at the end of life over time reduction disassembly. 
This system seems pretty reliable on this phase but it is 
not for the other stages of the life cycle. These tools have 
been developed. Mathieux [21] have developed a 
demonstrator that binds CATIA (CAD) [22] EIME (LCA) [2] 
a tool based on the programming language Visual Basic. 
But this tool is not generic because of the lack of 
compatibility between databases primarily those 
materials. In addition to the connections between parts 
and manufacturing processes are not exportable. Abad 
[11] also conducted a connection between Solidworks [9] 
(CAD) [15] SimaPro (LCA) using macros. But the manual 
introduction of the missing data to perform an 
environmental analysis persists in the absence of an 
interface combining the two types of software and wasting 
time in the absence of an automatic transfer is not 
preferred by the industry.  
      Different solutions have eliminated many barriers that 
exist to integrate the environment into the design process. 
The API of a geometric modeler used to extract data on 
product and therefore an automatic transfer of data so 
there is considerable reduction in time taken between 
design and impact assessment. Moreover, the 
incompatibility of formats and the lack of a common format 
is no longer a problem to transfer data. In addition, the 
designer is an independent environmental expert to 
determine the most environmentally friendly solutions. 
Increase recyclability rate for many products and waste 
reduction rate while maintaining the most natural 
resources.  
   Then, researchers, who have opted for coupling tools of 
CAD with the LCA tools tried to remedy the non-designer 
expertise in the field of eco-design. These various studies 
show concepts which consist of extracting data, managed 
automatically, a CAD tool for transferring in an LCA tool 
through interfaces or by using macros, [6]. Missing data 
that geometric Modeler cannot are introduced by the 
designer manually. In addition, the impact evaluation 
activity is considered as post-modeling step. 
 
 
 
 

Input  Output  
Part geometry 
Links between parts 
Material 
Tree system 
Etc. 

Volume and weight 
Material 
Form 
Tree system 
Part name 
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3 Influence of the choice of 
geometrical characteristics on 
environnemental impacts of a 
product life cycle 

A product is geometry. This geometry is a combination 
between technical solutions. Every technical solution 
presents a geometrical solution with its forms, weight, 
box, geometrical specification, etc.  
For example to transform a rotation to a translation we 
can use many solutions which differ on geometry such as 
connecting rod, gear-rack, cam system, etc. Every choice 
done by the designer has its environnemental impacts on 
all life cycle stages. 
For this, some strategies to eco-design are developed.   
Fig.4 shows one of these strategies. 
 
In this section we present some relations given in the 
literature between geometry and environnemental 
impacts which are given in the form of guidelines to help 
the designer to think earlier in reducing its product 
impacts. 

3.1 Influence of geometrical characteristics on 
extraction of raw material phase 

  
  The first phase in a product life cycle is the extraction of 
raw materials. The designer will be able to address the 
impacts of this phase through the choice of the geometric 
characteristics of its virtual model by following these 
instructions: 
- Promote mono-material design, if it is possible, or to 

optimize the number of materials used. 
- Consolidate functions in one item to save material. 
- Optimization of forms and volumes that can with 

equal mechanical resistance to reduce the amount of 
material needed (extracted primary resources are 
diminished). 

- Use materials issued from renewable resources. 
- Use recyclable materials (magnesium, is totally 

recyclable it is almost light as well as plastic, but 
more strong and it ha exceptional properties against 
electro-magnetic interferences. 

 
With his knowledge designer has an idea which materials 
are present in his product and their characteristics. So 
that, he adopt materials derived from renewable ones 
having similar mechanical characteristics. 

3.2 Influence of geometrical characteristics on 
manufacturing phase 

Manufacturing phase consist on realizing geometrical 
form elaborated by designer. This means that he can 
influence this phase by his geometrical choices: 
 
- A mono-form promote a mono-manufacturing 

process  
- Optimizing technological solutions can reduce 

manufacturing stages number (reduce the number of 
holes, this rise the lifetime of tools). 

- A simple form promotes easer and rapid 
manufacturing processes. This lead to reducing 
energy consummation. 

- Thinking about technological solutions avoiding the 
use of toxic products and substances. 

- Optimizing geometric form can reduce industrial 
waste.   

- Optimizing volumes can reduce the quantity of 
resources used. 

 

 

Fig .4 Example of Eco-design strategy [23] 

3.3 Influence of geometrical characteristics on 
use phase 

A product has to accomplish his main function for which it 
is designed. This function is the basis for the use phase. 
The model to create has to respond to it, but with fewer 
impacts: 
 
- The product can be optimized to use less natural 

resources  
-  It is collapsible to promote the use of spare parts. 
- Life is quantified in the applied constraints hence 

proposed geometry should resist them the longest 
time possible 

- - Imagined multipurpose solutions can avoid multi-
process.  

- Used solutions which generate less waste. 
-  Prevention of simple solutions, which have no effect 

the other phases, but reduce the impact of it.  
- -A form, showing an affluence of handling, increases 

the lifetime of the product. 
The designer can oblige the user to adopt some 
manner with the product, which has less impact on 
environment, despite the random appearance of this 
phase depends on the behavior of humans.  
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3.4  Influence of geometric characteristics on end 
of life phase 

The designer may impose less impact with his design for 
EOL scenarios. This can be done by: 
- Promoting the reuse of parts 
- Increasing the number of recyclable parts in a 

product  
- Optimizing a disassembly easy to avoid impact 

processes as well as reduces disassembly time 
through less power consumed.  

- Reduce the number of components of a product 
permits a parallel decrease in the amount of waste. 

The amount of waste presents the alarm that triggered 
the motivations towards the adoption of eco-design. A 
product makes service to man but carries out mountains 
of waste in end of life. Reducing volumes decline garbage 
quantity. 

3.5 Influence of geometric characteristics on 
transport phase  

The need to reduce the high impacts of the transport step 
in the product lifecycle some recommendations may be 
offered to the designer: 
- The designer has to promote materials extracted 

from the region having similar mechanical 
characteristics. 

- The compact form takes a little volume in transport, 
so that more product quantity transported. So that, 
less means of transport used, less energy consumed 
and less emissions on the air. 

- Expect bended product also can be a solution to 
transport more products. 

4 Proposed methodology based on 
geometrical solution 

Each industry disposes of its own products data base.  
Each product has its special CAD design process and its 
technical solutions severally used. We can model a 
product structure as shown on fig.5. Our contribution, in 
the first side, is to create a special data base that contains 
all possible pertinent design scenarios of technical 
functions, optimum solutions and necessary components 
(parametric architecture, choices of different components 
on make-or-buy, etc.). To each technical solution (T.S) of 
each technical function (T.F) we associate its 
environnemental impact “I” given by a LCA practice. 
Then, it will not necessary to assess the geometrical 
solution when it will be used for another time.  
 
 
 
 
 
 
 
 
 
 
 
 
 

             Fig. 5 technical structure of the product 

    In the second side, we propose to develop a macro, 
such the one developed by Cebrián [1] that can extract 

geometry data from a geometric modeler such as 
SolidWorks [9]. Throwing a window macro from the CAD 
design, the user is prompted to choose a part or an 
assembly. The API contains the material data, mass 
manufacturing and transportation process previously 
established for each piece [26]. Then, the 
environnemental impact will be calculated for the new 
technical solution.  
The special data base and the macro will be gathered in a 
user interface. This interface will allow the designer to 
choose for a product, an existing solution and to see its 
impact or to add a new geometrical solution for the 
technical function chosen and calculate its impact.  
    The next step is the decision of the product designer 
who has his own bundle of knowledge and know-how 
(material properties etc.) to choose the optimum 
geometrical solution in terms of cost, feasibility, 
environnement respect, Etc.   
     Changes that be done to involve the ecological product 
quality are necessary done on geometry and its 
characteristics.   
The following figure fig 6 show the framework that we 
propose to eco-innovate on existing and new products in 
terms of environnemental respect, also on reducing the 
environnemental evaluation time. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig .6 proposed framework to optimize ecological product 

geometry 

 

Product “X” 

T.F1 T.F n 

 
T.F i 

 

T.S 1 T.S n T.S i  

Add solution to 

D.B 

Open product file 

Charge Data base (D.B) 

Choose the work step 

(geometric solution) 

Choose geometric 

solution with Imin 

Calculate new 

solution impact INs 

Create a new 

solution 

Next step 

Feasibility 

INs≤Imin  

No 

No 

Yes 

Yes 



247

R.GAHA et al. Influence of geometrical Characteristics on eco-designed products 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

5 Conclusion  
In this paper we first identified the scope of our study that 
is to connect a CAD tool to an LCA tool to allow the 
designer to eco - design without the assistance of 
environmental expert.  
To perform such integration, we defined, in the second 
part, input / output entities of each tool in the next section. 
This integration is faced to many problems such as format 
incompatibility between Cad and LCA tools. Despite, the 
big number of researches that aimed to surpass the 
majority to these problems, the need to a simple, rapid 
and available one is still exists. Because acting in the 
design phase can reduce significantly environnemental 
impacts, it is necessary to choose the most ecological 
design which consists of technical geometrical solutions 
that have an influence of the entire life cycle of the 
product. In this field, we proposed a framework which give 
the designer a comparison table between all possible 
existing solutions and allow him to asses a new solution if 
it is the case.  The test of feasibility of the selected 
technical solution is done by the designer based on his 
knowledge. 
In our future research work, an interface will be 
developed and applied to the Tunisian “AMS” 
industry in order to valid our proposed framework. A 
case study will be presented to show the validity of 
the research.  
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Abstract 

Purpose: 
Justify the capability to obtain feasible assembly sequences through an automatic approach 
based only on contact and interference information between components of a mechanical 
discrete product, independently of adopted virtual modelling techniques and human 
intervention. 

Method: 
Analysis of assembly information available at early stages of design in virtual model of a 
product in order to identify reliable information to be used in a systematic methodology based 
on identification and evaluation of subassemblies. 

Result: 
Methodology and computer tool to automatically extract possible assembly sequences for 
mechanical discrete products, starting from topological contact information between 
components, and guaranteeing at least one feasible solution. 

Discussion & Conclusion: 
Results show that this approach allows obtaining automatically a lower finite number of 
assembly sequences than theoretical approaches with human intervention, in a faster way to 
be implemented at early stages of design using virtual model. 

1 Introduction 
Nowadays, at industrial level, the assembly sequence 

planning for a mechanical discrete product is often carried 
out manually; generally, making use of CAD software to 
detect geometrical interferences and to analyze possible 
movement of components. This process is very expensive 
and time consuming and optimal solutions are not always 
guaranteed. Besides, through this planning method it is 
very difficult to implement a collaborative work intended to 
better solutions attainment. 

Coming up with an efficient assembly sequence is the 
essential result to improve the production process and 
reduces the time and the costs related to assembly 
machines and equipments [  HYPERLINK \l "Rit99"  1 ]. 
For this, it is important to explore alternatives and identify 
the best assembly sequence. 

Current methodologies, developed at academic level 
for assembly sequence planning, involve querying to 
experienced skilled staff during the assembly definition 
process, in order to generate feasible sequences through 
identification of technical and oriented decision rules or 
precedence relationships between parts 2][  HYPERLINK 
\l "Dem11"  3 ]. Most of the approaches start from well-
defined product architecture, just like those proposed by 
Bourjault 4] and De Fazio and Whitney [  HYPERLINK \l 
"DeF87"  5 ], while CAD-based approaches, as those 
proposed by Gottipolu 6] and Lin [  HYPERLINK \l "Lin93"  
7 ], require a previous knowledge of the assembly 
sequence and/or proper definition of assembly mates, 
which still depend on human intervention. 

Such procedures could result impracticable at industrial 
level because of longer times and monotonous and 
repetitive inquiries required for the great number of 
solutions generated. 

Mathematical considerations ensure that the assembly 
sequence problem is addressed through a combinatorial 
approach based on the total number of parts which are 
present in the product. The authors argue that further aid 
in reducing possible feasible assembly sequences can be 
derived from the extraction of information from the CAD 
model 8]. Due to the nature of CAD systems and methods 
currently used in the creation of the virtual assembly 
models, it is very difficult to base the generation of the 
feasible sequences on the assembly relationships entered 
by the user in order to identify assembly precedence. 
Instead, better results are obtained only considering the 
spatial interaction between the parts since this approach 
allows user to define and use conceptual models in early 
stages of design, to neglect the correct definition of 
assembly relationships and to spend less time in manual 
assembly sequence generation or validation.  

So, through computer tools it is possible to extract 
information of either contact or interference between 
components, in an automatic way, useful for the 
generation of topological information matrices and/or 
graphs. From this information is possible to identify 
independent subassemblies and reduce the problem 
complexity. 

In fact, the assembly planning process based on sub-
assemblies identification has been demonstrated as a 
viable tool in order to reduce the number of all possible 
sequences decreasing considerably the combinatorial 
problems encountered by other assembly planners 
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working on large real world problems [  HYPERLINK \l 
"Ong99"  9 ]. Lee and Shin presented a methodology for 
assembly planning directed to minimize the assembly 
cost and based on subassembly extraction decomposing 
an attributed liaison graph into a set of sub-graphs 
according to feasibility and difficulty of disassembly. To do 
this, the part geometry, physical properties, the 
information of mating characteristics and tools is required 
in order to decide the feasibility of an assembly operation 
10]. Automated approach presented here is very similar to 
Lee’s methodology seeing that possible sub-assemblies, 
with their own sequences, are identified through the 
definition of node and sub-assembly indices derived from 
experimental data and validation. 

After a brief consideration upon assembly modelling, 
the automated procedure for assembly sequence 
generation is explained and applied on a theoretical 
comparison example. 

2 Modelling for Assembly Sequence 
Planning 

Either Assembly Sequence Planning (ASP) or 
Assembly Sequence Analysis (ASA) depends on the 
information and knowledge available for a product and its 
assembly process. Such information could be retrieved 
from virtual 3D models and so, Computer Aided Assembly 
Planning (CAAP) methods are generally based on 
information of assembly relationships between parts 
(coplanar, coaxial, mate, angle, etc.), defined with the 
modelling software, to obtain such data. This is essential 
to guarantee the feasibility of identified assembly 
sequences. 

Anyway, it is worth observing that into feature-based 
CAD systems, the modelling task could be conducted in 
different ways. Positioning the parts either according to a 
specific assembly sequence or, conversely, the different 
parts could be positioned without a predefined order. In 
both cases, when a part is related to other two or more 
parts, its position becomes completely defined. So, for the 
whole product there is a lower number of assembly mates 
respecting to those required for an automatic assembly 
sequence definition. In the pulley-support assembly 
model shown in Fig. 1, for example, the assembly 
conditions defined by the CAD user result in the graph 
reported in Fig. 2 while the real graph, useful for 
sequence definition for that assembly, is shown in Fig. 3. 
In this way, it is very difficult to obtain a reliable liaison 
graph for further development of feasible assembly 
sequences through the analysis of standard assembly 
relationships, even though the designer is aware of 
assembling the different parts in a correct order into the 
modelling software. 

Same considerations can be done with regards to the 
top-down modelling and assembly methods. In this case 
no mating connections can be extracted from the 
assembly, since the reference geometry used on the 
reference sketch or skeleton could be very rough 
according to the design intent, and later definition of 
assembly relationships would conduct to model 
reconstruction problems. 

Independently of the chosen modelling technique, in 
order to capture design intent, different attempts for 
assembly relationships definition at conceptual stage 
have been carried out. For example, with the definition of 
the assembly formalisms and with an abstract 
representation where the relative positions of the parts 
are described specifying the relationships among them [11][12][13]. Equally, with the systematic methodology for 

  

Fig. 1 Assembly modelled with bottom-up technique 

 

 

 

 

Fig. 2 Adjacency matrix and Liaison graph for pulley-support 

assembly derived from assembly relationships (incomplete) 

 

 

 

Fig. 3 Adjacency matrix and Liaison graph for pulley-support 

assembly with correct interactions between parts 

1 2 3 4 5 6

FRAME 1 0 1 1 0 0 0

BEARING_R 2 1 0 0 1 0 1

BEARING_L 3 1 0 0 0 1 0

SHAFT 4 0 1 0 0 1 1

SEEGER 5 0 0 1 1 0 0

WHEEL 6 0 1 0 1 0 0

1 2 3 4 5 6

FRAME 1 0 1 1 0 0 0

BEARING_R 2 1 0 0 1 0 1

BEARING_L 3 1 0 0 1 1 1

SHAFT 4 0 1 1 0 1 1

SEEGER 5 0 0 1 1 0 0

WHEEL 6 0 1 1 1 0 0
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assembly design proposed by Whitney [14], where a 
kinematic constraint structure and a systematic scheme 
by which parts are located in space relative to each 
others are defined,  all followed by the declaration of 
assembly features that connect parts in such a way to 
create the desired constraint relationships. However, in 
both theories, the definition of the relationships between 
the parts is still a designer’s job. 

Arun and Rao [  HYPERLINK \l "Aru10"  15 ] proposed 
an API for a CAD software to extract assembly related 
data (links and type of links between the assembled parts 
and involved features), instead of total human 
interpretation of the assembly design, in order to facilitate 
assembly analysis and planning.  But, anyway, the 
assembly sequence is not automatically generated. 

Wang et al. 16] state that “most of CAD tools currently 
do not have the capability to directly analyzing the 
feasibility of a given assembly plan for a product or to 
generate an optimal or near-optimal assembly plan”, and 
so, human intervention is required. 

Su [  HYPERLINK \l "SuQ09"  17 ] presented an 
integrated software prototype system to find out the 
geometric assembly precedence relations based on the 
assembly CAD model and to automatically infer feasible 
assembly sequences, applying an optimization algorithm; 
but man-computer interactive analysis is required 
between each pair of components. 

Neelamkavil [18] stated that the creation of the 
assemblies involves the components relationships, often 
informally, and a detailed CAD modeling. He proposed a 
matrix-based analysis in order to identify sub-assemblies 
and possible sequences, but matrices are compiled 
manually and those sub-assemblies are identified by the 
user and not by the system. 

In conclusion, most of previous researches related to 
computer tools require some human interaction and 
depend on the modelling technique to obtain specific 
information for their functionality. So, the proposed 
automatic approach is able to obtain specific information 
for assembly sequence definition regardless of the 
adopted modelling technique and of the definition of 
detailed information only available at later stages of 
design 8]. 

3 Automatic approach for assembly 
planning with case study 

Frequently, the production process is defined during 
the detail stage when all technical aspects of the product 
are defined, but layouts with technical information can be 
obtained between conceptual design and embodiment 
design stages. Such layouts contain qualitative or 
topological information, related to disposition of 
components of the product, which seldom changes when 
quantitative data, i.e. dimensions, tolerances, etc., are 
defined during detail design stage.  

According to this, it is possible to generate a reduced 
finite number of assembly sequences, where at least one 
feasible solution exists, starting from basic-level product 
information generated at early stages of design. For 
example, Based on topological information derived from 
contacts and interferences between components of a 3D 
modelled assembly system defined with non complex 
geometries but representing and respecting all the 
functional and technical requirements. 

3.1 Case study 

In order to better explain the proposed approach and to 
compare obtained results, a case study has been derived 
from bibliography. Such example, named “Assembly from 
Industry (AFI)”, has been presented by De Fazio and 
Whitney [  HYPERLINK \l "DeF87"  5 ] concerning to a 
transmission for trucks assembly (Fig. 4). They argue that 
such example represents the essence of the assembly 
problem in all details, and no feature is a product of the 
author’s imagination. The assembly has a geometry 
sufficiently represented by circular symmetry about the 
axial centreline and instead of separate nodes and 
liaisons for fasteners it is assumed that when two parts 

secured by threaded fasteners are mated, the fasteners 
are placed and secured. 

3.2 Automatic approach 

This automatic method is intended to identify possible 
subassemblies inside complete mechanical systems 
which are hierarchically arranged till completion of the 
whole assembly system. For each subassembly, a base 
node or platform element is identified in order to generate 
internal sequences. When identified subassemblies have 
been mounted, they are considered as new components 
inside the mechanical system and in this way, the 
procedure starts again to find new subassemblies and so 
on, until no subassemblies or cycles are found.  

Grouping of different components into subassemblies 
and definition of their sequences are done merely on the 
basis of the existence of the interactions. No other 
architectural or resource criteria, such as 
manufacturability, orientation, personnel capabilities or 
product line strategy, have been considered. This 
because their implication requires the participation of 
expert staff during the assembly sequences definition. 

The proposed approach is developed in the following 
steps: 
1) Identification of contacts between components 

through automatic inquiry of global clearances of zero 
value or interferences between components from a 
3D-CAD assembly model of the mechanical system, 
where all components are located in their equilibrium 
position. As stated by De Fazio and Whitney [5] the 
contact relationship between components include 

 

Fig. 4 Representation of a Whitney’s transmission  

(adapted from [  HYPERLINK \l "DeF87"  3 ]) 
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force fits, threaded fits, adhesion, compression 
contact, and even contact by virtue of a part resting 
on another part. At this point, a list where each row 
corresponds to a pair of related components is 
obtained. Fig. 5 shows the contact list between 
components obtained from the CAD assembly model 
for the case study. In this case, the information is 
retrieved from the PTC – ProE/Wildfire software. 

 

Fig. 5 Interaction list obtained from CAD software 

2) Generation of square symmetric binary adjacency 
matrix and its corresponding graph from both the list 
of components and the list of their contact 
information. Fig. 6 presents the liaison graph for the 
example and it is obvious its correlation with that 
presented by De Fazio and Whitney in theory. 

 

Fig. 6 Liaison graph obtained from adjacency matrix 

3) Iterative reduction of nodes with only one connection, 
that is with degree value equal to one. An iterative 
reduction process is carried out in order to group 
nodes with degree value equal to “one” with their 
adjacent nodes.  Assembly sequence for 
components with degree “one” to their adjacent node 
corresponds to the first activities carried out during 
assembly. This step is carried out according to the 
degree value of the adjacent nodes since the order of 
grouping is defined by this parameter. For the 
example, at this step, the component F is joined to 
the component E and this is considered the first 
independent sub-assembly to be carried out. 

4) Identification of induced cycles through 
implementation of a new developed algorithm. In 
graph theory, an induced cycle has no chords or 
straddling links. A chord or a straddling link is an 
edge joining two vertices of a cycle but is not itself an 

edge of the cycle. The new algorithm is based on a 
combined algorithm of Breadth-Depth First Search 
[19] and explores first all possible fundamental cycles 
travelling over an initial node and then removes that 
node from the given network to avoid enumeration of 
repeated cycles. Every node is then progressively 
explored until no further nodes remain in the network. 
In addition, the algorithm checks for all expanded 
nodes to find a node connected to the prior node, 
because this node should be on a straddling link of 
the cycle, if so, this node is removed from the path list 
of nodes for definition of the cycle. For the example, 
at the first exploration thirteen cycles have been 
identified (Tab. 2). 

5) Ranking of nodes based on centrality indexes, ICT (i). 
The centrality condition of a node is defined for a 
group of parameters or indexes which helps the 
approach to identify such important nodes that must 
be assembled first than their corresponding 
neighbours. Such indexes are: the degree of the 
node, its relative participation about all the set of 
induced cycles of the graph, the mean degree of its 
neighbours and its weighted clustering coefficient. 
For the proposed example, Tab. 1 presents the 
centrality node indexes for the first analysis of the 
graph. 

 

Tab. 1 Indices for nodes evaluation, sub-assembly 
identification and sequence definition. 

6) Ranking of either cycles or independent sub-
assemblies based on importance indexes, ICI (i). The 
importance of a cycle is measured by the influence of 
some indexes defined to evaluate the inner and outer 
situations of the cycle. Tab. 2 presents the centrality 
indexes for the cycles identified at the first step of 
analysis for the transmission example. 

 

Tab. 2 Indices for sub-assembly evaluation 

7) Subassembly identification. At this point the induced 
cycle with a higher value of importance index ICI (i) is 
selected as the initial subassembly for the whole 
sequence and its base component or component 
platform will be the component node with greater 
value of centrality index ICT (i). For this subassembly, 
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the possible sequences start from base node and, 
respecting the liaisons reduction, 2(k-2) sequences are 
generated. Where k is the length of the concerned 
cycle. If more than one node is identified as a 
platform (several nodes with the same value of ICT (i)), 
as many possible sequences as platform nodes will 
be generated. For the example, the first independent 
sub-assembly identified, according to the Tab. 2, is 
the group with components A-C-B-G, and the base 
node A is identified for the sub-assembly sequence, 
according to the Tab. 1.  

8) Subassembly reduction. Having identified the 
subassembly to be mounted, the approach generates 
possible assembly sequences for that subgroup and 
reduces all components to the base node without 
generation of loops or doubled edges. 

9) Return to step 3 and repeat previous steps until the 
last remaining cycle is analyzed and reduced. In the 
example, these steps have been carried out and the 
final result is presented in Tab. 3. 

At the end of the procedure a list with all obtained 
assembly sequences is presented. Each row corresponds 
to a unique sequence and if it is required, the final result 
can be translated to any type of presentation presented in 
theory, such as either AND/OR graphs [2], directed 
graphs, graphical representation schemes or whatever 
else. 

According to the variations found during the procedure, 
the approach delivers all possible assembly sequences 
corresponding to the multiplication among the number of 
possible assembly sequences for subassemblies found at 
each step of the procedure. These solutions are 
equivalent from a topological point of view and user can 
filter some potential solutions using technical parameters 
of the current assembly line, identifying preferred 
precedence relations or through implementation of virtual 
tools intended to visual evaluation. That is, each possible 
assembly sequence will be presented to the user who 
should evaluate its feasibility. Anyway, the number of 
queries can be reduced if the user evaluates the 
feasibility of each possible sequence for subassemblies 
obtained at each step of the procedure rather than their 
combination. In this way, the final number of possible 
assembly sequences corresponds to the multiplication 
among feasible assembly sequences for subassemblies 
obtained at each step of the process. This query-answer 
process must be executed observing the order of the 
steps, since an unfeasible subassembly is identified; the 
mechanical system should be reviewed. 

Following table 3 summarizes all subassemblies found 
during procedure application and possible sequences for 
each of them. The total number of possible sequences 
corresponds to the multiplication among the number of 
possible sequences for each step of the process, in this 
case, this problem presents (1 x 4 x 2 x 2 x 6) = 96 
different possible assembly sequences. Anyway, as 
mentioned before, the number of possibilities can be 
reduced evaluating the feasibility of the sequences for 
each subassembly obtained at each step of the process, 
that is answering to (1+4+2+2+6) = 15 queries as 
presented in Tab. 3. 

In this way, only the positive answered questions are 
considered for the total number of possible assembly 
sequences for the system. Here, (1x1x1x1x4) = 4 
different feasible assembly sequences are obtained. 

In conclusion, this approach generates automatically 
96 different feasible and unfeasible assembly sequences 
in an automatic way and the number of possibilities is 
reduced to four sequences, answering to 15 queries 

corresponding to possible assembly sequences for 
identified subassembly groups in contrast with 36 queries 
and 440 possible assembly sequences proposed by De 
Fazio and Whitney’s method. 

So, this proposed automatic approach allows 
automatically obtaining a lower number of possible 
assembly sequences respecting to theoretical approaches 

based on querying and answering techniques. Besides, 
the information required for its implementation could be 
retrieved in early stages of design with rough virtual 
models. 

4 Conclusions 
Proposed automatic approach allows specialized or 

non-specialized personnel to obtain initial feasible 
assembly sequences for physical discrete mechanical 
products in advance during definition of first layouts for 
promising principle solutions, starting from basic 
topological information regarding to physical interaction 
between components. 

Owing to the nature of information required (contact) no 
dimensional or material information is required to be 
included into the assembly model, making this approach 
very suitable for assembly sequence generation starting 
from 3D layouts of solution principles identified at the 
conceptual and embodiment stages of design. 

The method has the potential to generate at least one 
feasible assembly starting plan. In this way, if no one 
feasible solution is obtained, this situation indicates that 
such mechanical system design should be controlled in 
order to identify instability or over constrained conditions. 

The sub-assembly identification approach is adequate 
to industrial configurations where multiple assembly 
workstations are introduced in order to speed the product 
process up, since the assembly plan offers parallelism 
and flexibility in assembly when independent 
subassemblies are identified.  

It is expected that such proposed methodology opens a 
possibility for better integration of assembly planning 
topics into the early stages of design in order to reduce 
product development time and cost and to increase the 
product quality. As well as open the possibility to the 
product assembly analysis without the human intervention 
but through the use of PDM/PLM systems’ features. In 
this way, it is possible to ask about assembly issues in 
less time and to evaluate a greater number of obtained 
solutions in an objective way; seeing that the virtual 3D 
model should not be opened in the modelling software to 
pull out the contact information between parts and the 
whole management system is able to define the feasible 
assembly sequences.  

 

Tab. 3 Assembly sequences for the transmission example 
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Abstract 

A design process is a sequence of design phases, starting with the design requirement and 
leading to a definition of one or several system architectures. For every design phase, various 
support tools and resolution methods are proposed in the literature. These tools are however 
very difficult to implement in an SME, which may often lack resources. 
In this article we propose a complete design process for new manufacturing techniques, 
based on creativity and knowledge re-use in searching for technical solutions. Conscious of 
the difficulties of appropriation in SME, for every phase of our design process we propose 
resolution tools which are adapted to the context of a small firm. Design knowledge has been 
capitalized in a knowledge base. The knowledge structuring we propose is based on 
functional logic and the design process too is based on the functional decomposition of the 
system, and integrates the simplification of the system architecture, from the early phases of 
the process. For this purpose, aggregation phases and embodiment are proposed and guided 
by heuristics.  

 

1 Introduction 
A design process is a sequence of design activities 

which begins with the design requirement then leads on 
to define one or several system architectures [1]. For 
each design phase, the literature proposes various 
support tools and resolution methods [2]. After analysing 
these methods, we realised that, in the majority of cases, 
it was difficult for a small company, which is not 
specialised in designing manufacturing processes, to 
apply and exploit all these different support tools. 

This work was carried out in an SME manufacturing 
footwear. The aim was to propose a process that could 
guide the company in designing new production 
processes. In this article we propose a sequential and 
iterative design process, based on creativity and the re-
use of existing knowledge to search for solutions. Iteration 
and reuse are taken into account to meet the need to 
reduce deadlines and design and development costs. In 
general, this design process concerns mounting or 
assembly procedures.  

Bearing in mind the difficulties of appropriation in an 
SME, for each phase of our process, we propose 
resolution tools that are specifically adapted to the context 
of a small company. The main phases in our design 
process are presented in the next paragraph. After this, 
we describe in more detail the second and sixth phases. 

2 Design process  
Figure 1 (Fig.1) shows a global view of the proposed 

design process. This is a detailed view of the block 
diagram presented in the article [3]. Our design process 
starts with an external functional analysis phase. Once 
the client's requirements are analysed, functional 
specifications can be drawn up and details of any specific 

requirements are provided with which we can define the 
Technical specifications for requirements. 

The overall function of the production process is then 
decomposed into tasks then into sub-tasks or elementary 
functions. The aim is to have a sequential vision of the 
process to be designed. Different tools are available to the 
designer to assist in this phase. In fact, we first developed 
a graphic tool with which we were able to visualise the 
decomposition process, and reuse the functional 
decompositions of existing processes in our partner 
company [3]. We also propose a generic sequencing of 
mounting and assembly procedures, presented in 
paragraph 3. 

To reduce the number of elementary functions and 
simplify the system architecture, we proposed a function 
aggregation phase, in which we were guided by two 
aggregation heuristics [3]. We used bases of verbs and 
complements to structure this phase and define the 
heuristics [4]. In fact, the choice of functions that can be 
aggregated depends on the verbs used to express the 
functions.  
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              Fig. 1 Proposed design process  

When all the functions are defined, the fourth phase 
of the design process is the search for technical solutions. 
First, we begin by consulting our knowledge base where 
all solutions that have previously been validated and 
approved in the partner company are stored [4]. If the 
knowledge base does not contain an appropriate solution 
(e.g. in the case of new functions), or if the solutions it 
offers do not conform to the specifications, then we carry 
out an external search for other industrial solutions. If the 
industrial solutions also prove unsatisfactory, the search 
for solutions is then based on a creative process guided 
by the MAL’IN (Méthode d’Aide à L’Innovation – Method 
to assist innovation) software [5]. These creativity 
sessions will be followed by a  technical feasibility study 
phase and a prototyping phase for the concepts that are 
selected.  

The fifth stage of the process is component 
aggregation. The purpose of this phase is to study links 
between components to reduce their numbers and thus 
facilitate the solution layout phase. Six component 
aggregation heuristics are defined for this phase [3].  

Phase six of our process is the solution layout phase, 
which is also simplified using the layout heuristics 
described in paragraph 4. 

The designed process is finally described as qualified 
if it meets the requirements set out in the specifications. If 
not, the designer then has two possible choices:  
- Either keep the phase five aggregation and modify 

the layout.  
- Or modify the aggregations made in the component 

aggregation phase, then look for a new layout. If 
none of the layouts prove to be qualified, the designer 
must then move back up the block diagram towards 
the function aggregation phase, the functional 
decomposition phase and if need be to the external 
functional analysis to make modifications. 
Table 1 (Tab. 1) summarises the input/output in each 

phase of the design process, and the recommended 
methods. 

 
Phases 3 to 5 have already been described in some 

detail [3]; here we will only look in detail at the phases that 
assist with functional decomposition and solution layout. 

 

 

Tab. 1 Deliverables associated with the recommended 
methods in the design process. 

3 Phase 2: functional decomposition of 
production processes 
We represent a production process as a succession 

of tasks. One task or sub-task represents a function 
carried out in the process. An elementary function is an 
elementary action that cannot be broken down further. It is 
expressed using a standard language in the form "verb - 
complement", where the verb and the complement are 
chosen from verbs and complement databases [4]. Each 
base is broken down into four classes, where each class 
corresponds to a semantic level that becomes more and 
more precise. 

Functional decomposition is an important stage in the 
design of new processes [6-7] and has an impact on the 
subsequent definition of their architecture. It consists of 
breaking down the global function of the system, defined 
in the first phase, into major tasks then into elementary 
functions. This involves defining a logical sequence 
between these various tasks or functions, in order to 
present the process to be designed in its entirety.  
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To assist the designer in defining this functional 
decomposition and the sequence of functions, we 
propose three methods: visualisation using a graphic tool 
to represent the decomposition [3], reusing functional 
decompositions from existing processes and generic 
sequencing of mounting and assembly processes. 

3.1 Logic of generic sequences  

     Our analysis of the processes involved in the 
production of slippers by our partner company produced 
the following observations: 
- a slipper is made from pre-cut elements,  
- these elements have to be assembled, hence they 

have to be removed from a stack or collected from a 
storage system,  

- next, the elements have to be put in place and 
correctly positioned, 

- then they undergo a specific action (gluing, folding), 
- finally, the assembled elements are removed.  

All these actions involve using verbs from the family 
"to shift", either when the different elements are taken to 
the assembly point, or to the final storage point or to 
undergo specific actions. 

We also noted that when we carried out a functional 
decomposition of processes that already existed in the 
company, the verbs from the family "to shift" were used 
the most. In fact the rate at which these verbs were used 
in existing processes was 70% (percentage calculated 
from capitalised processes). 

On the basis of these observations, we set up 
generic sequences of the mounting and assembly 
processes. 

We started from a parent generic sequence 
constructed using the "to shift" family of verbs as a base. 
Next we suggested various child generic sequences, i.e. 
with a more precise description from the lower levels in 
the graphic representation of the tasks. 

3.2   Parent generic sequences based on the 
verb family “to shift” 

 
A specific action is one that is represented by a verb 

that is not a member of the "to shift" family. A mounting 
and assembly process is characterised by a specific 
action framed by "shift" type actions, as follows: 
- Retrieve the element  
- Place the element in position  
- Specific action  
- Remove the element  

This sequence was deduced using the functional 
decomposition of existing processes in our partner 
company. This observation is corroborated by the fact 
that 70% of verbs used to analyse existing processes 
belong to the "shift" family. We can therefore define a 
parent generic sequence based on verbs from the "shift" 
family: 

 
[Take or retrieve or unstack or ….] then [move or 

move forward or ….] then [position or centre or ….] then 
[specific action] then [take or move or remove or ….] 

 
The choice of verb depends on the case in question. 

The verb base will help here as there are a great many 
verbs in the "shift" family, which in fact makes up 30% of 
the base. 

3.3 Child generic sequences for placing in 
position 

 
The choice of verb determines the sequential break 

down. On the other hand, we can propose generic 
sequences, especially for putting a part into position. 

Placing something in position is a task that occurs 
frequently, in that an element moves from an initial 
position to a final position. Moreover, retrieval and 
removal also imply initial and final states. 

Let us take an example where a part is placed on a 
plane surface. Figure 2 (Fig.2) poses this problem. 

 

 

       Fig. 2 Positioning a part on a plane surface 

To move a part from one position to another (Fig.2), 
different plane trajectories are possible. For each 
trajectory there is a corresponding decomposition into 
elementary functions using verbs from the "shift" family. In 
other words, an example of a successive sequential vision 
(Fig.3): 

 
             [Shift] then [reverse] then [pivot] 
 

 

Fig. 3 Example of a possible plane surface trajectory  

 
The advantage of these sequences lies in the fact 

that the associated solutions involve simple, standardised 
components such as jacks, conveyors and rotary jacks. 

Successive tasks can also be carried out 
simultaneously, thus saving time, although this will 
sometimes impose choice of component. The generic 
sequence then becomes:  

 
        [[Shift] then [reverse]] and [pivot] 
 
The alternatives to these plane (2D) displacement 

sequences are 3D trajectory sequences, in other words, 
the element will leave the plane in which the initial and 
final positions lie. These sequences will give volume 

 

Initial position  

Final position  
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infrastructures, conveyor systems and manipulating 
robots. 

3.4 Child generic sequences for specific actions  

 
Specific actions are those which are defined by verbs 

other than those from the "shift" family, in our case. Note 
that at the lower levels we will have structures equivalent 
to the parent generic sequence but relating to the tool or 
the system carrying out the action. 

A specific action is carried out by a specific sub-
action characterised by a verb of a different family from 
the "shift" family, it is framed by actions of the shift type, 
as follows: 
- Retrieve the tool or the system  
- Place the tool or the system in position  
- Specific sub-action  
- Remove the tool or the system  

The generic sequence for the tool or the system is 
then written: 

 
[Take or retrieve or unstack or ….] then [shift or move 

forward or ….] then [position or centre or ….] then 
[specific sub-action] then [take or shift or remove or ….] 

If the tool is fixed in position, there is no need for a 
generic sequence, as the parent sequence already 
describes the process since it is the element (e.g. the 
sole) that moves. 

3.5 Alternative child generic sequences  

 
The preceding sequence (§ 3.4) shows that to carry 

out the specific action, there must be a relative positioning 
of the element and the tool. One then has to carry out, 
simultaneously, a relative displacement as well as 
carrying out the action. The alternative generic sequences 
will then be: 

Case 1: the tool or the system is fixed 
[Shift element] and [operate tool or system] 
 
Case 2: the element is fixed 
[Shift tool (or system)] and [operate tool or system] 
 
Case 3: neither is fixed 
[Shift element and tool (or system)] and [operate tool 

or system] 
 
An example that often occurs in the processes used 

in our partner company, an illustration of the alternative 
child generic sequences, is that of putting adhesive on the 
soles. As Fig. 4 shows, the function "Spread adhesive" 
can be carried out either by moving the sole and keeping 
the adhesive nozzle in a fixed position (case 1), or by 
moving the adhesive nozzle while keeping the sole fixed 
(case 2). 

 

 
 

Fig. 4 Alternative child generic sequences for the "Spread 

adhesive" function 

3.6 Use of generic sequences  

 
Using the parent generic sequence it is possible to 

decompose the global function of the process and hence 
discern all the specific actions. These will be either known 
(they form part of the knowledge base) unknown, or to be 
reconsidered in the new process. This analysis is 
therefore carried out at a high systemic level. Unknown 
actions will be the subject of innovative design using the 
MAL’IN method. 

Using the child sequences it is possible to go down 
the systemic levels towards elementary tasks or functions. 
This decomposition enables us to define the process 
correctly. 

It must be remembered that the designer has the 
knowledge base at his disposal and that he can decide to 
use functional blocks, and multifunction components that 
are known and validated. These components can then 
replace an entire chain of tasks. 

The choice of task or changes in choices will be 
made on the basis of criteria from the Technical 
Specifications for Requirements. Choices may be based 
on a requirement for: 
- Reduced operating cycle time,  
- Increased productivity, 
- Ease of maintenance, 
- Ease of control, 
- Different costs involved in investment, ownership,… 
- Time needed for a return on investment 
- ….. 

4 Phase 6: Layout of technical 
solutions  
 
The layout problem involves setting out a series of 

components while optimising the interactions between 
them. Layout  problems have been studied many times in 
the literature. The complexity of these problems is due to 
the many variables that generate models and different 
resolution methods. In the case of the design of complex 
systems, we mainly find problems of three-dimensional 
layout. Many examples of three-dimensional layout have 
been dealt with in the literature, using specific methods [8-
9-10]. There are therefore no standard methods that are 
valid for all layout problems. Moreover, the methods 
proposed are complex and are based on algorithms and 
calculation tools that are too unwieldy in the context of an 
SME. 

For these reasons, we believe that for the SME 
partner it would be judicious to use layout heuristics in 
order to find one or several possible process 
architectures. To this end, we define a layout problem as 
being both a problem of positioning and linking. We are 
looking for relative positioning of technical solutions in 
relation to a reference and linking between them. We also 
take into account problems associated with the 
environment and man-machine interaction, as we are 
trying to identify the objectives or the constraints that will 
enable us to produce layout heuristics. 

Figure 5 shows a model for a technical solution layout 
problem: the system is composed of n inter-linked 
components and a reference. The arrangement of the 
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components one in relation to the other and in relation to 
the reference creates a positioning problem for which we 
propose placement heuristics which will help the designer 
solve it. 

Some interaction heuristics are also proposed and 
are linked with interactions between the different 
components. Interactions also concern the external 
environment. 

Man, i.e. the user in a particular external 
environment, and his interaction with the process, will 
require control over operational safety and the safety of 
the man/machine interface. The process environment will 
be affected by (or will affect) the way the process 
functions and this will impose sustainable development 
constraints. When man and the environment are taken 
into account during the layout phase, this will produce 
operational safety and sustainable development 
heuristics. 

 

 

Fig. 5 Modelling a layout problem 

4.1 Placement heuristics  

A reference is a physical element in relation to which 
all components must be positioned. The components and 
the reference are functionally and geometrically linked 
together. Generally, constraints of non-overlapping, 
interactions between components and affiliation are 
imposed which define the placement constraints of the 
layout problem. We propose two heuristics linked with this 
type of problem. 

 
Heuristic 1: The components must be positioned 

and linked to a reference directly or indirectly. 
This heuristic is the point of departure of the layout 

phase. First, the reference machine is defined (stand, 
frame,…) which is the point of reference for the 
components. The components must all be linked either 
directly or indirectly to this reference. If the reference is a 
stand or a frame, the process that is carried out will have 
coherence and independence. 

 
Heuristic 2: Encumbrance of the machine must 

be reduced by adopting architectures that evolve as 
follows: 1Dà2Dà3Dà4D. 

As the design of a machine evolves, it will move 
through all stages from 1D to 4D.  

A sequential vision and traditional handling and 
shifting systems naturally follow an evolution in a single 
direction with successive positions moving in a single 
direction (1D). 

Reducing the trajectory will impose rotational shifts 
and hence the positioning will be in a (2D) plane. 

Controlling encumbrance is linked with shifts in 
space. The machine will integrate components enabling it 
to evolve in space, thus it becomes 3D. 

Finally, the layout of the machine can evolve over 
time in accordance with significant moments or types of 
product to be manufactured, thus the architecture 
becomes 4D as it changes over time. 

By applying heuristic 2, problems of compactness 
and adaptation can be solved. 

4.2 Interaction  heuristics   

Interactions between components concern the 
passage of functional fluxes related to energy, matter and 
signals or information. The link with the reference is a 
specific interaction.  

When interaction problems are analysed, then 
specific heuristics are required.  

 
Heuristic 3: Energy loss must be reduced by 

grouping together components that use the same 
type of energy.  

Controlling energy loss is linked with reducing energy 
paths. These will be reduced if components using the 
same energy are grouped together. 
 

Heuristic 4: Interaction components must be 
standardised, reduced, or even eliminated completely. 

Links can be made between the different components 
via interactions. These may be made directly (ideally) or 
via an interaction component. Interaction components 
transport energy between active components. For 
example, these may be cables in the case of a flux of 
electrical energy, pipes in the case of hydraulic energy 
flux, shafts in the case of a flux of mechanical energy. 

The more standard the interaction components, the 
more easily available they will be (market, spare parts, 
stocks) and the more quickly and easily they can be 
replaced. In addition, these components represent a 
source of energy loss and this is why we try to reduce 
them and eliminate them as far as possible. 

 
Heuristic 5: Choosing interaction components 

between components and between 
component/reference, based on an analysis of 
isostaticity or hyperstaticity of the whole. 

All components must be linked to the chosen 
reference by interaction components or direct interactions. 
The designer must choose the interaction components 
while considering their degrees of freedom. The whole will 
be isostatic or hyperstatic. 

Isostasy will ensure ease of assembly. A hyperstatic 
unit on the other hand will be more rigid. 

Interactions will generate induced effects. For 
example, a hyperstatic assembly produces stresses and 
strains. It is therefore important to list the induced effects 
associated with the interactions and to analyse their 
impact on the whole and how the process is conducted. 
Table 2 (Tab.2) summarises the produced and induced 
effects in a sliding rail or sliding pivot, depending on which 
reference is used [11]. 
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Tab. 2 Produced/induced effects associated with a sliding 
rail or pivot. 

4.3 Operational safety heuristics  

To ensure that the production process continues to 
operate correctly, the designer must take the safety of the 
operation into account throughout its life cycle. 

We therefore propose heuristics linked with the 
system's operational safety. The system must be 
designed to ensure reliability (ensure continuity of 
operation), maintainability (must be repairable), 
availability (be ready for use) and safety (no catastrophic 
events).  

Increasing the autonomy and flexibility of the system 
are also objectives to consider during the component 
layout phase. 

 
Heuristic 6: Any encounters between man and 

danger must be avoided by keeping them separate, 
either physically or virtually. 

Heuristics 6 concern security measures vis-à-vis the 
operator. Any dangerous phenomena must be eliminated 
or avoided as much as possible by adding physical or 
virtual separations and choosing suitable design 
characteristics. Exposing people to dangerous inevitable 
phenomena or to phenomena that cannot be sufficiently 
reduced must also be minimised. This can be achieved by 
reducing or eliminating the need for the operator to 
intervene in dangerous areas. 

 
Heuristic 7: Actuators must be synchronised or 

indexed to increase the machine's reliability. 
Synchronising actuators will reduce waiting times and 

the number of shutdowns between the different 
operations in the cycle and thus increase the machine's 
reliability. 

 
Heuristic 8: Access to maintainable or 

interchangeable components should be easy. 
To reduce machine maintenance time, it is essential 

to have easy access to maintainable or interchangeable 
components. 

4.4 Sustainable development heuristics  

The issues surrounding environmental challenge 
have recently provided yet another reason for scientific 
interest to focus on the problems of layout. The design of 
production processes must now take sustainable 
development into account by respecting norms and 
regulations.  

The "Design for better eco-efficiency" guidelines, 
developed by the World Business Council for Sustainable 
Development (WBCSD) provide general directives for 
designers wanting to develop an environmental design 
procedure [12]. These guidelines set out seven eco-
efficiency axes.  

The heuristic that we propose is based on these eco-
efficiency axes and applied to process design.  

Heuristic 9: Analyse the procedure according to 
the eco-efficiency axes: 

• Reduce material influence  
• Increase energy efficiency 
• Reduce risks of toxicity 
• Increase recyclability and reuse 
• Optimise resource use 
• Increase life span 
• Increase flexibility and functions 

 

5 Conclusion 
To meet the needs of an SME wanting to bring some 

innovation to their production processes, we have put 
forward a complete design and innovation process based 
on creativity and the reuse of existing resources when 
searching for technical solutions. 

This process deals with mounting or assembly 
procedures, and we hope that it will become a useful 
design tool for the footwear production SME. For each 
phase of our process, we have set out resolution tools 
specifically adapted to the context and the resources of an 
SME.  

The design process proposed here was used to 
design entirely new production processes in the partner 
company. These studies show the relevance of a global 
design process, and of the heuristics that we put forward.  
Knowledge reuse and tried and tested technical solutions 
have enabled us to reduce the time taken to search for 
solutions and have resulted in the validation of a new and 
innovative procedure. 
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Abstract 

Purpose: 
The use of composites in industry is ever- increasing. However, in spite of that, end of life 
solutions for composites are still under development. In this paper, a solution linking design 
strategies with a recycling process for composite materials will be proposed. The needs and 
multi-disciplinary skills required for taking recycling possibilities into account in the early 
stages of product design and the necessity to standardize product recycling capabilities 
based on design requirements will be discussed. 

Result: 
The paper highlights the need for designers to take a functional approach including 
characterization of materials and mechanical behaviour, recycling process limits, constraints 
and opportunities into consideration. The recovery solution for the thermoset composite is a 
supercritical water solvolysis process. This paper will show the first lessons learned from 
experiments with this technique.  

1 Introduction 
Today, the key focus for the transport industry is to 

make lighter vehicles. Reduction in weight leads to a 
decrease in energy consumption and CO2 emissions. 
Reducing greenhouse gases and pollution is one of our 
society's main challenges as it strives for sustainable 
development. Composites provide good opportunities for 
combining high modulus materials with free definitions of 
geometry. As a result, their use in industry is increasing. 
The aerospace and aeronautics sectors have integrated 
composites at different levels for their products (organic 
matrix based for cold applications and metallic or 
ceramic-based composites for hot applications). 

Today, in the automotive industry, the limits of the use 
for the composites are their potential recyclability. Indeed, 
a global and eco-friendly approach analyzes and takes 
end of life solutions for systems into account at an early 
stage of their development process. Moreover, in the 
case of automotive, regulations imposes a 95% ratio of 
recycling of an out of use vehicle. The term “de-
manufacture” has become more and more common, 
especially in the electronics industry. It characterizes the 
process of recycling materials and products, including end 
of life strategies and logistics in product development 
[1][2]. Design engineers have to balance safety, energy 
efficiency and cost. Unfortunately, they rarely get to the 
point of thinking about what will happen to the product at 
the end of its useful life [3][4]. 

However, as time goes by and new materials and 
technologies are developed, the challenge that recyclers 
face in safely and economically recycling those products 
grows ever more difficult [5]. Recycling a product means: 
(i) have a recycling technology available, (ii) get dismantle 
solution and access for the product, and (iii), dispose 
identification plus selection (may be clean or pure) 
possibilities for the materials. Moreover, the recycling 

processes have to balance the technical, economical and 
environmental aspects of the end of life proposal. 
Composite applications have opened up a new field of 
research and development in the domain of new recycling 
processes. Water under supercritical conditions gives the 
opportunity to recover composite reinforcements (carbon 
fibers) and open new opportunities for second life 
composites. 

We are focusing on a research area which aims to 
integrate recycling constraints in the design stage of 
composite parts. At the same time, we hope to promote 
discussion between designers and recyclers in order to 
innovate in the definition of new recycled composite 
products. This means that information and skills from both 
sectors will be shared. However, it also implies that 
materials and mechanical knowledge have to be 
developed (for both designers and recyclers). It is, 
therefore, necessary to include a third party in the 
discussion: experts in material and mechanical 
characterization. 

The second section of this paper presents an overview 
of composite recycling possibilities and the technical and 
economic reasons for its development. The third part will 
focus on the design for recovery issue and the 
specificities related to composite design. The fourth 
section will explain our understanding, in terms of skills, 
needs and know-how required for addressing this issue. 
Before concluding, the last section will illustrate some 
feedback and the first lessons learned regarding eco-
design for composites. 

2 Composites recycling motivations 
and solutions 

Future regulatory constraints are pushing industries to 
develop efficient end of life alternatives based on 
technical and economic constraints. For carbon and 
aramide based products, high prices (carbon prepreg: 
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around 180€/kg, Kevlar©: around 150 €/kg) and the world 
shortage in raw materials production, are the leitmotiv for 
finding technical and cost-effective recycling solutions. In 
such cases, second use of composite fibers will be 
dedicated to the manufacture of medium or low loaded 
parts (non-structural in many cases). Indeed, the recycled 
composites fibers and reprocessed semi-products have to 
reach the full acceptance and trust of the users 
(designers) regarding their health and quality. In fact, 
many stakeholders upon seeing the "recycled" label still 
tend to think of "low quality". However, as far as recycled 
carbon fibers are concerned, this is far from the truth. 
Methods exist today by which carbon fibers and prepreg 
can be recycled, and the resulting recyclate retains up to 
90 percent of the fiber’s mechanical properties. In some 
cases, the method enhances the electrical properties of 
the carbon recyclate because the latter can deliver a 
performance close to or superior to the initial material [6]. 
So it is necessary to create demand for recycled fiber, by 
packaging it in a form useful or attractive to end-users. 
For example, cheap materials with very good properties 
could find larger applications than composite today. 
Moreover, this material, from reprocessing path, is more 
environmental friendly, and has the potential of a new 
recycling loop.  

To make such a recycled product loop viable, the key 
factors are mainly the waste deposit quantity and 
availability. In order to ensure the efficiency of the recycle 
way, collecting and identifying infrastructure must be 
established in order to guaranty and improving the 
weighting of the recycled flux. Finally, the end-user must 
have confidence in the quality of the product in terms of 
robustness and value. Mechanical, physical, chemical 
studies must be purchased in order to enrich the recycled 
material data and confirm the propoerties of recycle 
fibers, semi-products and structures. These actions have 
been done successfully in the plastics industry. For 
example, forms of identification labels were added on 
plastic parts to facilitate collection and sorting. Most 
composites manufacturers are already engaged in waste 
management procedures (pushed by the REACH 
regulation), and as a result they recycle waste materials 
on the shop floor, when collection and processing 
solutions are proposed. 

Thermoset matrix based composite designers and 
manufacturers are currently taking two different 
directions. On one hand, they are trying to increase the 
use of green composites or bio-composites.  Bio-
composites are (i) composites made with natural fibers 
(kenaf, flax, hemp, bamboo, coconut stems) as 
reinforcement and/ plus a petroleum-derived matrix, (ii) 
biopolymers (PLA or PHA) reinforced with natural fibers, 
(iii) synthetic fibers reinforced composites (glass, carbon, 
kevlar©) with a bio-polymers matrix. Natural fibers are 
being tested to test their reinforcement’s properties. The 
natural fibers promise to be the future solution for organic 
matrix composites parts [7][8]. Their mechanical 
properties can compete easily with glass fibers. Indeed, 
their specific density ranges from 20 to 45 and their 
tensile stress ranges from 400 to 1500 MPa. A solution 
already exists for high-performance mechanical 
composites, for example by improving the weaving 
processes [9]. Biopolymers or bio-compound (a 
combination of biopolymer and petroleum derived 
polymer) have also been studied [10]. These polymers 
come from PLA derived from cornstarch or PA11 from 
castor seeds and its ricin protein. Their carbon footprint is 
reduced on one hand, by the use of a bio renewable 

material and on the other hand, by the increase of the 
recyclability potential. 

In addition, the end of life impact awareness, thelps 
developing recycling technology. The thermoset matrix 
can be removed either by burning or grinding technics. It’s 
cheap but very aggressive for the carbon fibers [11][12]. 
Complex thermal, chemical and mechanical processes 
are needed to obtain high quality recycled carbon fibers. 
Pyrolysis or solvolysis are two of these very promising 
solutions. However, there are some limitations. For 
example, it is impossible to recycle different categories of 
matrix simultaneously. At the same time, specific coatings 
(metallic cladding for electric behavior, for example) are 
not compatible with some processes. Thus, specific 
requirements must come from the recycling stages if they 
are to be efficient. The most obvious but also important 
thing is to extract and free all the metallic inserts, even 
before grinding [13]. Moreover, before recycling, the 
products have to be dismantled and adapted to the 
recycling process reactor. These reactors are mainly 
cylindrical and have long shape versus their radius. 
Cutting operations are compulsory. 

In southwest France, composites recycling will increase 
in terms of quantity due to the creation two dismantling 
platforms. (i) TARMAC platforms dedicated to civil aircraft 
applications in collaboration with Airbus, EADS Sogerma. 
TARMAC first focuses on the re-use and the certification 
of replacement parts in aircraft maintenance. (ii) P2P 
platform (close to Bordeaux) deals with the disassembly 
of ballistic weapons. In order to manage the end of life of 
structures, a consortium of rocket manufacturers (EADS 
Astrium Space Transportation, SNECMA Propulsion 
Solide, etc …) are working together on the RECCO 
project (RECCO: French acronym for Composites 
Recycling). The final goal is to validate an industrial 
solution and an industrial demonstrator for composite 
recycling. The solvolyse process is chosen for removing 
the thermoset matrix. In this technological and industrial 
background, we promote an early integration of the 
recycling constrains and possibilities in the design 
process of carbon composite parts. The next sessions will 
explain the integration levels we face in order to develop a 
design for recovery approach. 

3 Composite design for recovery 
In order to take the end of life information into 

consideration in the product design phase, we naturally 
opted for design for “X” approaches. In our case, we 
worked on design for recovery (instead of recycling) 
taking common consideration (disassembly in this case) 
should lead designers to propose solutions for products. 
In this perspective, all the recycling requirements become 
input to be taken into account in a product’s functional 
specifications. In addition, from a semantic point of view, 
we promote the use of the term recovery instead of 
recycling, in order to emphasize the second life and 
second use of the product or material after the recycling 
phase. We shift from the cradle to grave cycle to the spirit 
of the cradle to cradle. Thus, even if we are using design 
for recycling methodology, or using the term “recycling”, 
we take it as a dynamic state, as e rebirth for future use 
and not as a static and final goal. That means considering 
future product design or future second life material at the 
recycling level. In other words, we are in two dual areas of 
research. Firstly, design for the end of life can be 
summarized as design for recovery. Secondly, from 
recycling to design, the research deals with robust 
material recycled for design. 
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Design for recovery challenges aim to protect the 
environment and create a sustainable means for 
preserving our resources and reducing energy loss and 
pollution. It seeks to achieve two very basic goals: the first 
one is to eliminate or reduce the use of hazardous or toxic 
materials which may present a serious threat to the 
environment, or put a recycler's workforce in jeopardy, 
and the second is to discourage the use of materials that 
are not recyclable or manufacturing techniques that make 
a product non-recyclable using current technologies. The 
best time to address these issues is during the design 
stage [14]. Addressing a product's end-of-life is essential 
at the very beginning. Adopting this premise helps to 
ensure an efficient recycling chain, this goes well beyond 
the scrap processor to the mill, smelter, or extruder which 
will take the recycled materials and make them into new 
materials. Design for recycling is a mindset that all design 
engineers must embrace if they hope to have their 
products considered as environmentally friendly. As 
mentioned before, design for recycling is driven by 
governmental mandates like the European Union's Waste 
Electrical and Electronic Equipment directive (WEEE or 
DEEE) or End-of-Life Vehicle (ELV) directive (in 2015 in 
Europe, more than 85% weight must be recycled, and 
more than 95% weight re-use or valorised). 

There is more than environmental compliance at stake 
here. As new materials are developed, such as carbon-
based composites, they bring about a new threat in terms 
of recycling. As these new materials are introduced into 
products and are replacing materials that have been 
recyclable for generations, they affect recyclability 
negatively both practically and financially. Both can have 
a devastating impact. Even materials that are recyclable 
can pose a problem when used in combination. Take, for 
instance, a product that is made from many different 
types of plastics. Today's recycling technology can only 
sort two or three different types of polymer materials 
(using a mechanical solution), at best. Composites 
effectively become non-recyclable, or at least the plastics 
fraction of that product will be non-recyclable [15][16]. 

Therefore, in order to address the global problem, we 
are working on different levels: (i) design teams, (ii) 
design methods and (iii) design tools, in order to reduce 
the gap between the existing recycling solutions or bio-
composites possibilities, and designer’s today solutions. 
Not only do engineers have new materials and new 
product design solutions for eco-responsible products, but 
there are now also different tools available to help model 
and evaluate the solutions and the product life impact. 
This end of life requirements definition, also points out the 
life needs, in terms of maintenance or parts fixing. 
Unfortunately, the results of these rating tools depend on 
the information available. Most of the time, little 
information is available about the life and end of life of a 
product in the design stage. Furthermore, in the case of 
recycling processes under development, it is necessary to 
anticipate the potentiality of the technologies and their 
applications. The uncertainty of decisions will therefore be 
increased. Indeed, design decisions, in terms of end of 
life consequences, will, no doubt, appear from 5 to 20 
years later. Before giving further explanation, it is 
important to remember that composite design is complex 
due to the fact that it is necessary to simultaneously 
define (i) geometry and shape, (ii) materials (fiber and 
matrix) and the reinforcement orientations, and (iii) 
manufacturing process. These three topics are linked and 
inter-dependent in the design and optimization process. 
For example, laminates selections limits shapes 
possibilities and depend on manufacturing capability. 

Consequently, as illustrated in figure 1, the eco-designer 
has to juggle with constraints from various sources, in 
addition to internal constraints and relation-ships of the 
composite design. Up to now, these additional constraints 
are not taken into consideration, except for the 
consequences of the new regulation (Reach) which 
focuses on manufacturing aspects. 

 

Fig. 1: Design for X constrains in perspective of composite 

design approach 

4 Levels of complexity and integration 
to link recovery and design 

Integrated design means addressing the recycling 
process development issue carefully while at the same 
time, proposing the possibility of including such evolutions 
in design methodology. We identified three main 
problems: (i) the first is concerned with recycling physics 
and scheduling to link and reach design methodologies, 
(ii) the second is dedicated to the uncertain and non-
complete nature of the information available, (iii) the third 
problem is to do with competencies and skills needed to 
for the design of robust recovery problems. 

4.1 Physics and time-table 

This part has to manage the knowledge integration in 
design of the recycling process. These processes are 
most of the time under development, searching for 
breakthrough innovations and applications. The recycling 
rules that, must be included in the design process, are still 
under formalization while designers must take decisions. 
Furthermore, the decisions taken today affect the product 
much later. Figure 2 shows the core elements that build 
the skeleton of a product’s end of life. Each phase of this 
process has its own limits and constraints to be integrated 
or overshot. Different stakeholders are included in the 
loop and should point out the information, expected data 
and decision rules they apply to switch from one-stage to 
another. The different schedule between real recycling 
process and part design increases the integration 
difficulties. For existing and robust end of life paths, 
constraints and material re-process and re-use are well 
known. For new recycling processes, robust validation 
can take time while designers have to take decisions now. 
An extreme example is nuclear plants. Built 40 years ago, 
there is still no efficient end of life solutions and their 
dismantling will soon begin. Research and development 
teams are banking on some kind of technological 
breakthrough to guide developments in recycling. 
Innovation is needed not only in the recycling phase but 
also for all the key stages. It is important to improve 
disassembly techniques (see design for assembly-
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disassembly approaches) or selection efficiency [18][19]. 
At the end of the process, it is essential to develop 
innovative and valuable uses to compete with virgin raw 
materials (for similar characteristics) or to find new 
opportunities, at the very early design of the recycling 
path. 

As far as composites are concerned, new processes 
enable fibers to be recovered with very little distortion and 
fracture from the composite part initial disposal. 
Supercritical fluids give such opportunities [20][21]. 
However, the problem of alignment and restructuration of 
the fibers still remains. Competences (knowledge and 
know-how) and skills on fibers spinning and weaving have 
been integrated by recycling teams. Other alternatives 
consist in reprocessing medium size flat rectangular 
pieces of 1D or 2D carbon fibers. The innovation consists 
in proposing a patchwork’s part design approach. 
Moreover, specific works have to identify the mechanical 
characteristics and efficient strategy for material 
characterization according to the product design 
development phase, from the recycled fibers to the final 
structure [22][23]. This testing pyramid problematic, from 
the micro to macro behaviour, at all the stages of the 
product (from the fiber to the structure), must integrate the 
shifts uncertainty of complex but in real case tests 
[24][25]. 

4.2 Information access and result trusts 

Figure 2 is also a starting point for identifying the 
existing information available at each stage of the 
process. Integrating the different stakeholders, it helps to 
identify which kind of information is needed or available, 
and who is the owner or require for this information 
Errore. L'origine riferimento non è stata trovata.. In 
the perspective of a classical V cycle of product 
development, two elements arise. Firstly, the kinds of 
data, and their certainty, depend on the end of life 
solution chosen. Indeed, as illustrated in Figure 3, in the 
case of a re-use of product, the product life information 
might need to be certified and guaranteed for compliance. 
The materials database will store all this information, 
structured for each recycling stage. The designer will use 
the data stored. Nevertheless, in many cases, the kind of 

data required is known, but the real value of the data is 
unknown or fuzzy or range from to limits. As a result, 
design evaluation becomes uncertain. Therefore, end of 
life solutions are not fully defined at an early design stage. 
Nevertheless, these initial decisions will impact the 
environmental footprint. In addition, as illustrated in part 
4.1, an efficient end of life solution might not have been 
developed yet. Consequently, end of life evaluations must 
be used with care, dividing the trust-able results with the 
uncertain ones. Similar levels of information completeness 
can compare different solutions. Otherwise, the results 
should be taken as trends or qualitative comparisons. 

 

Fig.3: V cycle for information exchange 

On one hand, we plan to map the design process 
cycle, with each key decision, regarding the life and end 
of life impact. The decisions will need data, decision rules, 
etc. In addition, as started in figure 2, we will capture all 
the information in detail: requirements and constraints, in 
order to generate recycling rules. The connection link 
between the two aspects, identified with the use or the 
generation of the same data will link designer to recycler. 

4.3 Multidisciplinary needs 

Section 4.2 explains how we will create the link 
between recyclers and designers. However, in many 
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cases, designers need data regarding a specific 
characteristic (maximum tensile stress for example) and 
the recyclers are not able to give such information. 
Inversely, the recyclers have to know about life damage, 
but the designer can only inform on the use cases 
employed for the design. Consequently, complementary 
information arises in this dual relationship. Material and 
product characterisation is compulsory at different levels. 
People coming from material, chemical and mechanical 
field will be able to provide away of translating the 
requests or the requirements into real data. Indeed, many 
different characterizations must be carried out before and 
after the recycling process. For example, identification of 
the life and assembly consequences on the material, the 
possible disassembly damage, etc… These data guide 
the recycling process to minimize variability incidence. In 
a second stage, the recycled material or re-processed 
semi-product has to be tested in order to assess its 
quality and enrich the designer possibility (with a second 
life or reprocessed material). Figure 4 sums up the 
interaction between these three required skills. 

From the characterization point of view, the key 
problem is adaptation of scale. The testing pyramid 
strategy helps to identify sufficient and necessary tests 
from the elementary sample level to the full system level 
(see figure 5). In most cases, specific tests have to be 
developed in order to guarantee relevant and reliable 
results. This multi level approach is also applied to the 
development of new recycling processes and their 

industrialization. 

 
Fig.5: Summary of the three skills domains interrelation [27] 

5 Composite design for recovery: first 
lessons 

RECCO1 project (in wich we are involved) search 
industrial solutions to recover (id. es. recycle and re-
process) carbon composite wastes. The solvolysis method 
is developed to recycle thermoset matrix composites. The 
specificity of this process is its maximal matrix removal 
with a little carbon fibres degradation. In addition, the 
solvolysis has minimal water consumption and pollution. 
After the solvolysis phase, it remains dry carbon fibres, 
oriented according to the product composite sequence. 
This process uses supercritical water. The water under 
supercritical conditions (around 200 bars and 400°C) 
becomes a solvent for the matrix witch is easily and fully 
removed. Since, this process is very sensitive to presence 
of other non organic material such as metal. For example, 
the solvolysis process oxidized rivets, screws or inserts, 
and even parts of the solvolysis reactor in some cases. It 
spreads small metallic particles in and on the carbon 
fibers. Depending on the whether uni-directional or woven 
orientation was used for the fibers, the solvolysis liquid 
flow concentrates this pollution on the outer edge of the 
fibers or at the cross of the tows. 

This pollution has little influence on the dry fibers 
mechanical strength. It creates bridges and an upper skin 
that reduces the reprocess-ability (spinning or re-
weaving). When sizing and imbue with matrix polymer it 

eases mechanical grip and has little 
effect on mechanical properties. 
Regarding the physicals properties, 
this pollution modified the 
behaviour locally. More tests must 
be carried out to analyze the 
solvolysis pollution impact further. 

Another feed back has resulted 
from the analysis of these 
pollutions. At the edge of the parts, 
the cutting processes change the 
properties of the matrix. This 
cutting come from the adjustments 
of the parts to the solvolysis 
reactors sizes. Indeed, the local 
heat of the cutting burns the matrix. 
This carbon based layer glues the 
fibers together at their edges. This 
thickness of this layer can reach up 
to 200 microns when hard condition 
cutting parameters are used. This 
property can ease the handling of 

the recyclate. To spin a long tow with short or medium 
size fibers, this glue reduces the shreds (good for 
mechanical handle and guide of the fibers). However, at 
the same time it reduces the spinning efficiency of inter 
fibers grip. 

Up to now, we have improved our competence in textile 
manufacturing in order to develop the remanufacturing 
end of the recovery loop. The pilot demonstrator is under 
development and we are able to transform composite 
parts to tows or woven of recycled carbon fibers. The 
mechanical characteristics of these fibers are nearly the 
same as virgin fibers, except for their length. 

                                                 
1 RECCO is a french consortium gathering composite waste 
industrials producers (EADS Astrium – Snecma Propulsion Solide 
– Airbus), supercritical fluid experts and providers (ICMCB – 
Innoveox), composite remanufacturing (I2M), logistic partner in 
the field of the chemistry (Gaches Chimie) and the French 
institution for environment (ADEME). 
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6 Conclusion 
We were able to recycle carbon-based composites and 

recover the carbon fibers. This development highlights the 
fact that recycling possibilities and constraints should be 
included in the early design stages. Skills and 
competences (knowledge and know-how) from materials 
characterization and mechanical characterization are 
required for providing information about the parts to be 
recycled, and about the materials or semi-products 
derived from recycling. For our point of view, the three 
communities have the skills which must interweave in 
order to reach the design under recycling constraint 
objectives and to develop robust recycling processes for 
second design perspectives. In order to facilitate 
discussion and communication within the three areas of 
expertise, we have to work on the requirements definition 
for the designer, but also take the recycler’s point of view 
into account. Systematic formalization of requirements 
and semantic alignment between the different, yet not so 
distant, communities has to be implemented. 

An environmental assessment of the solvolysis 
recycling process still has to be carried out in order to 
compare energy and material consumption, pollution, cost 
etc. for the same quantity of material (new or recycled). 
The increasing use of composites in industry has brought 
about the development of end of life solutions. Regulatory 
constraints and financial perspectives (cost-cutting) will 
give rise to design for recovery or eco-design 
approaches. 
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Abstract 

 
Pneumatic spindles have been introduced in a wide range of industrial applications. In fact, 
air motors offer a cost effective alternative to conventional electric devices and often 
remarkable functional improvements. 
In spite of their growing diffusion, air motor design is still performed mainly according to 
companies’ expertise, usually building a number of prototypes until the desired torque/speed 
(or power/speed) curve is obtained. 
The aim of this work is to provide a predictive model capable of estimating the characteristic 
curves by setting a set of air motor geometrical characteristics and inlet air pressure, in order 
to reduce the number of prototypes to be built. 
The presented study has been carried out with reference to vane motor, generally suitable for 
applications requiring high operating speeds. A statistical experimental approach (based on 
DoE technique) has been used in order to derive a mathematical-empirical model relating the 
geometrical and fluid-dynamic parameters with the system "response". 
The geometric parameters, defining the shape of the spindle, have been successively used to 
create a parametric CAD model with the corresponding technical drawings. 
The developed methodology, tested on a series of prototypes, proved to be effective in 
forecasting the characteristic curves of vane type air motor; moreover, due to the extremely 
low computational cost, it allows to assess a large number of design alternatives and to select 
the one best fitting the design target. 
 

1 Introduction 
Pneumatic motors have been widely recognized to be suitable 

for a number of industrial (and non industrial) applications such 
as robotics, automation, dental, etc. They often present 
considerable advantages when compared to electrical devices. 
For instance, they can be safely loaded until they stall and can 
be stopped, started and reversed continually without causing any 
damage, unlike their electrical counterpart. They are also highly 
effective at withstanding extreme heat, vibration and impact, 
making them ideal for use in particularly demanding applications, 
including those where it is impractical or unsafe to use electric 
motors (i.e. explosive and volatile atmospheres). Finally, 
compared to an electrical motor, a smaller air motor can deliver 
the same power avoiding in some cases the use of gearboxes for 
reducing its speed. 

Pneumatic motors convert fluid-dynamic energy into 
mechanical energy. The power produced by a pneumatic motor 
is determined by the flow and pressure drop of the motor. The 
displacement and pressure drop of the motor determines the 
torque it generates. The power output is thus directly proportional 
to the speed. 

Pneumatic motors can be classified into two main categories: 
- volumetric motor; 
- dynamic motor. 
Generally, volumetric motors are characterized by closed 

spaces that, contracting and expanding while the motor runs, 
vary the volume. 

 Dynamic motors, i.e. turbines, are based on the interaction 
between a high speed air flow and rotor blades [1]. 

The principal types of both volumetric and dynamic motors 
and their operating features are shown in Tab.1. 

Rotary vane, gear-type, axial and radial-piston air motors are 
most commonly used for industrial applications. These designs 
operate with highest efficiency and longevity from lubricated air.  

In particular, piston air motors [2,3,4] are used in applications 
requiring high power, high starting torque, and accurate speed 
control at low speeds. Gear-type motors are suitable for low 

power and high speed. Turbine motors are used where very high 
speed but low starting torque is required. Finally, rotary vane 
motors [5,6] are used in applications requiring low to medium 
power outputs and high speed. The small external dimensions 
and the operating features, make vane motors particularly 
suitable to be used in pneumatic spindles. For these reasons 
vane motors are used in many industrial applications (e.g. milling, 
grinding, and drilling). 

   

 AIR MOTOR 

 VOLUMETRIC  DYNAMIC 

Characteristic Radial-
piston  

Axial-
piston  

Vane 
motor 

Gear-
Type 
motor 

Turbine 

 
 

  
 

Power (kW) 1.5-3.0 1-6 0.1-18 0.5-5 0.01-0.2 

Max. velocity (rpm) 6000 5000 30000 15000 120000 

Max. expansion 
ratio 

1:2 1:1.5 1:1.6 1:1 - 

Num. of cylinders  
or vane per round 

4-6 4 2-10 10-25 One stage 

Tab. 1 Principal types of air motors (from [7] and [8]). 

Since the present study has been carried out with reference to 
vane motors, their typical design and working principle is 
described below. 

Vane motors have axial vanes fitted into radial slots running 
the length of a rotor, which is mounted eccentric with the bore of 
the motor's body housing (stator). During the start-up the vanes 
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are kept in contact with the stator inner walls by means of 
springs, cam action, or air pressure, depending on design. 

The centrifugal force that develops when the rotor turns aids 
this sealing action. Torque develops from pressure acting on one 
side of the vanes.  

The typical vane motor design is shown in Fig.1.  
 

 

Fig. 1 Vane motor components: 1. Front end plate; 2. Rotor; 

3. Vane; 4. Stator; 5. Rear end plate (from [9]). 

The huge attention on these motors is evidenced by very 
interesting works concerning pneumatic spindles reported in the 
scientific literature. Naranjo et al. [10] developed a new small 
pneumatic motor as an alternative to electric motors for 
machining processes at small dimensions, with potential use in 
micromachines and microfactories. Mihajlov et al. [11] developed 
a new pneumatic rotary actuator with elastic chambers. Different 
prototypes of an air motor were developed by Nishi et al. in order 
to obtain new air driven actuator [12,13]. Pneumatic motors have 
been also used as actuators for different applications such as 
robots for pipe inspection [14]. 

In spite of their growing diffusion and the interest 
demonstrated by the scientific community, to the best of authors’ 
knowledge, vane motor design is still performed mainly according 
to companies’ expertise, usually building a number of prototypes 
until the desired torque/speed (or power/speed) curve is 
obtained. 

This work is meant to investigate the possibility of developing 
a design tool capable to predict the performance of a vane motor 
and to provide the designer with an automatically updatable 3D 
model of the motor itself, together with all the necessary 
technical drawings. 

2 Why DoE? 
The mathematical theory describing the working principle of 

rotary vane motors is a well know one and relies on the ideal 
thermodynamic cycle shown in Fig. 2. 

 

 

Fig. 2 Ideal thermodynamic cycle for a vane motor (from [8]). 

It can be demonstrated that, when assuming a polytrophic 
transformation and an ideal gas, the total work W is given by: 
 

ncompressiontdisplacemeexpansion WWWW ++=  (1) 

 

 

Fig. 3 Typical phases of vane motor cycle (from [8]). 
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In order to use the described approach to design a new 
device, the mathematical model must be generalized by taking 
into account “non idealities” such as: 

- mechanical losses (mainly due to friction); 
- fluid-dynamic losses (due to variable geometry ducts and 

real fluid behavior in intra-vane space). 
- vane leakage. 
These kinds of loss sources, however, are difficult to measure 

and, most important, are extremely difficult to correlate with 
operating and design parameters such as: 

- inlet air condition; 
- device geometry; 
- material properties; 
- device speed. 
Some interesting works concerning the development of 

models to predict pneumatic torque/speed (or power/speed) 
curve have been reported in the literature. In particular, using 
geometrical data and the theory of thermodynamic processes, 
Beater [8,15] developed a model of an ideal reversible motor. 
Moreover, in his work, leakage paths and friction are added to 
describe the behavior of real motors. 

Nevertheless these works usually refer to specific motor 
design, as a consequence they lack in general applicability and 
are very difficult to be effectively used in the design phase of a 
new device. 

In this paper an alternative procedure based on DoE [16,17] is 
proposed in order to derive the characteristic torque-speed curve 
from a set of design and operating parameters. 

2.1 DoE model  

From the analysis of the ideal cycle (Fig. 2) and from what 
mentioned above about loss sources, it can be observed that 
work provided by the vane motor is strongly influenced by 
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expansion volume, inlet air pressure and pressure fall due to the 
inlet section. 

Based on these considerations a first set of parameters was 
selected in order to model the motor behavior (i.e. torque Cm 
[Nm]): 

1) stator inner diameter (Ds [mm]); 
2) rotor diameter (Dr [mm]); 
3) vane (rotor) length (L [mm]); 
4) number of vanes (z); 
5) inlet diameter (din [mm]); 
6) outlet diameter (dout [mm]); 
7) inlet pressure (pin [bar]); 
8) rotating speed (n [rpm]). 
Parameters from 1 to 6 are purely geometrical and are 

summarized in Fig. 4. 

 

Fig. 4 Main geometric parameters. 

On the basis of the listed parameters, the most obvious 
function which is to consider (to be determined by means of DoE 
technique) can be expressed as: 
 ( )inoutinsrm pnddzLDDFC ,,,,,,,=  (5) 

In case the simplest experimental plan is supposed (2 levels 
per parameter), the function shown in eq. 5 involves a total of 28 
= 256 tests.  

In order to reduce the experimental test number it is useful to 
observe that in practical cases (as demonstrated by commercial 
products technical sheets) torque vs. speed curve is a straight 
line. As a consequence, a new expression for torque can be 
written as follows: 
 qnmCm +×=  (6) 

A further simplification has been achieved from observing that 
commercial products usually feature a 5 vane design. This has 
allowed to eliminate z from the design variables. 

As a consequence, two new functions can be defined: 
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Accordingly, a total of 64 tests are, now, necessary. Since 

inlet pressure pin is not a geometric parameter, the required total 
number of prototypes for a full factorial plan is 32. 

The final solution chosen in this work, in order to further 
reduce the number of prototypes and the overall experiment 
costs, was to select a V order fractional factorial (25-1 = 16) and to 
replicate the experimental test with 2 levels of inlet pressure (i.e. 
3; 4 bar), thus obtaining 2 set of values (m1, q1 and m2, q2) for the 
different pressure levels. The choice of the lowest pressure level 
was driven by the observation that, in practice, this kind of 
devices is seldom used with a pressure lower than 3 bar. The 
limitation of the higher pressure level has been set a-posteriori, 
due to the experimental setup which proved not to be reliable for 
rotation speeds higher than 25000 rpm. 

The five geometric parameters defined in eq. 7 have been 
modified in order to avoid physically impossible configurations 
(e.g. rotor diameter lower than stator diameter).  In particular two 
new parameters have been defined as follows: 

 
1. %din defines the inlet diameter as a percentage of the 

outlet diameter (i.e.
 outinin ddd ×=%  )  

2. %e defines the eccentricity expressed as a percentage 
of the rotor diameter (i.e.

 
)%21( eDD rs ×+×=  ) 

The parameter values, considered in order to build the spindle 
prototypes for the experimental tests, are chosen on the basis of 

technical specification of commercially available units. Selected 
dimensions are summarized in Tab. 2. 

 
Model # Dr L dout %din %e 

01 25 15 6,0 80 10 
02 15 30 6,0 80 10 
03 25 30 6,0 80 5 
04 15 15 2,5 100 5 
05 25 15 2,5 100 10 
06 15 30 2,5 100 10 
07 25 30 2,5 100 5 
08 15 15 6,0 100 10 
09 25 15 6,0 100 5 
10 15 30 6,0 100 5 
11 25 30 6,0 100 10 
12 25 15 6,0 80 10 
13 15 30 6,0 80 10 
14 25 30 6,0 80 5 
15 15 15 2,5 100 5 
16 25 15 2,5 100 10 

Tab. 2 Design parameters summary. 

The typical form of the predictive equation estimated by 
means of experimental tests result to be:   
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where λ is alternatively m1, m2, q1 or q2 and ai are the 
coefficients which are provided by using the software package 
Minitab 15®. 

2.2 Experimental set-up 

The 16 prototypes were carefully characterized by using the 
test bench shown in Fig. 5.  

 

 

Fig. 5 Experimental set up. 

The complete set of rotors are shown in Fig. 6, while four of 
the prototypes in Fig. 7.  

 

 
Fig. 6 Rotors. 

 

 

Fig. 7 Four of the tested prototypes. 
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The test bench consists of an air compressor capable of 
providing air with a pressure up to 10 bar, an air pressure 
regulator, a lubrication unit for adding lubricant (oil) to 
compressed air (in order to prevent early wear of vanes), a flow 
gauge, an optical rotational velocity meter and a dynamo used to 
vary the braking torque at different rotation speeds, connected, in 
its turn, to: a voltmeter, an ammeter and a rheostat.  

The braking torque Cr, produced by the dynamo unit, can be 
evaluated using eq. 9. 
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ww 22
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Where: 
- K = dynamo constant (which is known thanks to prior 

unit characterization); 
- ω = rotation velocity; 
- R = dynamo inner electrical resistance; 
- Rf = resistance provided by the rheostat; 
- V = potential difference between the two dynamo poles; 
- I = current flowing through the dynamo. 
The electrical scheme is shown in Fig. 8. 

 

Fig. 8 Dynamo unit electrical connections. 

The dynamo unit is connected to the spindle shaft by means 
of an elastic joint. 

The described experimental set-up is used to determine the 
characteristic curve (torque vs. speed) of each spindle prototype. 

More in detail, the spindle is supplied by compressed air (3 or 
4 bar) and the rheostat resistance value is varied in order to 
obtain a 15 Hz step in frequency variation of the shaft rotation 
speed. Once the speed has stabilized, ω, V and I are recorded 
so that the corresponding torque can be computed. In order to 
increase robustness, the characteristic curve for each prototype 
and inlet pressure is evaluated 5 times. 

As already stated characteristic curves of commercial 
spindles are straight lines; moreover this assumption has been 
taken into account when deriving the torque expression shown in 
eq. 6. A typical characteristic curve is shown in Fig. 9 (the best fit 
linear regression is superimposed on the experimental data). 

 

  

Fig. 9 Typical torque-speed curve. Experimental data (◊) and 

linear regression (−). 

2.3 Results 

As already anticipated the DoE analysis has been performed 
using Minitab 15®. Main effects and interactions contributions are 
shown in the Pareto chart of Fig. 10 which refers to the m1 (3 
bar) coefficient. 

 

 

Fig. 10 Pareto chart of m1 coefficient. 

The main effect plot for the same coefficient is also provided 
in Fig. 11. 

 

 

Fig. 11 Main effects plot of m1 coefficient. 

By observing Figs. 10 and 11, it is possible to state that the 
three most relevant parameters affecting the slope of the 
characteristic curve are: rotor diameter, vane length and 
eccentricity. 

The same parameters appear to be the most relevant for all 
the other coefficients (q1, m2, q2). 

2.4 Validation 

In order to validate the mathematical models, a new set of five 
spindle prototypes, different from the ones used for developing 
DoE models, has been considered. The characteristic torque vs. 
speed curves (for both 3 and 4 bar inlet pressure), estimated by 
the predictive equation (eq. 6), have been compared with the 
ones experimentally measured using the test bench.  

In Figs. 12 and 13 are graphically shown the comparisons 
between the experimental characteristic curves (obtained by 
means of linear regression applied to experimental data) and the 
ones coming from the predictive equations for two of the 
validation prototypes (3 bar inlet pressure). In the same Figures 
the validation prototype parameters (Dr, L, dout, %din, %e), the 
relative percent errors between experimental and estimated 
values and respective analytical characteristic curve coefficients 
are illustrated. 

 

 

Fig. 12 Experimental and estimated characteristic curve 
comparison for validation model n.1. 

V

A

rheostatdynamo
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Fig. 13 Experimental and estimated characteristic curve 

comparison for validation model n.2. 

The percent error, of both slope and intercept, is not greater 
than 5% for each of the 5 validation models. Thus, based on 
these results, the predictive models can be considered to 
accurately reproduce the real behaviour of spindles in terms of 
toque-speed curve.   

The obtained models can be effectively used to predict the 
performance of a new spindle, once a set of design parameters 
is provided. Due to the very simple mathematical expression, the 
computation time necessary to build the predicted characteristic 
curve is negligible. 

3 Design tool development 
In order to further reduce the time required to design new 

spindles, a software tool has been developed using Matlab®. 
Such a tool features a Graphical User Interface (GUI) where the 
design variables can be input and the resulting characteristic 
curves (torque-speed, power-speed) are shown. The analytical 
curves are computed using the predictive equations described in 
section 2. The GUI is directly interfaced with an Excel 
spreadsheet, where the design variables are stored and 
successfully used as input to drive the parameters of an 
appositely built parametric CAD model of the spindle.  

3.1 Parametric Model 

 The parametric spindle model has been built using Autodesk 
Inventor® 2008.  

The 3D model and the 2D drawing of the assembly for two 
different spindles are shown respectively in Fig. 14 and Fig. 15.  

As anticipated, the design parameters, linked to CAD model 
dimensions, are stored in an Excel spreadsheet which, in its turn, 
is compiled through the GUI. 

The set of design parameters is divided into 2 sub-sets: 
1. Primary design variables (the ones which directly affect 

the spindle’s characteristic curves): 
- rotor diameter (Dr [mm]); 
- vane (rotor) length (L [mm]); 
- outlet diameter (dout [mm]); 
- inlet diameter (as a percentage of the outlet 

diameter %din); 
- eccentricity (as a percentage of the rotor 

diameter %e). 
2. Secondary design variables (the ones not directly 

affecting spindle performance but which are necessary 
to define overall design): 

- spindle outer diameter; 
- bearing inner diameter; 
- bearing outer diameter; 
- bearing axial dimension;  
- vane thickness; 
- rear and front spacers thickness (see Fig. 15); 
- screw diameter. 

Some of the secondary design variables (e.g. outer diameter, 
screw diameter) are obviously related to spindle stiffness and 
resistance, while others (e.g. bearing dimensions) depend on the 
available dimensions of commercial devices. 

 

 

Fig. 14 3D parametric model (Dr = 15 mm; L= 30; dout= 6; 

%din=80; %e=10) 

 

 

Fig. 15 3D parametric model (Dr = 15 mm; L= 15; dout= 2.5; 

%din=100; %e=5) 

3.2 GUI 

The Graphical User Interface is shown in Fig. 16. Primary and 
secondary variables are split into two different interface areas.  

The GUI is additionally provided with two graphical windows 
showing, respectively, the torque-speed and power-speed curves 
(since torque-speed curve is a negative slope line, the power-
speed curve is a parabola). 

General usage procedure consists of: 
1) setting primary and secondary variables; 
2) generating characteristic curves;  
3) checking the suitability of the obtained curves to the design 

objective; 
4) iterating steps 1 to 3 until the objective is matched; 
5) generating the correspondent 3D CAD models and 

technical drawings for final validation. 

 

Fig. 16 Graphical User Interface 
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4 Conclusion and future work 
A predictive tool capable of estimating the characteristic 

curves of pneumatic spindles, based on rotary vane architecture, 
has been developed. 

The tool requires, as input, a set of design variables 
describing the spindle geometry. Such a tool is based on a 
simple mathematical model obtained by means of Design of 
Experiment technique which involved a set of 16 prototypes. The 
model has been validated by means of experimental analysis 
carried out on 5 additional devices; the good agreement between 
predicted and actual curves demonstrates the reliability and the 
accuracy of the developed tool. 

A Graphical User Interface has been developed in order to 
facilitate the usage of the described tool. Additionally the design 
variables directly input in the GUI have been linked to a 
parametric CAD model of the spindle, which is automatically 
updated, together with the corresponding technical drawings, 
when a new set of variables is provided. 

The developed tool, due to the extremely low computational 
cost, allows to assess a large number of design alternatives and 
to select the one best fitting the design target in terms of 
performance. Thereby it proves to be extremely effective in 
reducing the number of prototypes to be built when developing a 
new spindle design.  

Future work will be addressed to enhance the prediction 
capabilities of the proposed tool by increasing the number of 
design variables simultaneously taken into account. Moreover, 
the possibility of using an optimization algorithm capable to  
automatically determine spindle parameters on the basis of a 
user-provided characteristic curve will be investigated. 
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Abstract 

Purpose: 
The present research work aims to analyze and characterize processes in terms of sensitivity of 
their performances. Robust design techniques, generally adopted for product and process 
optimization, are not suited for investigating sensitivity. Then a novel approach to such 
engineering problem needs to be proposed. 

Method: 
The developed method integrates and extends to the analysis of manufacturing and 
technological processes the Performance Sensitivity Distribution (PSD) theory, primarily 
introduced to provide analytical and geometric description of performance sensitivity for robotic 
mechanisms. 

Result: 
Such novel method, named Specialized PSD, starts from the clarification of the sensitivity 
analysis problem by defining key parameters, i.e. Design Variables (DVs), Design Parameters 
(DPs) and Performance Functions (PFs). According to the PSD theory, PF sensitivity is 
expressed in terms of deviations of DVs and DPs and it is geometrically described by a 
hyperellipsoid in the n-dimensional space. Sensitivity indexes are then introduced to assess PF 
variation for different combinations of DVs and DPs deviations. Regression Analysis is adopted 
to provide the mathematical description of PFs so the PSD theory is finally specialized to be 
applied in a process sensitivity analysis. Injection molding of a plastic specimen is finally 
investigated to validate the proposed method. 

Discussion & Conclusion: 
This work specialize the PSD theory for manufacturing and technological processes, extending 
its original field of application thanks to a novel approach to the analytical expression of the 
PFs. Moreover, when 2 or 3 parameters are considered, sensitivity indexes are graphically 
represented through tolerance maps of colour, so the method can be easily adopt for integrated 
design, especially in the early stage of product and process development. 

1 Introduction 
Mechanical systems and engineering processes are 

commonly described by design parameters which 
determine, with their values and their variations, final 
performances and overall quality [1, 2]. Due to the 
complexity of a general engineering process or system is 
not possible, or economically feasible, to control and verify 
all the design parameters. Key Characteristics (KCs) have 
to be identified and investigated [3-4]. The KCs 
management and analysis need integrated engineering 
design methods based on advanced mathematical 
techniques and computer aided tools [5, 6].  

Robust Design methods are widely adopted to find 
analytical relationships between performances and KCs and 
to define their values in order to achieve optimized 
performances. Well known examples are Taguchi Method, 
Surface Method, Artificial Neural Network, Fuzzy 
Regression and Desirability Function method [7, 8]. 

Such methods are very powerful for integrated 
engineering design but don’t directly investigate the 
performance sensitivity, i.e. the measure of the 
performance variation due to the deviation of the KCs. 

The robustness of a system increases when its 
sensitivity decreases so sensitivity analysis is particularly 

important in case of performance values closed to their 
limits, because they may be easily worsted by small 
parameters deviations in working conditions and design 
requirements may be not satisfied [9-11]. Due to its 
importance in delivering the final quality, sensitivity analysis 
might be included in the integrated engineering design 
workflow.  

The present paper proposes the integration and 
extension of the PSD theory, originally proposed by [8], in 
order to characterize the performance sensitivity of 
manufacturing or technological engineering processes, such 
as injection molding. 

State-of-the-art PSD is a promising theory, developed in 
the field of robotics to evaluate the sensitivity of articulated 
mechanisms with respect to their dimensional variability 
[16]. The PSD theory describes the sensitivity of mechanical 
systems, allowing the synthesis of tolerances on design 
variables and measuring changes in performance due to the 
unpredictable variation of key parameters [17-20]. 

The specialized method workflow is shown in Fig. 1. 
First a PSD based description of the sensitivity problem is 
proposed. Then Regression Analysis is applied to calculate 
analytical relations, i.e. Performance Functions, between 
the targeted process performances and the key parameters, 
i.e. the subset of the process parameters which have, 
according to the definition of KCs, the greatest influence on 
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the process performances [12-15]. The Specialized 
Performance Sensitivity Distribution (Specialized PSD) 
method is finally developed and applied to perform the 
sensitivity analysis on manufacturing or technological 
processes.  

 

Fig. 1 Specialized PSD method workflow. 

The paper is structured as follow: subsection 1.1 
outlines the scientific foundation of the PSD method and 
describes its recent evolution. 

Section 2 describes the mathematical specialization of 
the PSD theory for its adaptation to sensitivity evaluation in 
manufacturing and technological processes.  

Section 3 deals with the application of the method to the 
analysis and characterization of the key parameters - 
shrinkage and flatness - for the injection molding process of 
a simple plastic specimen.  

In Section 4 conclusions and future works are briefly 
drawn. 

1.1 PSD theory evolution 

The concept of sensitivity describes the relation 
between system performances and manufacturing 
tolerances, considered as internal system parameters.  

Parkinson analyses the problem of determining optimal 
nominal dimensions of manufactured components 
subjected to dimensional tolerances [9]. He proposes a 
deterministic optimization process to calculate optimal 
nominal dimensions for assemblies, given a set of 
dimensional tolerances on the singular components and the 
overall system, and, backwards, to synthesize tolerances 
starting from the nominal dimensions of the parts.  

Zhu and Ting introduce the theory of Performance 
Sensitivity Distribution and propose the analytical and 
geometrical description of PSD in the n-dimensional 
variation space, i.e. the space spanned by the parameter 
deviations [8]. Figure 2 shows the geometric representation 
of a 3-dimensional performance variation space, i.e. the 
space of variations of the parameters , described as a 
hyperellipsoid. Size, orientation and shape, stressed by 

specific sensitivity indexes, describe system performance 
depending on the deviation of the related parameters. 
Moreover, they introduce the concept of Design 
Characteristic Matrix as analytical representation of the 
performance variation in generic systems. 

 

Fig. 2 Hyperellipsoid in variation space (n=3). 

Caro et al. apply the PSD theory to develop a tolerance 
synthesis method for mechanisms, maximizing the 
hypervolume of the Tolerance Box, i.e. the volume 
surrounding hyperellipsoids. They propose alternative 
sensitivity indexes and compare their effectiveness [21]. 
The authors demonstrate also that the maximum singular 
value of the Design Characteristic Matrix can be used as an 
appropriate sensitivity index for mechanisms. Finally they 
present the synthesis of tolerances for a planar and a 
spatial manipulator. 

Lu and Li integrate the PSD approach to the assessment 
of parameters in order to achieve stability and robustness 
on systems. They propose a method to manipulate the 
Characteristic Matrix through the placement of its 
eigenvalues [17].  

In a more recent work, the same authors not only 
consider the relation between system performance and 
parameters but also address the problem of the uncertainty 
of the model itself. The approach consists of two separate 
optimization steps. The first minimizes the effect of the 
model uncertainties using the Matrix Perturbation theory 
applied to the Characteristic Matrix while the second 
minimizes the effect of parameter variations. Several case 
studies are finally presented [18].  

Following the mathematical PSD approach, Al-Widyan 
and Angeles describe the relation between system 
performance and external environment parameters [16]. 
They particularly focus on the stochastic nature of such 
parameters and propose a theoretical framework, based on 
a probabilistic form of the Characteristic Matrix, for 
describing performances as functions of random variables 
normally distributed. 

The PSD method is finally extended to consider also 
systems characterized by strong nonlinearity [19, 20]. 

From the literature review appears that the PSD theory 
and its variants have been usually applied to the 
characterization and analysis of mechanisms and 
engineering products. In order to extend such method to the 
characterization of processes, a different analytical 
description of the performance functions has to be 
proposed, specializing the PSD theory introduced by [8]. 

Regression Analysis provides the analytical tools 
needed to integrate the method and achieve the full 
characterization of processes in terms of their performance 
sensitivity. 

Following such integrated approach it is possible to 
focus on the overall performance of processes and evaluate 
their performance sensitivity. 
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2 Specialized PSD method 
This section provides the mathematical basics needed 

to specialize the PSD theory to perform the sensitivity 
analysis of manufacturing or technological processes.  

In subsection 2.1. the definition of the sensitivity 
problem is proposed: Design Variables (DVs), Design 
Parameters (DPs) and Performance Functions (PFs) are 
firstly defined. The Design Characteristic Matrix is 
introduced and the geometrical description of the Feasible 
Space is briefly discussed. 

In subsection 2.2. some topological criteria, based on 
the concept of hyperellipsoid, are proposed to quickly 
perform the sensitivity analysis. 

In subsection 2.3 a regression model is proposed to 
describe the relation between PFs and DVs in a generic 
manufacturing or technological process.  

2.1 Definition of the sensitivity problem 

In sensitivity analysis key parameters can be 
distinguished in internal DVs, describing factors which can 
be taken under control and vary within known range, and 
external DPs, which cannot be controlled in working 
conditions.  

The analytical functions used to described the relation 
between DPs, DVs and performances are defined as PFs 
[4]. 

DVs and DPs can be respectively described by the n-
dimensional vector  and by the l-dimensional 
vector .  

A Performance Function can be described by the m-
dimensional vector .  

System performances are related to the key parameters 
by the relation . 

The variation of performances , caused by the 
deviation of DVs and DPs, can be approximated by the 
linear expansion: 

 

  (1) 
 

where J represents the  by  Jacobian matrix of 
the system, evaluated for a particular set of DV and DP 
values, for instance the nominal values. It is composed by 
two parts:  is the  by  Jacobian matrix of the 
DVs and   is the  by  Jacobian of the DPs. 
The matrix J mathematically describes the sensitivity of the 
system and contains the variation of DVs ( ) and DPs 
( ).  

Equation (1) is valid under the condition that the 
variations of key parameters are less than 3%÷5% of the 
nominal value otherwise the Jacobian matrix of the system 
has to be modified [9]. 

The domain which contains all the possible variation of 
DPs and DVs is the variation space. Such space is spanned 
by the components of dX, supposed as independent. 

According to the scientific literature, in first 
approximation variations of DPs are negligible because are 
generally associated to parameters which have a little 
influence on the final performances compared with DVs. A 
typical example of DP for an injection molding process is 
external humidity [21]. 

The norm of the vector  allows one to constrain the 
performances variation, according to the process targets:  
 
   (2) 

 

In equation (2) the value of quadratic norm is the sum of 
the square values of the individual performance tolerances.  

Let the Characteristic Design Matrix be , equation 
(2) becomes: 

 
  (2.1) 

 
The equations (2) and (2.1) state that the Design 

Characteristic Matrix is semi-positive definite and has n 
orthonormal eigenvectors and n nonnegative eigenvalues. 
The number of positive eigenvalues is equal to its rank. 

The eigenvectors of  define size, shape and orientation 
of a hyperellipsoid within a family depending by the scalar 
value  and the points on the hyperellipsoid surface are 
represented by the same value  

The lengths of the semiaxes are inversely proportional to 
eigenvalues, so the performances are less sensitive in the 
direction of the biggest eigenvalues and more sensitive in 
the direction of the smallest ones. When some eigenvalues 
assume a zero value, the hyperellipsoid degenerate to a 
cylindroid. 

Summarizing, given a family of hyperellipsoids sharing 
the same values of PF, each member is described by a set 
of DVs.  

Sensitivity analysis raises from the evaluation of sets of 
different DVs, also referred as Design Candidates. 

Such evaluation needs to impose mathematical 
constraints on performances, for example by defining 
dimensional tolerances on lengths. Performance 
constraints, also called performance tolerances, are defined 
by engineers according to the design requirements. 

Let be a singular performance tolerance, the global 
constraint on performances has the following mathematical 
expression: 

 
   (3) 
 

where  is the sum of the squared individual 
performance tolerance and defines a bounded volume 
inside the hyperellipsoid, also called Feasible Space. The 
Feasible Space is that portion of the variation space where 
the gross system performance is acceptable. 

When the Feasible Space is topologically described by a 
cylindroid it becomes unbounded and no sensitivity analysis 
can be performed for a certain direction. Then the cylindroid 
has to be re-conducted to a hyperellipsoid under the 
condition that the directions of the principal axes remain the 
same. 

The solution of such problem is given in [8]; the 
algorithm (4) is presented to modify the Feasible Space 
through the adjustment of the eigenvalues of the 
Characteristic Design Matrix: 

 

     (4) 

 
where  is the i-th eigenvalue of the Characteristic 

Design Matrix  is the nominal value of DVs 
and k is a coefficient chosen in the range [0,03÷0,05] to 
satisfy the linearity requested by equation (1). 

2.2 Topological criteria for sensitivity analysis 

A topological criterion for performing the sensitivity 
analysis exploiting hyperellipsoids can be now defined.  

Setting n=2 the hyperellipsoid becomes the ellipse , 
as shown in Figure 3.  
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The area contained by the ellipse represents the 
Feasible Space, while the rectangular area inscribed in the 
ellipse represents the variations ,  which respect the 
given requirements on the performances (Tolerance Box). 

 

Fig. 3 Hyperellipsoid in the variation space (n=2) [21]. 

The robustness of the system is maximized when its 
sensitivity is minimized, so that the size of the Feasible 
Space is maximum and the Tolerance Box covers the most 
part of the Feasible Space as possible without overcoming 
the limits of the ellipse. The values taken outside the ellipse 
causes degradation of the final performances and must be 
rejected.  

Considering a hyperellipsoid, the ratio between the 
Feasible Space and the hypervolume of the n-dimensional 
Tolerance Box depends on the orientation of the main axes. 
The orientation depends on the eigenvectors of the Design 
Characteristic Matrix. 

2.3 PSD specialization 

Sensitivity indexes can be introduced to evaluate size 
and orientation of the Feasible Space. The best Design 
Candidates are described by the following indexes, 
presented in order of importance: 
- Minimum value for the maximum eigenvalues of the 

Design Characteristic Matrix ( ); 
- Maximum Feasible Space ( ); 
- Minimum ratio between the Feasible Space and the 

hypervolume of the n-dimensional Tolerance Box ( ). 
For complex systems, a Design Candidate (a set of 

DVs) may not simultaneously satisfy all these conditions, so 
different trade-offs are presented in the literature. 

To apply the PSD theory an analytical model of the 
process has to be defined for the PF. Such model cannot 
be described by a linear relation. In fact, according to (2.1) 
the Design Characteristic Matrix must directly depend on 
the DVs. 

A Regression Analysis technique is then adopted to 
specialize the PSD theory for the sensitivity analysis of 
processes. In particular, the PF for a process can be 
approximated and mathematically modelled by a fitted 
second-order polynomial regression model, which is called 
quadratic model, defined as: 
 

        i=1,..,m   (5) 

 

where the scalar , the vector  and the matrix  
represent the regression coefficients.  

The order of the model requires a number of  
coefficients, 10 for each PF.  

According to equation (5), it is possible to obtain the 
following expression for the Jacobian matrix: 
 
     (6) 

 
The Jacobian Matrix of the process then becomes: 

 
    (7) 
 

and the Design Characteristic Matrix for each DV can be 
calculated.  

Sensitivity indexes are finally evaluated to perform the 
sensitivity analysis.  

Sensitivity indexes depend on the particular point where 
they are evaluated. For n=2 or n= 3, the variation of the 
sensitivity indexes can be graphically described in the 
domain of DV by maps of colour, also called sensitivity 
maps. Such maps plot the values assumed by the sensitivity 
indexes within the domain of DVs and represent an effective 
tool to quickly evaluate the process sensitivity. 

3 Injection Molding process 
The present section addresses the sensitivity analysis of 

a process of injection molding for a simple rectangular 
plastic specimen. The goal is the selection of the Design 
Candidate which minimizes the process sensitivity, 
simulated trough the CAE software Moldex3D by CoreTech 
System Co., Ltd. 

The rectangular specimen measures 60x30mm and has 
a thickness of 3mm. The material is polysulfone (PPSU), a 
high performance engineering thermoplastic polymer mainly 
used for automotive and biomedical applications [22]. The 
DVs are: Mold Temperature (MoT, ), Melt Temperature 
(MeT ) and Packing time (Pat, ) and are stored in the 
vector .  

Each component belongs to a specific range, as 
reported in Table 1.  

 

Table 1 Specific ranges for nominal DV. 

The PFs are Shrinkage ( ) and Flatness ( ), which 
constitute the vector . Shrinkage data are directly 
provided by the CAE simulation while Flatness is calculated 
considering the displacement of some measure points with 
respect to their initial position, in according to [23].  

The necessary data needed to build the response model 
are obtained applying a simulation experimental design. A 
Circumscribed Central Composite Design technique is 
adopted in order to fit the quadratic model for the PFs 
(Figure 3). 

Table 3 shows the values of performances given by the 
process CAE simulation. 

Regression Analysis is then performed to define the PFs 
for the injection molding process. 
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Fig. 3 Simulated Points. 

The analysis of the coefficients in Table 2 leads to 
observe that each matrix Q isn’t positive-definite, so a local 
optimum does not exist.  

 

Table 2 Coefficient for equation (5). 

Table 3 presents the results of the CAE simulation. 

 

Table 3 Simulation results. 

Response Surfaces (RSs) are then calculated at 
different temperatures for shrinkage (from Fig. 4a to Fig. 4d) 
and flatness (from Fig. 5a to Fig. 5d). 

 

Fig. 4(a) Shrinkage RS for a MeT of 340,0°C. 

 

Fig. 4(b) Shrinkage RS for a MeT of 333,4 °C.  

 

Fig. 4(c) Shrinkage RS for a MeT of 327,0 °C.  

 

Fig. 4(d) Shrinkage RS for a MeT of 320,0 °C.  

 

Fig. 5(a) Flatness RS for a MeT of 340,0°C.  
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Fig. 5(b) Flatness RS for a MeT of 333,4 °C.  

 

Fig. 5(c) Flatness RS for a MeT of 326,7 °C.  

 

Fig. 5(d) Flatness RS for a MeT of 320,0 °C. 

The analysis of sensitivity starts with the assumption 
that the coefficient k in equation (4) is equal to 0,035. 

Equation (3) gives the global tolerance  equal to 
0,502. 

Table 4 shows the considered Design Candidates, 
randomly chosen according to the material data sheet.  

Sensitivity indexes are finally calculated and listed in 
Table 5, where the number of significant digits aims to 
discriminate the adequacy of the candidates.  

The Design Candidate n. 12 presents the best trade-off 
with respect to the sensitivity indexes and it is chosen as 
optimum.  

The sensitivity indexes are finally plotted and shown in 
Fig. 6 and Fig. 7 in form of sensitivity maps.  

 

Table 4 Design Candidates. 

 

Table 5 Sensitivity indexes. 

 



278

A.O. Andrisano et al. A novel method for sensitivity analysis and characterization in integrated engineering design 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

 

 

Fig.6 Sensitivity map for index . 

 

 

Fig.7 Sensitivity map for index Vf. 

4 Discussion and Conclusion 
Robust design techniques are very effective in product 

and process optimization but are not suited to perform 
sensitivity analysis.  

The PSD theory was primarily developed to provide 
analytical and geometric description of performance 
sensitivity for mechanisms, especially in the field of robotics, 
but the theory presents the potentiality to be extended to 
other engineering fields.  

The paper presents a specialization of the PSD theory in 
order to perform the sensitivity characterization of 
manufacturing and technological processes and investigate 
the variation space of DVs. In particular, actual PSD 
limitations were overcome through the formulation of a 
suitable analytical expression for the PFs, based on the 
adoption of Regression Analysis. 

The description of performances in terms of process 
variables represents the key criterion for the applicability of 
the method presented, so its effectiveness depends on the 
accuracy of the regression model itself. At the present a 
second-order regression model is adopted but further 
studies are investigating the use of different models, in 
order to consider also non-quadratic effects. 

The methods involves also the calculation of sensitivity 
indexes and proposes the plot, for n=2 or 3, of sensitivity 
maps of colour created to give an effective outlook of the 
process sensitivity directly in the 3D space of DVs and not 
in the space of their variations i.e. in the Feasible Space, as 
foreseen by the PSD theory. The integration of sensitivity 
maps in CAE software could be very useful to give the 
engineering designer an effective tool for integrated 
engineering design, especially in the early design stage of 
product and process development and is under 
investigation. 

A simple case study, dealing with injection molding of a 
rectangular high performance engineering plastic specimen, 
is finally presented to validate the Specialized PSD method 
and find the Design Candidate that minimizes the sensitivity 
for shrinkage and flatness.  
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Abstract 

In the present communication sets out the main characteristics of a tool of software 
developed for the analysis of the management of integrated systems of implementation in 
Smes industrial devoted to mounts and electrical installations. 
 
The design of this software and its implementation in different companies in this industrial 
sector, is one of the stages that make up the development of the doctoral thesis with the title 
SYSTEMS DESIGN OF INDUSTRIAL ORGANIZATION IN SMES INDUSTRIAL DEVOTED 
TO MOUNTS AND electrical installations, in the territorial scope of the Autonomous Region 
of Aragon. 
 
After the analysis of commercial applications of management, and detect shortcomings 
relevant for companies in this industrial sector, raised the development of a tool of control and 
valuation of the management of processes adapted to the particularity of the companies 
installing electric, which would act on appropriate procedures and thereby save the 
conditioning raised. 
 
The implementation of this software on a representative number of companies, has enabled 
progress in the next stages of generating a model for the management organizational integral 
that meets the requirements of a functional design dynamic, and in which the technical 
structure and manager of the system, is responsible for the coordination and overall 
management of the same. 
 
At present, and because of the situation of decline in production and economic deflation, the 
management structure does not evolve toward criteria of expansion, but maintains its 
functional structure. The work associated with this activity is based on tasks that can sustain 
this business structure minimum, and being expectant that the time economic change and the 
economy to resume challenges more ambitious. 

1  Introduction 
 
This report gives the main features of a software tool 
developed to analyse the management of integrated 
systems applicable in SMEs involved in Mounts and 
Electrical Installations in the autonomous community of 
Aragon. 
 
The development of an Industrial Organisation Systems 
Design in SMEs in this sector gives a structure based on 
work systems, technical management, staff control, 
quality management and electrotechnical advice. 
Therefore in such companies, the requirement is often 
repeated of documenting and maintaining an Integrated 
Quality and Environment Management System by 
constantly improving its efficacy and respect for the 
environment, based on UNE-EN ISO 9001:2000 and 
UNE-EN ISO 14001:2004 requirements. 
 

The Integrated Quality and Environmental Management 
System therefore focuses on guaranteeing that the 
products and services provided by these companies meet 
the specifications previously set by the company and by 
the customer, all as part of sustainable development and 
respect for the environment. 
 
The implementation of these conditioners are the basis of 
the use of a software tool that enables the information to 
be managed suitably and gives analysis indexes and 
process control. 
 
After making an exhaustive study of the different 
commercial softwares on the market, we are faced with 
several problems in answering this action. Most of the 
applications will not enable the works and materials 
required to be controlled in the manner required. In all 
cases, the company must adapt to the quality 
management system followed by the purchased software, 
thus duplicating the effort of introducing software. The 
third problem is the time needed for adapting to the said 
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software, which generates a cost to which the cost of 
purchasing the licence.would have to be added 
 
Therefore it was believed that the best solution was to 
develop specific software to adapt to the special nature of 
such companies, and to seek to meet the necessary 
characteristics. It will thus be possible to overcome the 
problems, including the cost, as this will be considerably 
lower than that of any of the discussed applications. 

2 Initial conditions 
 

The software to be developed is designed from the typical 
company process diagram, as in such as diagram, it is 
possible to see at a glance all of the processes of the 
company and the interaction between them. 
 
This diagram can be seen in figure 2.1. 
 
As shown, there are four key processes in the company: 
work management, purchase management, commercial 
management and product design. Others interact around 
these: supplier management, store management, 
resource management and document control. 
 
All of the above processes are completed overall by 
management of the registers, environmental 
management, quality management and measurement, 
analysis and improvement. 
 

 
Fig.  2.1 – Process Interaction Diagram 

 
In turn, these, and those preceding, are oriented outwards 
by strategic management. The diagram shows the most 
important interactions between processes. Resource 
management therefore interacts with works management 
because one allocates a series of human and mechanical 
resources to the other. 
 
As one of the requirements considered at the end of the 
previous section is to achieve an intuitive graphic 
environment, the principal axis of the application will be 
the typical process diagram of an SME of the studied 
industrial sector, devoted to Electrical Assemblies and 
Installations. 
 
The main screen, which gives access to most forms, will 
therefore be almost an exact copy of the mentioned 
diagram. 
 

The graphic environment of the program, figure 2.2, can 
therefore be compared with the company process 
diagram, figure 2.1. 

 

Fig.  2.2 – Program Graphic Environment 

The Integrated Quality and Environmental Management 
System therefore focuses on guaranteeing that the 
products and services supplied by such companies meet 
the specifications established beforehand by the company 
and by the customer, based on the requirements of the 
UNE-EN ISO 9001:2000 and UNE-EN ISO 14001:2004 
standards. 
 
The management system describes the following 
processes with their resulting diagram. 
 
• Supplier management. 
• Store management. 
• Purchase management. 
• Work management. 
• Commercial management. 
• Product design. 
• Resource management. 
• Document control. 
• Register management. 
• Quality management. 
• Measurement, analysis and improvement. 
• Environmental management. 
 
The key processes are the works management, purchase 
management, commercial management and product 
design. The quality management system covers the 
following procedures. 
 
• Procedure for purchase management. 
• Procedure for design control. 
• Procedure for control of service provision. 
• Procedure for monitoring and measuring the service. 
• Procedure for order feasibility. 
• Procedure for customer offer management. 
• Procedure for dealing with customer complaints. 
• Procedure for revising the contract. 
• Procedure for purchase management. 
• Procedure for identifying and assessing environmental 
aspects. 
• Procedure for managing human resources. 
 
In order for the implementation of these processes to be 
correct and to guarantee that this software is successful, 
the demand must prevail, in designing the program, that 
the largest possible number of these registers is 
automatically generated, and naturally that they must be 
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highly intuitively accessible from the application in order 
to have all of the documentation controlled and logically 
ordered. 
 
An important premise is that the company must have 
previously introduced a quality and environmental 
management system or be in the process of implementing 
one, as this software is not intended for companies to 
establish a management system, but rather in order that 
an application is developed that easily adapts to the 
existing system. 

3  System design associated with 
processes 

 
In order to describe the activities necessary for carrying 
out all of the processes of the typical company, an 
analysis procedure is defined as EASUZ. This consists of 
modelling the process while highlighting all of the states 
(E), activities (A), systems (S), locations (U) and zones 
(Z), in addition to indicating external actions (X). 
 
Special attention is paid to E, A and S. An inventory will 
be made of all the activities of each process and of the 
systems with which they are effected. Within the systems, 
the different forms will be considered that form part of the 
computer program, in addition to the rest of the company 
systems. At the end of the analysis, it will be possible to 
see how many activities have been able to be controlled 
through the application. 
 
There follows an example of several of the typical 
company processes, indicating the parameters that can 
be required in each case: person responsible, inputs and 
outputs, indicators used to measure the process, 
resources, registers generated, EAS diagrams (U and Z 
will not be considered as it hardly gives relevant 
information for this project) and HATE graphs. 
 

3.1. Commercial Management Process 

 
Person responsible: COMMERCIAL MANAGEMENT. 
Indicator: customer claim report. 
Resources:  - 1 commercial manager. 

- Management Software. 
 
Registers to be generated: COFR01, COFR02, COFR03, 
COFR04, COFR05 and COFR06. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.  3.1 – Inputs and outputs of the Commercial Process. 

 

States: 
E0 – Awaiting orders. 
E1 – Order received from a new customer. 
E2 – Customer created. 
E3 – Order received from an existing customer. 
E4 – Order noted unconfirmed. 
E5 – Request for offer registered. 
E6 – Quote sent. 
E7 – Quote accepted. 
E8 – Order confirmed. 
E9 – Quote accepted. 
E10 – Quote rejected. 
E11 – Rejected offer noted. 
E12 – Claim received from the customer. 
E13 – Customer claim registered and awaiting corrective 
or preventive action. 
E14 – Corrective or preventive action registered. 
E15 – Corrective or preventive action closed. 
Ex – In any state. 

Fig.  3.1.1 – Inputs and outputs of the Supplier Management 
Process. 

 
 
Activities: 
A1.1 – Receive request for offer or order. 
A1.2 – Create customer file. 
A1.3 – Note order data. 
A1.4 – Produce request for offer. 
A1.5 – Ask for quote from product design. 
A1.6 – Send quote. 
A1.7 – Register accepted offer. 
A1.8 – Register rejected offer. 
A1.9 – Receive a customer claim. 
A1.10 – Register the IRC. 
A1.11 – Create an IACP if necessary. 
A1.12 – Close the IACP 
 
Systems: 
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S1 – Conversation, telephone, fax. 
S2 – Managerial management. 
 

3.2. Supplier Management Process 

 
People responsible: - PURCHASING MANAGER. 

- WORKS AND QUALITY MANAGER. 
 - TECHNICAL MANAGER. 

Indicators:  - evaluation index. 
 - reliability index. 

Resources: - 1 Purchasing Manager. 
- 1 Quality Manager. 
- 1 Technical Manager. 
- Management Software. 
 

 
Fig.  3.2 – Inputs and outputs of the Supplier Management 

Process. 
 
 
Registers to be generated: GCFR24, GCFR25, GCFR26, 
GCFR27, GCFR28, GCFR29 and GCFR30. 
 
States: 
E23 – Need for supplier for order. 
E27 – New potential supplier. 
E28 – Registered potential supplier. 
E29 – Previous evaluation survey carried out by supplier. 
E30 – Positive previous evaluation survey, provision 
approval. 
E31 – Positive aptitude evaluation, positive approval. 
E32 – Follow-up in time. 
E33 – Negative aptitude evaluation. 

E34 – Negative previous evaluation survey. 
E35 – Positive audit. 
E36 – Negative audit. 
E37 – Updated list of approved suppliers and supplier 
available for order. 
 
Activities: 
A3.1 – Seek supplier. 
A3.2 – Note potential supplier data. 
A3.3 – Send and receive previous supplier evaluation 
survey. 
A3.4 – Calculate results and register previous evaluation 
survey. 
A3.5 – Perform aptitude evaluation and register. 
A3.6 – Approve supplier. 
A3.7 – Perform audit. 
 
Systems: 
S1 – Telephone, conversation, fax. 
S2 – Management control. 
 

Fig.  3.2.1 – EAS of the Supplier Management Process. 
 

4 Indicators and diagrams used 
 

The computer application created to help in managing the 
system uses the basic indicators that the quality 
management system regularly uses, and also enables 
new indicators to be generated without this increasing 
company employee workload. 
 
Therefore, with the new indicators, there is an increase in 
quality, as it is possible to measure new factors that had 
been highly costly to assess up to now. 
 
It is therefore possible to consider an increase in the use 
of the system capacity, because, with the same time and 
energy, the utilities are increased. 
 
The following table includes all of the indicators seen up 
to now, and also the new indicators also controlled by the 
developed software. 
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Fig.  4.1 – System management indicators 
 

 
 
The system design includes up to 14 new indicators in 
addition to those of the system, which are intended to 
measure fulfilment of objectives and company profitability. 
 
For example, the list of corrective and preventive actions 
carried out will be controlled, and also the quality plans 
that have been met. If this is complemented by control in 
the distribution of the corporate policy, an improvement 
can be seen in the management of the quality and the 
environment. 
 
Furthermore, for each work, it will now be possible to see 
the profit achieved and the suitability of the budget by 

comparing the cost of the work for the company and the 
budgeted value. 
 
It is also necessary to stress the importance of the 
indicator that measures the percentage of the total offers 
that have been accepted. These indicators help us to 
improve a key aspect of the company, namely, the 
adequacy of the budgets. Up to now, the person 
responsible for preparing budgets in the company used to 
find great difficulty in estimating the cost of the work, 
given that many factors were involved. 
 
Finally, due to the ease with which calculations can be 
made in the computer, it would be possible to add far 
more indicators, but a smaller number was considered 
more suitable to help us make an assessment of the 
management in accordance with the consideration of 
these kinds of companies. 
 
With time and experience, in future versions of the 
program, it will be possible to modify the estimated 
variables and to add and eliminate as required. 
 
It was decided that the software would include a form 
using a Pareto diagram to clearly show the importance of 
some customers over others with regard to billing level. It 
will also show the customer ranking by order of billing and 
the possibility of an ABC classification. 

 

 
Fig.  4.2 – Pareto diagram for customers 

 
 
After witnessing how well this analysis operated, its use is 
extended to suppliers and materials classified by families. 
 
 

 
Fig.  4.3 – Pareto diagram for suppliers. 
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Fig.  4.4 – Pareto diagram for product families 

 

 
Fig.  4.5 – Strategic management 

 
A form has been created to make an analysis of one's 
own strategic profile and to be able to compare it with the 
competition. 
 
It is thus possible to identify strengths and weaknesses. It 
will simply consist of assessing a list of variables 
coinciding with the key factors of the different functional 
areas and will serve as a qualitative, intuitive instrument 
for making diagnoses. 
 

5 Software application formats 
 
- COMMERCIAL MANAGEMENT: 
 
The file of company customers is accessed through the 
button named commercial management. 
 
As the figure shows, the form consists of a customer 
database with the forward, end, back and home buttons 
for browsing the different customers' files. Each file shows 
the general data of the customer (registered name, 
address, venue, etc.), the financial data and the orders 
which the customer in question has placed. From the file 
menu customers can be created, changed, deleted, 
updated and sought. For example, to create a new 
customer register, we click on file, new customer and then 
complete the data. To save the register, click on file, 
update customer. 

 
 

Fig.  5.1 – Commercial Management 

 
 
 
- PRODUCT DESIGN: 
 
The product design button is used to access the form to 
create design plans of a site. The design plan can only be 
created if the site exists. Therefore, this step will be 
performed after starting the work from the window of 
orders pending for sending to site. 
 
A new plan cannot be created on the design plan form, for 
each site has its own one that is automatically generated 
when the site is created. This will remain blank until we 
enter and change it from the file menu. When the design 
plan is updated, the register is automatically created in 
Excel format. From the site menu, we can repeat this 
operation if necessary, and also enter the site 
management menu directly. 
 
 

Fig.  5.2 – Design Plan 

 
 

- SITE MANAGEMENT 
 
To enter the site management form, click on the button of 
the same name on the initial screen. This shows the log of 
sites, both in progress and finished. They will have been 
produced either from the order form by clicking on start 
site or from the site management form itself. This is not to 
be recommended because if the site is created from here, 
we omit all of the previous order management steps. 
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Fig.  5.3 – Site Management 

 
In addition to being able to see all of the registers of sites 
with their data, we are here able to see the employees 
who have worked on site and the materials that have 
been used, both in detail and summary. Once the site is 
finished, it must be closed from the site menu, finish site. 
The final site report register will automatically be 
generated in Excel format, and will be saved in the 
corresponding folder. 
 
The same menu also gives access to daily site reports, 
technical site folder and site visit report. When the site is 
finished, the data can be changed in order to enter the 
invoice number and billing. 
 
- STORE MANAGEMENT 
 
We can enter this section from the button of the same 
name. This shows the database of all registered 
materials. This list in the table above includes all 
materials in order to make it easier to go through the 
database, given that it is highly extensive. 

 
Figura 5.4 – Material in store. 

 

In addition to the general data and installation time, the 
material data enables a photograph to be inserted to 
identify the material. The data is also shown that refers to 
regular suppliers, with their prices and discounts. Finally 
the amount of the material available in the store appears 
with its unit of measure and the minimum stock that has to 
be guaranteed, in addition to the value of the material in 
the store. If the stock is broken, an alarm is lit in red in 
order to solve the problem. 
 
In this and other forms, it is possible to create a new 
register, modify and existing one, delete, search and 
update. In this case, when modifying or creating a new 
product, a different procedure is followed when choosing 
the names of the families, subfamilies, type and product of 
the material, in order to avoid making mistakes. 
 
 
- RESOURCE MANAGEMENT 
 
This section, which manages human resources and 
infrastructure, is entered by pressing on the button: 
resource management. A password is required on 
entering this section. If the password is not correct, it will 
not be possible to see the financial data for each human 
resource, but the rest of the section will work similarly. 
 
The window is divided with tabs for entering the different 
resources. 

 
 

Figura 5.5 – Resource management. 
 
 
- SUPPLIER MANAGEMENT. 
 
This section is similar to that of commercial management. 
By pressing the button indicating supplier management, 
we enter the form where the different files of each supplier 
are managed. The general data of the supplier is 
managed, their financial data and finally a list with the 
remittances requested from the supplier. 
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Figura 5.6 – Supplier file. 

 
 
The main particularity of the supplier management is the 
evaluation to which they are subject. As a result, the 
same form shows the reference, classification and 
evaluation indicator. 
 
- MEASUREMENT, ANALYSIS AND IMPROVEMENT. 
 
The measurement, analysis and improvement of the 
processes starts with a series of indicators for the basic 
processes of the company. As always, this section is 
entered by means of the button of the same name. The 
general indicators of the company are seen from here. 
Objectives can also be created for some, in order to see 
whether at year end the targets have actually been 
achieved. 
 

 
Figura 5.7 – Measurement, analysis and improvement of 

indicators. 
 
The file menu allows the targets to be modified and 
updated. There are also other ways to measure, analyse 
and improve the processes. The reports menu gives 
access to the customer claims and non-conformities 
forms mentioned before and the corrective or preventive 
action reports. 

 
A form has also been designed that shows a series of 
diagrams for facilitating the analysis of customers, 
suppliers and products.  
 
 

6 Conclusions 
 

The time saved in the use of the developed program 
should help all employees do their work with greater 
quality, paying more attention and showing more interest 
in the key aspects that will help to improve the operation 
of the company, which will, in itself, already be an 
improvement in the quality. 
 
After the development and practical application of the 
system in different companies of the specified industrial 
sector, the following main improvements associated with 
the implementation of this management software are 
listed. 
 
- The previous and new indicators used by the system 
have improved the view of the operation of each of the 
company processes, and are also intended to foster target 
achievement. Indicators are used that measure the 
percentage of approved suppliers, the percentage of 
regular customers, budget adequacy, profit per site, the 
percentage of accepted offers, the percentage of quality 
plans met, the percentage of closed IACP, etc. 
 
- The graphic results and the strategic profile functional 
analysis form give the company management a valid tool 
that enables a comparison to be made with the 
competition. By simply stopping at the form and thinking 
and considering improvements, the strategic management 
of the company will already have been improved. 
 
- The system includes a suitable analysis based on 
generating Pareto diagrams associated with each of the 
groups representing management: customers, suppliers 
and products, allowing the parameters to be observed that 
are associated with them and the importance of each one. 
A ranking is also produced that includes an ABC 
classification by turnover of products and also of 
customers and suppliers. 
 
- By using the computer application, all of the processes 
are managed with meticulous control. Therefore, by 
managing the processes better, we are managing quality 
better. 
 
- By using this application, the registers are produced and 
saved automatically in the management system, enabling 
organised, efficient management of documentary security 
- something that is complex when the production volume 
is very high.  
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Abstract 

Mass production, reduced production investment, reduced response time and 
variability, globalization and increased customization are the most responsible for 
the need of optimizing the manufacturing process. As companies provide higher 
levels of customization, the number of products offered increases. Minimizing the 
cost of providing variety is possible by exploiting shape similarities amongst parts 
and products. Another reason for utilization of similarity assessment is the cost 
estimation. Total cost of any part to machine results from material costs, setup 
costs, tooling costs, and operation costs. Furthermore in very small productions the 
total cost of new components is affected more than 70% by process planning and 
CAM (Computer Aided Manufacturing) programming. A relevant part of this time 
may be saved by modifying the process plan of an old similar part and this is a well 
known practice in the manufacturing industry.  
Shape similarity search in a CAD system is an answer to reduce process plan 
preparation because it finds similarities in geometry by extracting shape signatures 
from the 3D models and then comparing these signatures exploiting distance 
functions. This paper presents a review of the methods adopted to generate shape 
signatures and an analysis of the distance functions suitable for the comparison. 
The first part of this work investigates the models commonly proposed to extract 
the shape signature from a solid part. The second part of the paper discusses the 
choice of the distance function. At the end of this discussion the most appropriate 
method is proposed to assess the shape similarity, once the part to be 
manufactured has been assigned: results are shown in terms of accuracy of 
comparison and computational time, seeking for a trade-off between them. 
 

1 Introduction 
Within the past decade, the engineering, design and 

drafting world has been experiencing a shift from 2D to 
3D CAD. The use of 3D CAD models is replacing the use 
of 2D CAD drawings just as the use of the drawing board 
due to the advent of 2D CAD software. 

The growing need for 3D CAD models is driven both 
by the need to create better and more efficiently products, 
because 3D CAD is more accurate than 2D CAD, and by 
reasons driven by technological aspects.  

Even if 2D drawing is fast and easy, the output 2D 
drawing does not readily work with purchasing and 
manufacturing systems. In the most common case the 
machines used to manufacture parts need 3D CAD files 
and do not read 2D CAD drawings because 2D drawings 
do not contain all information to develop a three-
dimensional product. In prototyping, for example, a 3D 
model has to be made because most of the prototyping 
machines require 3D data. It is so evident that through the 
use of 3D CAD modelling, engineers are able to create 
even better designs that meet client requirements in a 
relatively short amount of time. Also from an aesthetic 
point of view, a 3D design is more realistic and the 
engineer has a better ability to make a design more 
attractive. 

Recently, the development of 3D modelling and 
digitizing technologies has made the model generating 
process much easier so that many manufacture 
enterprises can collect 3D parts in digital libraries 
containing tens of thousands of CAD models to be 
archived, analyzed and used. These libraries have to be 
organized to make the traceability of such models 
immediate: CAD models classification becomes an issue. 
Globalization, mass production and increased 
customization are the most responsible for the need of 
optimizing the manufacturing process. Minimizing the 
production costs, even of the simplest parts, is possible 
making use of existing parts, whenever possible, that 
have to be rapidly found in part libraries.  

The cost saving associated with parts reuse is not only 
due to the reuse of the existing designs, but also to the 
existing manufacturing processes. Reuse of parts is 
possible by exploiting shape similarities amongst 
products. Geometric and topological complexity of a 3D 
mechanical part can be determined by assessing the 
similarity between its design properties and the design 
properties of the closest parts already stored in the 
database. Moreover, using 3D shape searching early in 
the design cycle can recommend the optimum 
manufacturing process and also provide the cost 
estimation of manufacturing of parts.    

Shape similarity search in a CAD database means to 
find similarities in geometry by extracting shape 
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signatures from the 3D CAD models and then comparing 
these signatures exploiting distance functions.  

To enable the savings of time and money associated 
with design reuse it is necessary to develop a 3D CAD 
automatic retrieval system able to find similar parts for a 
given query, mainly according to its shape. One of the 
main challenges in this context is the mapping of a 3D 
model into compact canonical representations referred to 
as descriptor or feature vector, which serve as search 
keys during the retrieval process. 

Commonly 3D CAD models are indexed by 
alphanumeric tags with syntax specific to each company; 
in the area of group technology, various part coding 
schemes have been proposed but such manual 
classification schemes are subjective and limited to 
standard or general mechanical parts, so they cannot 
work automatically with computers [41]. 

Since the descriptor decisively influences the 
performance of the search engine, an appropriate method 
is necessary to assess the shape similarity, seeking for a 
trade-off between computational efficiency and relevance 
of the results. 

Several researches on algorithms for 3D model 
retrieval in various kinds of applications, including 
mechanical components, are focused on a shape-based 
3D model that extracts the feature from geometrical 
information. Different approaches have been proposed 
such as the topology-based retrieval, the image-based 
retrieval and the surface-attributes-based retrieval, as 
shown in fig.1. 

 

 
Fig. 1. Three different approaches to the features 

extraction [23]. 
 
Unlike common 3D models, 3D mechanical models 

usually have semantic information embodying their design 
intention and deciding their manufacture techniques, 
which can also be adopted for matching. So the retrieval 
for mechanical models can use not only the methods for 
common 3D models above mentioned, but also the 
structure-based ones. Two or more types of model to 
extract the feature can even be combined to further 
enhance the performance. 

Similarity assessment between two 3D parts involves 
two main steps: first to compute the shape signature of 

the object and second to compare the signatures by a 
suitable distance function. This paper presents a review of 
the methods to generate shape signatures and an 
analysis of the distance functions suitable for the 
comparison.  

2 Overview of techniques 
The first part of this work investigates the commonly 

proposed models to extract the shape signature from a 
solid part.  

Different techniques can be chosen to assess shape 
similarity of parts: they can be classified on the basis of 
the type of shape signatures being used, distinguishing 
among Features, Shape Histograms, Section Images, 
Topological Graphs or Shape Statistics. 

The evaluation of suitable shape signatures and 
distance functions is a very hard issue: some basic 
properties such as positivity, identity-self-similarity, 
symmetry, triangle inequality, invariance, robustness and 
sensitivity, computational efficiency can guide the 
researcher through the comparison of the different 
approaches [1]. 

In this section the shape signature proposed in the 
most suitable shape similarity approaches are first 
described; at the end of this background the distance 
functions proposed in literature for shape similarity 
evaluation are analyzed.  

2.1 Shape Signatures 

Similarity assessment in 3D cases is usually carried out 
by generating shape signatures from the 3D models, that 
have to be compared by means of distance functions. 
These signatures should describe the features of the 3D 
model needed for similarity assessment. A shape 
signature could be an image, a graph, a vector, an 
histogram or an ordered collection of numeric values, 
depending on the motivation for performing similarity 
analysis.  

Originally, shape similarity measurement techniques 
have been inspired from the techniques for image 
retrieval. Examples of similarity measures for images are 
image outlines, moments and content [2,3].  

Regli et al. first observed that pictorial and multimedia 
information are not directly applicable to digital libraries of 
3D solid models where engineering information, such as 
inter-part relationships function, are more significant [24].  

Some example of part representation used for part 
comparison are axi-symmetric parts compared by means 
of bitmaps [4,5] a vector representation of profiles of 
orthographic projections of prismatic parts [6] and face 
adjacency graphs along with the areas and directions of 
faces [25]. 

The evaluation of similarity is strongly affected by the 
choice of the signature to be extracted from the model. A 
classification on the basis of the type of shape signatures, 
as presented in literature, is detailed as follows.  

2.1.1 Shape Statistics Based Signatures 

The shape statistics comparison techniques use basic 
geometric properties in order to perform coarse 
comparison between solids. Properties used for the 
comparison include volume, surface area, convex hull 
volume, these numerical values representing statistical 
properties of the shape of the solid. Such signatures do 
not carry any topological information and cannot provide 
sufficient discrimination power for detailed comparison, 
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but they may be used to reduce the search space in the 
similarity assessment.   

The technique described in [26] uses global shape 
metrics such as surface area/volume ratio, number of 
holes, compactness, and crinkliness to perform similarity 
assessment. These metrics are orientation independent 
and are extracted from a STL file. Compactness is the 
non-dimensional ratio of the square of the volume over 
the cube of the surface area while crinkliness is the 
surface area of the model divided by surface area of a 
sphere having the same volume. They are calculated for 
all the solid models and are stored as searchable entries 
in a database. To analyze the performance of the search 
engine, similarity matrices based on human perception of 
similarity have been generated. In [27], four new filters for 
shape matching have been proposed. These are based 
on the coefficient of surface area and convex hull of the 
solid model.  

2.1.2 Shape Histograms Based Signatures 

The key idea is to transform an arbitrary 3D model into 
a parameterized function that can be easily compared 
with others. The CAD industry is dominated by 
Constructive Solid Geometry (CSG) and Boundary 
Representation models (B-rep); these formats makes it 
very difficult to compare CAD models for indexing across. 
The shape histograms based signature technique, that 
matches shape distributions, allows to compare CAD 
models regardless of their model representation. In this 
case the shape function is a probability distribution, 
measuring geometric properties of the 3D model: the 
shape distribution is a 2D characterization of a 3D shape 
and it represents the distribution of distances between 
pairs of randomly selected points on the surface of the 3D 
model. The first step of this methodology is to obtain a 
shape model, by means of triangularizations, 
voxelizations, or meshes generation that approximates 
the solid model. Common file formats for this translation 
are VRML (Virtual Reality Modelling Language) and STL 
(Stereolithography), both based on triangularization. 

The second step is to compare models by means of 
the shape distributions: in order to obtain a shape 
distribution a shape function and a set of sample random 
points have to be chosen and the relative histogram have 
to be calculated associated with the shape distribution 
function.  

These shape functions are easy to compute and 
produce distributions that are invariant to rigid motions. 
They are invariant to tessellation of the 3D polygonal 
model, since points are selected randomly from the 
surface, they are insensitive to small perturbations due to 
noise, cracks, and insertion/removal of polygons, since 
sampling is area weighted.  

Fig. 2 shows the shape distribution of some geometric 
shape: the horizontal axis represent the distance between 
points while the vertical axis represent the probability of 
that the distance between two points on the surface.  

The last step is the comparison between shape 
histograms. Osada et al. [28] first proposed an approach 
that worked directly on the original polygons of a 3D 
model. They empirically tested five shape functions and 
concluded that the D2 function results the best shape 
classification method. D2 measures the distance between 
two random points on the surface of the model. They 
executed a series of shape matching experiments with a 
wide database of 3D models.  

 

Fig. 2. Shape distributions for standard shapes [28]. 

 
Starting from a solid model S, the triangularization T is 

not unique for S. They assumed that the maximum 
distance from any point ti to the nearest point on the 
model is ≤ ε. The facets of T could be obtained from a 
mesh generation algorithm, or from common exporters, 
such as STL or VRML, of the model S. The use of a 
triangularization T occurs to avoid problems related to the 
underlying representation used in the solid model. Their 
results demonstrated that shape distributions can be 
effective at discriminating between groups of 3D models, 
with the 66% accuracy. In the basic approach the 
histogram maps distance probability versus measured 
distance by counting how many distances fall into fixed 
size bins. This way it is possible to discriminate between 
shapes that have similar gross shape properties, but it 
could be very difficult to manage detailed shape 
properties. Regli et al. [29] observed that over the entire 
set of sample points three non-intersecting groups could 
be introduced, besides the ALL points group: the IN 
group, the OUT group and the MIXED group, depending 
on the line connecting the 2 points that lies completely 
inside the model, or completely outside, or both partially 
inside and partially outside respectively. The shape 
distance can be calculated for each group of sampled 
points. They demonstrated that D2 distance, calculated 
from two solid models very different in shape, could 
significantly change depending on the sample points 
group considered. Further developments have been 
proposed by Ohbuchi [30] who proposed two enhanced 
shape descriptors: the AD (Angle and Distance) that 
measures both distance between pairs of points and the 
inner product of the surface normal vectors of the 
triangles on which the pair of points are located and the 
AAD (Absolute Angle and Distance) which considers the 
absolute value of the same inner product. A recent paper 
has been presented by Tang et al. [7] in which a shape 
feature is proposed that considers not only geometry but 
also texture for similarity assessment of collections, as 
minerals for example, that have the same geometric 
characteristics but different appearances. The feature 
descriptor in this case is a 2D descriptor that considers as 
first variable the distance between a pair of random points 
and as second variable the grey level difference between 
these two points, converting previously the colourful 
pictures into grey level picture. 
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2.1.3 Section Images Based Shape Signatures 

These techniques use as signatures the section views 
of solids. It classifies part drawings into groups, based on 
characteristics such as L/D ratio, number of holes, etc.., 
using group technology. Parts based on bitmap of the part 
drawings can be classified by means of 2D similarity 
assessment techniques or using neural networks. 
Lippmann [8] and Khanna [42] introduced the theory of 
neural nets. Neural network methods are useful to solve 
numerous problems associated with manufacturing 
operations.  

Stated that environmental conditions such as noise or 
brightness can affect strongly the correct recognition of 
crisp input, Lee [31] first utilized the fuzzy set theory in 
combination with the ANN (Artificial Neural Network). 
Later, Kuo et al. [9] presented a novel fuzzy neural 
network (FNN) for clustering the parts into several 
families, based on the image captured from the vision 
sensor. The proposed network, which possesses the 
fuzzy inputs as well the fuzzy weights, integrates the self-
organizing feature map (SOM) neural network and the 
fuzzy set theory. The process of similarity assessment 
follows five steps:  

1) image acquisition, by means of a charge-coupled-
device camera; 

2) image processing to transform the image brightness 
to binary values, as shown in fig.3; 

3) feature extraction that consists in grouping and 
segmenting the image in several blocks, calculate the 
fuzzy normalized interval for each block, calculate the 
fuzzy number and then to transform the data;  

4) pattern recognition, in order to cluster the parts with 
fuzzy features into several families; 

5) the part clustering by means of the fuzzy SOM 
neural network. 

 

 

Fig. 3 Some example of transformation the image brightness 

into binary values [10]. 

 

The model evaluation results showed that the proposed 
FNN can provide accurate decisions. In a more recent 
study Kuo et al. [10] developed a further novel fuzzy 
neural network which integrates the fuzzy set theory and 
the adaptive resonance theory 2 (ART2) neural network 
for clustering parts into several families and demonstrated 
that this fuzzy neural network is able to provide more 
accurate results compared to the fuzzy self-organizing 
feature maps neural network previously proposed. 

2.1.4 Feature Based Shape Signatures 

Computer Aided Process Programming (CAPP) is the 
way the CAD and CAM processes have to be integrated. 
Starting from CAD data of a part, the goal of CAPP is to 
generate a sequenced set of instructions to manufacture 
the part. In this sense the CAPP has to interpret the part 
in terms of features [11]. In fig.4 a features interpretation 
is shown: the part is classified by means of the features 
hole, slot, pocket. In this sense features are here 
considered machining features.  

 

Fig. 4 The part classification by machining features [11].  

 

The feature model is the representation of a part in 
terms of features: this representation is obtainable either 
by features recognition, that requires the generation of the 
machining features starting from customary solid 
modelling operations, or by feature based design, that 
uses features already in the design phase. Many CAD 
systems already use parametric machining features as 
design features, but the design by manufacturing features 
approach is not ever the most natural design approach. 
So, in a lot of cases, it is necessary to convert a design 
feature model into a machining feature model, even 
though the difference between them is very fine. 

There is a wide state of the art in feature recognition; in 
this section only the most prominent investigated 
approaches are proposed: the graph based approach, the 
hint based approach and the volumetric decomposition 
approach.   

1) Graph based  
In the graph based approach, a B-rep model of parts is 

converted into a graph. The Model Dependency Graph 
(MDG) is an intermediate data structure through with to 
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model feature interactions and dependencies. The MDG 
of a query part has then to be compared to the MDG of a 
part stored in a database and the largest common sub-
graph between them has to be determined in order to 
assess similarity. After performing feature extraction, the 
Model Dependency Graph representing the features and 
their interactions is defined. The nodes of this graph 
correspond to features and store attributes of the 
features. A graph G=(V,E) is comprises of a set of nodes 
V= {f0 , . . . , fn}, where fi is a machining feature of the 
solid, and of a set of edges E. An edge E between two 
nodes exists if the corresponding features fi and fj have 
non-zero intersection between them, so: 

 
{ }{ }0)()(, ¹ÇØ= jiji fvolfvolffE                  (1) (1) 

 
To compare two solids, the largest common sub-graph 

(LCS) between the two model dependency graphs needs 
to be determined. However the problem of exactly 
determining the largest common sub-graph is NP-
complete [43]. 

In [32] Cicirello et al. propose to solve this problem by 
means of an iterative improvement algorithm.  

The machining feature extraction is first performed to 
map the solid model to a set of STEP AP 224 machining 
features; then a UMDG (Undirected Model Dependency 
Graph) is constructed from the set of machining features, 
not taking care for the order of the machine features; 
finally the nearest neighbours to the query graph are 
found using an algorithm that iteratively searches across 
a database of other models.  

This technique provides means for determining objects 
having similar machining features. However, the UMDG 
generated using this method is not unique for a given 
solid. This is because the features can be constructed in 
multiple different ways and in different order. 

In [33] a graph representation of the input 3D models is 
presented as the shape signature for the model. For each 
model a graph called design signature is constructed. The 
nodes are labelled with a number of parameters, such as 
type of feature and machining direction. The edges are 
labelled depending on the type of intersection occurred. 
An equivalence hierarchy is assigned as the two objects 
are equivalent with respect to the characteristic 
considered.  

The equivalence relation considered in this application 
is isomorphism between two graphs: in this case the 
computation is made easier by the labelling of nodes and 
edges that allows easier matching of sub graphs. 

2) Volumetric decomposition based 
In this section, the similarity assessment is reached by 

the decomposition of the input object into a set of 
intermediate volumes and then by manipulating the 
volumes to produce features. As follows, two main 
procedures are described: the convex hull decomposition 
and the cell-based decomposition. 

Convex hull decomposition, as investigated by Kim 
[40], consists of multiple steps: 
- Alternating Sum of Volumes with Partitioning (ASVP) 
decomposition. The convex hull of a polyhedron is the 
smallest convex point set containing P. The convex hull 
difference CHD(P) is the regularized set difference (-*) 
between CH(P) and P. If P is convex, CHD(P) is empty 
and the decomposition terminates. Otherwise, the 
decomposition is applied recursively to CHD(P). Fig. 5 
shows an example part obtained from the convex hull 
decomposition. Kim proposed ASVP decomposition and 
proved its convergence in his dissertation. 

-  Recognition/Generation of Form Features: in [12] Kim 
proposed to use the ASVP decomposition to generate 
form features (Form Feature Decomposition). He named 
as original the faces of the original part, thus an  ASVP 
component that contains at least two original transitively 
connected faces is a form feature. Recognized 
components are further classified on the basis of 
accessibility. For example, in Fig.5a, the ASVP 
component P has three original faces transitively 
connected. It is recognized as a form feature and 
classified as a slot. Similarly, P is recognized as a rib. 
However, an ASVP decomposition may return 
unrecognized components especially when they have at 
most one original face or separated original faces. 

  

Fig. 5: Volume decomposition: the convex hull [40]. 

-  Generation of primitive machining features and 
aggregation of machining features; Kim and Wang in [34] 
proposed a method to generate machining features by 
rewriting the Boolean expression of every positive FFD 
using the halfspaces determined by its original faces. The 
machining features are all negative in the sense that they 
are subtracted from the workpiece. For example, P in Fig. 
5(a) is considered a positive form feature: three 
halfspaces are created from its original faces. For 
machining applications, positive-to-negative conversion is 
applied to convert the FFD into a Negative Feature 
Decomposition (NFD), where negative features represent 
removal volumes that provide information about machined 
faces and tool accessibility. The negative counterpart of 
each halfspace is intersected with P to generate a new 
negative component. As shown in Fig. 5(b), three new 
negative features are obtained and all of them are 
classified as slots.  
Kim et al. in [13] presented a summary of the results 
conceived by applying the ASVP to obtain a FFD to be 
further converted into a NFD for machining or cast-then-
machined applications.  

The cell-based decomposition approach for feature 
recognition essentially consists of the delta volume 
decomposition into cells, cell composition and feature 
classification. Once given a part and its convex hull, the 
delta volume, that results from the convex hull volume 
minus the part volume, is decomposed into the cells. 
These cells are composed in order to generate a volume 
to be removed by a machining operation, and the resulting 
volume is classified as a machining feature.  

In this approach all possible combinations of cells have 
to be evaluated to find the best solution. To generate all 
possible features is very computationally hard, so 
heuristics are used to prune unpromising compositions, 
even if this cannot avoid exponential time complexity. In 
order to reduce the number of interpretations, which may 
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reach N!  for  N  maximal  convex  cells,  Sakurai et al. 
[14,15] proposed a method to decompose a delta  volume 
into maximal volumes.  

The method decomposes an object having planar 
and/or curved faces into minimal cells and then composes 
them into maximal volumes which are similar to maximal 
convex volumes. Maximal volumes are then recognized 
as features with graph matching.   

The cell-based decomposition in feature-based shape 
similarity assessment by Ramesh et al. [23] describes in 
details the extraction of features from a B-rep model. The 
method they proposed consists of two steps: in the first 
step the part is decomposed into simpler shapes, i.e. 
cells. They preferred to decompose the part into maximal 
cells, highlighting that maximal cells output is the 
minimum possible cells number, so it is closer to a unique 
decomposition. In the second part cells are mapped to 
standards machining features. The final step concerns the 
similarity assessment of two different models. 

Seven characteristics are used for comparison. These 
are feature existence, feature count, feature direction, 
feature size, directional distribution, size distribution and 
relative orientation. Feature existence represents the 
number of different classes of features present in the 
object and is expressed as a binary vector of dimension n 
where n is the total number of feature classes in the two 
objects being compared. Each element in the vector 
assumes a value of 1, if the corresponding type of feature 
is present in the object, otherwise it is 0. 

Feature count represents the number of instances for 
every class of feature in a given 3D object. It is expressed 
as a vector of dimension n. Each element denotes the 
number of instances of the corresponding feature.  

Feature direction represents the number of 
Translational groups (T-group) for every class and is 
expressed as a vector of dimension n. T-group is a set of 
feature instances that differ only by translation. Each 
element indicates the number of T-groups for the 
corresponding class. Feature size is similar to feature 
direction and represents the number of Size groups (S-
groups). S-group is a set of feature instances that have 
the same critical dimensions. 

For every class of features, directional distribution 
represents the number of instances of features within a T-
group belonging to the class considered.  

Size distribution is similar to directional distribution and 
is defined for S-groups.  

Finally, relative orientation represents the relative 
orientation between T-groups over all the different classes 
of features.  

A weighted distance is used to compare two objects. 
The characteristics considered in the comparison have to 
be independent of each other. Only planar and cylindrical 
surfaces are considered. Objects where the cylindrical 
features intersect other faces non-orthogonally are ruled 
out.  

1) Hint based:  
The hint based approach is driven from the suggestion  

that parts should be designed in terms of manufacturing  
features, allowing this way designers  to work  in  terms  
of functional features, best concerned to specific 
processes, thus restricting the ability to select the best  
manufacturing methods. The hint based approach is not 
only based on the recognition of machinable features 
from solid models of parts but also from additional data 
such as design features, tolerances, and surface 
attributes (e.g., a thread attribute may be taken as a hole 
hint). It is important to notice that it does not require that a 
part be entirely designed by features. In [16] 

Vandenbrande et al. presented an automatic feature 
recognizer that decomposes the total volume to be 
machined into solid features that satisfy stringent 
conditions for manufacturability, and correspond to 
operations typically performed in 3-axis machining 
centers.  As machinable volumetric feature it is 
considered a solid that can be removed in a single 
machining operation, in a single setup. A single machining 
operation, however, may consist of several passes by one 
or more cutters. In [16] the technique proposed takes into 
account features with intersecting volumes, only 
conventional machining are considered and non rotational 
parts that are typically manufactured in 3-axis machining 
centers, with no care for the process and tool selection, 
setup planning, cutter-path generation or other important 
issues in the machining process planning.   

In literature several feature finder strategy based on the 
hint based technique have been proposed; we focus 
mainly on the Integrated Incremental Feature Finder (IF2) 
description, giving only some mention to the other Object-
Oriented (OOFF) and F-Rex feature finders. 

IF2 can recognize holes, slots and pockets. To explain 
the recognition algorithm a slot example is illustrated. In 
IF2, a slot trace is generated from nominal geometry 
when a pair of parallel opposing planar faces is 
encountered, which corresponds to the slot walls. Given 
the part shown in fig. 6(d), the vertical inner faces 
constitute a slot trace. 

The geometric completion procedures of IF2 follow a 
generate-test-repair paradigm [35]. The generate step first 
finds the slot floor. Only the space between the wall faces 
is considered, and the part faces that are planar and 
perpendicular to the wall faces are taken as floor 
candidates. In fig. 6(d), several floor candidates can be 
found and the heavily shaded face is an example of it.  

 
 

 
Fig. 6 An example of feature recognition process [40]. 
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Then, the portion of the delta volume between the 
walls and above the floor, shown in fig. 6(e), is proposed 
as a volume to be removed by a slot machining operation. 

The test step checks the boundary of the proposed 
volume. The boundary is partitioned into ‘stock faces’, 
which originate from the stock, and ‘part faces’, which 
originate from the part. ‘Stock faces’ are those to be 
removed by feature machining operations, and ‘part 
faces’ are those to be created by feature machining 
operations. For a slot, the proposed removal volume is 
not machinable as a whole if its boundary contains any 
‘part faces’ besides the walls and floor. This is because 
such ‘part faces’ will be removed by the parameterized 
slot feature volume which completely covers the proposed 
removal volume. Note that ‘part faces’ are those to be 
created. The cylindrical face depicted in Fig. 6(g) is such 
a ‘part face.’ 

If the test step determines that the volume proposed by 
the generate step is not machinable as a whole, the repair 
step removes a subset of the early proposed removal 
volume, such that the machining operation does not 
intrude into the ‘part face.’ This is a geometric fitting 
problem, and in the example IF2 finally produces the 
parameterized slot volume shown in fig.6(i). 

A problem for hint-based approaches arises when 
there are to recognize more traces than those to be 
considered as good features. A trace or hint is nothing but 
an implication for the possible existence of a feature, and 
therefore a significant number of traces may not lead to 
valid features.  

IF2 tackles this problem by assigning every trace a 
heuristic strength. The assigned value is a combined 
measure of preference for such a feature over alternative 
feature interpretations and belief that the trace will lead to 
a valid machining feature. 

Once assigned a 3D volumetric model, all the ranked 
traces are stored in a priority queue. IF2 selects the 
strongest trace from the priority queue and fires a 
geometric completion procedure on it. If geometric 
completion fails to construct a valid machining feature 
from the trace, the trace is discarded and the next 
highest-ranked trace is extracted. If completion succeeds, 
two tasks are done before selecting the next highest-
ranked trace: 1) priority queue updating and 2) 
termination test. 

The priority queue is updated to reflect the new 
feature’s influence on other traces, as for example, in 
cases in which more than one slot can be assembled to 
create just one bigger slot, so the single previous ones 
have to be considered as redundant slots. 

The termination test is aimed to check for null solids 
when subtracting a new feature volume from the original 
delta volume. Once a valid machining feature is found, 
the priority queue is updated and IF2 updates the material 
to be removed from the delta volume, recursively. Once 
the result is null, the process stops because the delta 
volume is fully decomposed. Otherwise, IF2 takes the 
new top-ranked trace and repeats the same process. 

2.2 The Distance Function 

To assess similarity between the two parts, one set of 
feature vectors is transformed in space using rigid body 
transformations with respect to the other set such that the 
distance between them is minimized. The distance 
between the two sets of feature vectors is used as a 
measure of similarity between the two parts. The higher 
the value of the distance, the more dissimilar are the 
corresponding CAD models. 

A metric space is a collection of objects along with a 
distance function d(), known as the metric, which 
computes a distance between any two elements in the 
set. The distance function d(x,y) must satisfy the 
conditions of positivity, identity, symmetry, and triangle 
inequality expressed in eq.2, eq.3, eq.4, and eq.5 
respectively. 
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Once the choice of the most suitable shape signature 

has been made, the main characteristics are determined 
and they are organized in different forms such as vectors, 
histograms, matrixes, etc. In order to store data for an 
efficient search and retrieval, a large amount of research 
has been put forth to the suitable metric spaces. 
Depending on the form that the shape signature 
description assumes, the distance between the two solid 
models can be computed using LN norm distances, 
usually L2 norm, such as the Earth Mover’s distance [36], 
the Match distances [17, 18], the Housdorff distance [37], 
the Minkowski distance [23].  

For example, in the graph based signature approach 
the graph isomorphism is computed to compare feature-
graph signatures. Two graphs are isomorphic if and only if 
the distance between them is zero. As a result, asymptotic 
computing time will be related to the complexity of 
algorithms to compute graph isomorphism. It has been 
classified as an NP-hard problem. In order to solve the 
graph distance metric problem an approximation 
algorithms has been proposed to efficiently compute 
distances between MSG (Model Signature Graphs). In 
[38] it is shown how it is possible, through the use of 
graph invariants, to form groups or clusters of potentially 
isomorphic graphs, or graphs that are close enough in 
similarity to satisfy a query.  

First the eigenvalue spectrum of the graph is 
computed, then this spectrum is considered to be a 
projection of the graph from the space of graphs to Rn; 
thus this space can be used as a basis for most distance 
computations by means of metrics. 

Distance computations between the image of graphs in 
Rn can be done using any one of the vector-based metric 
norms. In particular, they investigated the use of L2 and Lp 
norms, which obey the positivity, identity, symmetry, and 
triangle inequality properties. [39]  

In other cases the distance function has to be 
performed ad hoc to better fit the similarity assessment. 

For example, in the machining feature based approach, 
the distance from the query part can be used as a basis 
for estimating the cost of machining the new part. In this 
case the key drivers for the machining cost of a prismatic 
part are identified in the number of setups, tool changes 
and machining operation cost. In [19], assuming that pÎP 
and qÎQ are two sets of Reduced Feature Vectors 
(RFVs) corresponding to parts P and Q, the distance 
function is defined in eq.6, as follows. 
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Each RFV is represented by using six components, 

that are xp, yp, zp, V(p), ε(p), n(p). The first three 
components xp, yp, zp, represent the orientation of the 
RFV p, and are transformation-dependent. The other 
three components V(p), ε(p) and n(p) are transformation-
invariant and represent the normalized volume of the 
RFV, the normalized dimensional tolerance and the group 
cardinality followed to rank ordered the machined parts. 
Each term in Equation (6) account for some specific 
parameter that relate to the number of tool setups. Or to 
the machining operation cost.  
In [20] the output of the system, to measure similarity 
between 3D mechanical parts, is a similarity factor 
calculated between most similar parts. Entities derived 
from a STEP (STandard for the Exchange of Product 
model data) format are mapped into a mathematical 
model called face-edge relation matrix. STEP format is 
recognized as the standardized means for product data 
exchange between different CAD systems to avoid the 
problems underlying the representation of the solid 
model. STEP Application Protocol (AP) 224 defines 
machining features as classes of shapes representing 
volumes to be removed from a part by machining 
operations. 
The matrix of new design is compared to matrix of the 
candidate designs in the database and the goal is 
achieved by finding matrix of a candidate design with 
maximum matching surfaces corresponding to matrix of 
new design. Similarity factor between two matrices is 
calculated as follows: 
 

( )[ ] 100/2% ´´= TOTALM FFSF   (7) 

 
being SF the similarity factor between new design and 
candidate design. FM is the number of matched faces in 
the new and candidate matrices FTOTAL is the sum of 
number of faces in the both new and candidate matrices. 

3 Comparison 
After the discussion about the most common 

methods presented in literature for the shape similarity 
assessment, in this section a comparison between the 
different approaches is proposed. 

All methods we dealt in this paper have some merits 
and some drawbacks: the final choice of a suitable 
method depends upon the relative importance of each 
functional requirement. Efficient algorithms design for 
simple topology features often suffer from computational 
complexity, on the other hand to gain generality efficiency 
is usually sacrificed. As follows, a detailed analysis is 
offered in terms of advantages and disadvantages that of 
each technique and the evaluation of a quite good 
suitable approach is proposed, in particular centered on 
the machining features recognition. 

Techniques based on Shape Statistics use basic 
geometric properties in order to perform comparison 
between solids. These properties are used to represent 
the signature of the solid. Therefore, such signatures do 
not carry any topological information about 3D solid 

models. They are robust but not sensitive to feature 
location and cannot provide sufficient discrimination 
power for detailed comparison: on the other hand, they 
can be useful as quick and efficient filters to reduce the 
search space. 

Histograms based techniques are robust and have no 
restrictions on the type of solid models to be applied on; 
they don’t satisfy the properties of identity and symmetry 
because of the random choice of points on the model 
surface. The accuracy of these signatures depends on the 
number of points used. Obviously, large number of points 
result in higher accuracy. On the other hand, the 
efficiency of these signatures varies inversely as the 
number of points. Thus with an increase in the accuracy, 
the computational efficiency decreases. Besides, as 
objects tend to become more complex, shape histograms 
tend to become more similar each other. 

Image based technique practically classifies 2D part 
drawings, thus not taking into account rotation neither 
translation of the solid model. 

In [21] Han et al. proposed a detailed analysis of 
feature recognition between the same parts by means of 
all three different approaches: the graph based, the 
volume decomposition based and the hint based. 

The main advantage of graph based recognition 
method is to be applicable to a big variety of domains and 
not just to machining. Moreover, it allows the user to add 
new feature types without changing the code. It is robust, 
but not sensitive to changes in features location and, 
furthermore, it does not create a unique graph for a solid 
model because features can be constructed in multiple 
ways. Anyway, the main problem of this approach is the 
inability to recognize features intersections inside the 
model. When features intersect, many of the faces of a 
features may be entirely absent or partially missing so, 
stated that in a complex part the possible types of feature 
intersections can be unlimited, the resulting pattern is 
week in recognizing intersecting features. Several 
attempts to restore the missing arcs into a part graph 
have been made; some good result have been presented 
in [22] with the implication of restricting the geometries of 
parts, constrained to be polyhedral and iso-oriented. Last 
but not least, because of the computational complexity of 
general subgraph matching is exponential [32], graph 
based methods can be slow unless some kind of 
partitioning is done or hint is used as a starting point.  

On the contrary, volume decomposition-
recomposition approaches can handle all types of 
interactions in a general way. The main advantage of 
these methods is that several candidate feature sets can 
be generated to suit the requirements of an application. 

Among the volume decomposition-based techniques, 
both the convex hull decomposition and the cell-based 
feature recognition approach are based on multiple-step 
reasoning: cell decomposition, cell composition and 
feature classification and each step is completely 
separated from the others. For example, the initial steps, 
i.e. ASVP decomposition in the convex hull decomposition 
algorithm and delta volume decomposition into cells in the 
cell-based decomposition algorithm, are done 
independently of features and manufacturing process 
rationale. The consequence is that no robust method, 
justifiable from a manufacturing point of view, has been 
developed to manipulate the intermediate volumes 
created by these initial steps. 

More in particular, in the convex hulls approach it is 
difficult to compute curved bodies; this problem has been 
overcome by using polyhedral conversion of curved 
surfaces in the decomposition. Moreover, alternative 
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feature interpretations are generated by growing and 
aggregating the basic features recognized, but no 
success in finding a suitable machining feature model is 
guaranteed. 

The same way, the cell-based approach has the 
difficulty of how to combine the cells to produce suitable 
features. Besides, the cell combination, that offer a large 
amount of possible features, can be interpreted as a 
power set as well as responsible of exponential time 
complexity. 
However, a big shared disadvantage is that both methods 
involves Boolean operations and thus they are 
computationally intensive and limited to analytical 
surfaces. 

The Hint-based approach was devised to avoid the 
computational complexity of other methods by by-passing 
the cell decomposition phase and going directly to 
produce maximal volumes that had a better chance of 
being machining features. This approach is more efficient 
for a small feature library and a small set of hints.  
Because rules are hard-coded specific to each feature 
type, extensibility of the system requires changes to the 
source code. It is not clear how this method will scale up 
to more complex features and how efficient it will be with 
large number of features and hints. Certainly the use of 
feature finder strategies can enhance the methodology 
capabilities. In fact, for example, the Integrated 
Incremental Feature Finder (IF2) avoids unnecessary 
reasoning as much as possible by focusing on promising 
traces, even if it does not always generate a desirable 
interpretation.  A big issue in the hint based approach is 
to the deal with multiple interpretations; the 
implementation of IF2 shows an effort for handling the 
problems of completeness and multiple interpretations. 

 Therefore usually first using a signature that is 
computationally efficient but produces few false positives, 
followed by a signature that is computationally less 
efficient but able to eliminate false positives could be a 
good strategy. 

4 Conclusion and developments 
Once observed that performing evaluation of existing 

shape signatures is a difficult task, some preamble to 
conclusion of this dissertation is necessary:  

1. Shape signatures are abstractions of 3D shapes 
so, in any case, their adoption reduce discrimination 
capabilities. 

2. In practice, to select a particular shape signature, 
an average case run-time for the computation and 
matching algorithms is necessary. Therefore, the 
performance of both computation and matching 
algorithms needs to be evaluated by running them on a 
wide variety of models of differing sizes and complexity. 

3. In order to offer a complete analysis of the 
comparison, all shape signatures considered have to be 
tested on a particular application, so their effectiveness 
has to be assessed based on their success in a particular 
application. 

4. In a given application, usually a single signature 
will not be good enough to provide both accuracy of 
comparison and computational performance. A signature 
that performs high degree of abstraction usually has 
limited discrimination capabilities. On the other hand, a 
signature that performs lesser degree of abstraction is 
usually computationally not very efficient.  

From what discussed in the previous sections we can 
conclude that all ‘‘pure’’ techniques have some 
advantages and limitations. These considerations have 

led several researchers to consider hybrid feature 
recognition algorithms that combine several basic 
techniques.  

Up to now, hybrid methods have been proposed that 
combines conventional graph based with hint based 
feature recognition in order to extract first candidate face 
sets by a graph-matching technique and then to use 
constraints and rules to determine more closely the 
recognized feature type.  

In the next future works dealing with similarity 
assessment, our idea is to combine a method that, owing 
to test the shape similarity between two CAD models that 
could be very different in shape and dimensions, can give 
as first step output a reduced research space of gross 
suitable candidate solutions. This can be reached through 
the employment of robust techniques able to assess basic 
geometric properties in order to perform comparison 
between solids, even if they do not carry any topological 
information about 3D solid models. To this purpose, an 
advisable technique is the Shape Statistics based that is a 
quick and efficient tool to reduce the search space. 

Once reduced the features library research space, 
the hint based technique could occur, in order to assess 
the features recognition in a more accurate way. The IF2 
is a valid tool that can generate good solutions to the 
features recognition issue. The test-repair paradigm could 
be enhanced by the integration of some heuristic, such as 
Genetic Algorithms, Neural Networks, Particle Swarm 
Optimization. Once the features recognition phase is 
terminated, a model completely characterized by 
machining operation is ready to be compared to the 
models collected in the database. Hence, the similarity 
assessment can be achieved by means of a distance 
function, that measure the differences among the features 
previously recognized, or by means of a similarity factor 
ad-hoc formulated. 

After a quite general discussion about the features 
recognition process, we focused our conclusions on the 
machining features recognition because this paper was 
aimed to deal with the optimization of the manufacturing 
process: with this purpose we are quite confident that the 
hybrid approach can be the best tradeoff in order to 
perform results at a good level of accuracy and in 
reasonable computational time. 
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Abstract 

Purpose: 
Aim of this work is a survey on systematic innovation strategies used for the development of 
new products or in product improvement and optimization processes. In particular, the 
authors investigate the innovation synergies coming from the combination of TRIZ methods 
with other problem solving and creativity enhancements methods, and their relationship with 
particular application fields. 

Method: 
The survey is based on a literature review of academic publications present in indexed DBs. 
Twenty-nine case studies were collected and analyzed about non-TRIZ tools used in 
combination with TRIZ tools. For each case, the level of systematic innovation introduced by 
the use of the different methodologies is qualitatively evaluated using the so-called 
individual innovation index. This index is based on two other specific indices: the solution 
innovativeness and the synergy level. Then a brief overview of the four most used non-TRIZ 
tools adopted in the selected case studies, quality function deployment, ecodesign, case-
based reasoning, and axiomatic design, is offered. 

Result: 
The analysis of the twenty-nine selected cases gives only partial results, so the introduction 
of a corrected innovation index, which considers the systematic innovation level of the 
presented methodologies given the sample size of the different non-TRIZ tools, has been 
done. The analysis of the application field has been performed as well. 

Discussion & Conclusion: 
The research highlighted the growing importance of the application of the combination of 
strategies that uses TRIZ and non-TRIZ tools, as the well-known quality function 
deployment or the promising ecodesign, the case-based reasoning, and the axiomatic 
design. Moreover, it seems that there is no explicit relationship between specific innovation 
strategies and application fields, while it has emerged that systematic innovation is mainly 
used during the first phases of the product development process. 
  

1 Introduction 
The rapidly changing modern marketplace drives 
companies to seek competitiveness in 
product/process development, in terms of innovation, 
quality improvement, sustainable design, and speed to 
enter the market. 
In this time of highly competitive world, innovation is a 
fundamental source of competitive advantage and 
even a survival necessity. 
As defined in the Encyclopaedia of management [1], 
innovation is the act of developing a new process or 
product and introducing it to the market. 
Thus, the precise objective of today industrial 
improvement is the optimization of the innovation 
processes, to reduce or eliminate waste of resources 
(time, money, etc.), to develop unique solutions, and 
to manage the complexity of modern systems. 
For these reasons a structured and systematic way for 
solving innovation issues is needed, namely this 
challenging task is known as systematic innovation 
process. 

Systematic innovation is usually intended in literature 
as a synonym of TRIZ, the Russian acronym for 
theory of inventive problem solving [2,3], but in the last 
few years systematic innovation is mainly intended as 
a combination of the TRIZ theory, and of its 
evolutions, with other troubleshooting methodologies 
[4-7]. 
This way, the term systematic innovation is used to 
cluster all the approaches used for the identification 
and the resolution of technical and non-technical 
conflicts which may occur in an improvement process 
aiming at innovation. In [5], for example, authors 
distinguish two families of innovation tools, which are 
used in combination into systematic innovation 
strategies: TRIZ tools and non-TRIZ tools. 
The aim of this work is to conduct a survey on 
systematic innovation strategies to highlight the 
synergies  due to the combined use of  TRIZ and non-
TRIZ tools in problem solving. 
In particular, this research, starting from the results of 
previous works, as reported in literature [6,7], wants to 
investigate if in the last few years market changes 
have influenced the introduction of new tools into 
innovation strategies. All of this in order to consider 
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the introduction of several design for X methods as, 
for example, the emerging sustainable design, 
manufacturing, and production strategies. 
Also, this survey wants to highlight which tools have 
been used in published case studies and if there 
exists some specific relationship between the 
combinations of these tools and their specific 
application fields. 
This paper is organized as follows. 
In the second section the methods used for data 
collection and data analysis are described, particularly 
focusing on the criteria used to select the case 
studies. In the third section an overview of the more 
frequent non-TRIZ tools used in these systematic 
innovation strategies is done. In the fourth section the 
discussion of the analysis results is given. Finally, 
conclusions and future directions for the research are 
presented in the last section. 

2 Methods 
To perform this survey, a wide literature review has 
been done. In the following paragraphs the procedure 
used to accomplish this task is explained. 

2.1 Data collection 

The survey was based on literature review of 
academic papers and conference proceedings present 
in on line research DBs. 
A DB search has been performed through the use of 
the following DBs for academic publishing: 
ScienceDirect [8], SpringerLink [9], Informaworld [10], 
and Wiley on line library [11]. 
The keywords TRIZ and systematic innovation have 
been used individually and in combination. Only 
papers and conference proceedings published in 
English language have been considered. All the 
searches were performed with the advanced search or 
the expert search tools and for all years available. 
Performing the search on ScienceDirect, 666 articles 
were found using the keyword "TRIZ", and 157 articles 
were found using the searching string "TRIZ AND 
systematic AND innovation", for all sciences and all 
years. 
The same search on SpringerLink found 372 articles 
and 196 articles respectively. 
Informaworld search for "TRIZ" returned 96 articles, 
while for "TRIZ AND systematic AND innovation" 
returned 35. The Wiley on line library gave back 381 
and 105 articles. 
Authors are aware that this literature review presents 
some limitations due to the decision of perform the 
searches using only a part of the available publication 
sources and the choice of consider only English 
language International Journal and Conference 
Proceeding archives. 

2.2 Data analysis and index setting 

At the end of data collection, the analysis of these 
data has been performed. 
The case studies of interest here have been selected 
from the previous searches in accordance to two 
criteria: a) they should have been related to TRIZ and 
non-TRIZ methods in synergy; b) they should have 
concerned cases of product or process innovation of 
engineering interest. 

According to these criteria, 29 cases of applications of 
systematic innovation methods were considered. They 
are reported in table 1. All the publications describing 
them regard the time period 2003-2011. Table 1 
shows the references for the considered publications, 
their publication year, the non-TRIZ tools that TRIZ 
was combined to, and the application field. 
The individual innovation Index - III - is defined too. 
This index, reported in table 1 as well, represents a 
qualitative measure of the goodness of the proposed 
systematic innovation methodology. It is defined as 
the sum of two indices: the solution innovativeness - 
SI -, focused on the quality of the results of the case 
studies, and the synergy level - SL -, that considers 
the level of integration between TRIZ and non-TRIZ 
tools, case by case, as reported also in table 1. 

2.2.1 Individual innovation index  

In the SI index, the level of the innovativeness of the 
proposed solution in the case study is a combination 
of qualitative evaluations, done by the authors on the 
basis of the different innovation kinds defined in 
literature. In particular, in [12], four different 
dimensions to categorize technological innovations 
are used. These dimensions are depending from: a) 
the nature of the innovation or if it is applied to a 
product or a process; b) the intensity and the degree 
of changes that the innovative solution takes, if it is a 
radical or an incremental innovation; c) the effect 
introduced on the firms as enhancing or destroying 
competences; and d) the degree of changes 
introduced to the structure of the product/process as 
architectural or component innovation. 
In reference to the objectives of this research and for 
the definition of the SI index authors have paid more 
attention to evaluate the different case studies in 
function of the nature of the innovation (product vs. 
process) and to the degree of changes introduced in 
the product or process structure (as architecture vs. 
component).  
On the basis of these assumptions, the authors have 
considered the definitions for product and process 
innovation reported in [13,14] to evaluate the case 
studies contained in the selected papers. For 
example, if the innovative solution proposed allows 
the introduction in the market of a product whose 
technological characteristics or intended uses differ 
significantly from before, or whose performances are 
significantly enhanced, the SI index is set to 1. 
Otherwise, if the solution proposed is quite well-
known, the SI index is set to 0. Also, intermediate 
values have been used. Similarly, if the solution 
proposed refers to a process, it is considered 
innovative if it involves the adoption of technologically 
new or significantly improved production methods. In 
this case the SI index is set to 1; otherwise, if the 
introduced changes are scarcely meaningful, its 
estimate tends to 0. 
The integration between TRIZ and non-TRIZ tools is 
achieved by the definition of a systematic procedure. 
The SL index is used to evaluate this integration, so if 
it is described by means of a clear roadmap, the SL 
index is set to 1; on the contrary, if the proposed 
methodology integration is not translated in a clear 
roadmap but is reached through an unordered 
sequential use of different tools, the SL index is set to 
0. In other words, the SL index witnesses the 
importance of the definition of a methodology and 
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represents the robustness of the described procure 
and its repeatability. 

Thus, the value interval for the individual innovation 
index, intended as the sum of SI and SL, is between 0 
and 2. 

 
# 

Publication non-TRIZ tools 
Application 

field 

SI SL III 

1 Kobayashi, H., 2006. A systematic approach to eco-innovative 

product design based on life cycle planning, Advanced Engineering 

Informatics 20(2), pp.113-125.  

ecodesign,  
quality function 
deployment - 
QFD-I 

household 

appliances 

0.6 1 1.6 

2 Shirwaiker, R., Okudan, G., 2008. Triz and axiomatic design: a 

review of case-studies and a proposed synergistic use, Journal of 

Intelligent Manufacturing 19(1), pp.33-47. 

axiomatic design manufacturing 0.9 1 1.9 

3 Chang, H., 2004. The conflict-problem-solving cad software 

integrating triz into eco-innovation, Advances in Engineering 

Software 35(8-9), pp. 553–566. 

ecodesign, 

analytical 

hierarchy process  

manufacturing 0.8 1 1.8 

4 Lucchetta, G., Bariani, P., Knight, W., 2005, Integrated design 

analysis for product simplification, CIRP Annals - Manufacturing 

Technology 54(1), pp.147–150.  

design for X manufacturing 0.6 0.8 1.4 

5 Cortes Robles, G., 2008. Design acceleration in chemical 

engineering, Chemical Engineering and Processing: Process 

Intensification 47(11), pp.2019–2028.  

case-based 

reasoning 

Chemical 

engineering 

0.8 1 1.8 

6 Cortes Robles, G., Negny, S., Lelann, J., 2009. Case-based reasoning 

and triz: A coupling for innovative conception in chemical 

engineering, Chemical Engineering and Processing: Process 

Intensification 48(1), pp.239–249.  

case-based 

reasoning 

Chemical 

engineering 

0.8 1 1.8 

7 Li, T.S., Huang, H.H., 2009. Applying triz and fuzzy ahp to develop 

innovative design for automated manufacturing systems, Expert 

Systems with Applications 36(4), pp.8302–8312.  

fuzzy analytical 

hierarchy process  

manufacturing 0.8 0.9 1.7 

8 Li, T., 2010. Applying triz and ahp to develop innovative design for 

automated assembly systems, The International Journal of 

Advanced Manufacturing Technology 46(1), pp.301–313.  

analytical 

hierarchy process  

manufacturing 0.8 0.9 1.7 

9 Lin, C-C., Luh, D-B., 2009. A vision-oriented approach for innovative 

product design, Advanced Engineering Informatics 23(2), pp.191–

200.  

morphological 

analysis 

manufacturing 0.9 0.8 1.7 

10 Fei, G., Gao, J., Tang, X.Q., 2009. A TRIZ Based Methodology for the 

Analysis of the Coupling Problems in Complex Engineering Design, 

Proceedings of the 19th CIRP Design Conference – Competitive 

Design, Cranfield University, 30-31 March 2009, pp.285-292  

axiomatic design nuclear plants 0.6 0.9 1.5 

11 Chen, J., Chen, W.-C., 2007. TRIZ based Eco-Innovation in design 

for active disassembly. In: Advances in Life Cycle Engineering for 

Sustainable Manufacturing Businesses. pp. 83-87. 

ecodesign manufacturing 0.8 0.9 1.7 

12 Yamashina, H., Takaaki, I., and Kawada, H., 2002. Innovative 

product development process by integrating QFD and TRIZ, 

International Journal of Production Research, 40(5), pp.1031-1050 

quality function 
deployment 

household 

appliances 

0.9 1 1.9 

13 Shen, Y.-T., Smith, S., 2009. Product redesign using TRIZ and 

contradictive information from the taguchi method. In: Chou, S.-Y., 

Trappey, A., Pokojski, J., Smith, S. (Eds.), Global Perspective for 

Competitive Enterprise, Economy and Ecology. Springer London, 

London, Ch. 46, pp. 487-497. 

Taguchi methods manufacturing 0.5 1 1.5 

14 Xie, J., Tang, X., Shao, Y., 2009. Research on product conceptual 

design based on integrated of TRIZ and HOQ. In: Tan, R., Cao, G., 

León, N. (Eds.), Growth and Development of Computer-Aided 

Innovation. Vol. 304. Springer Berlin Heidelberg, Berlin, 

Heidelberg, Ch. 22, pp. 203-209. 

quality function 
deployment 

manufacturing 0.7 1 1.7 

15 Li, L., Li, G., Huang, S., 2006. Research on product innovative design 

method driven by client demands. In: Wang, K., Kovacs, G. L., 

Wozny, M., Fang, M. (Eds.), Knowledge Enterprise: Intelligent 

Strategies in Product Design, Manufacturing, and Management. 

Vol. 207 of IFIP International Federation for Information 

Processing. Springer US, Ch. 59, pp. 433-439. 

quality function 
deployment 

manufacturing 0.5 0.8 1.3 

16 Stelian, B., 2009. Concurrent multifunction deployment (CMFD), 

International Journal of Production Research, 47(19), pp. 5343-

5376 

quality function 
deployment 

manufacturing 0.5 1 1.5 
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17 Robles, G. C., Hernández, G. A., Lasserre, A. A., Martínez, U. J., 

Gomez, R. P., Gomez, J. M., González, A. R., 2009. Resources 

oriented search: A strategy to transfer knowledge in the TRIZ-CBR 

synergy 5788, 518-526. 

case-based 

reasoning 

automotive 0.9 1 1.9 

18 Liu, S., Shi, D., Zhang, Y., 2009. A planning approach of engineering 

characteristics based on QFD-TRIZ integrated. In: Tan, R., Cao, G., 

León, N. (Eds.), Growth and Development of Computer-Aided 

Innovation. Vol. 304. Springer Berlin Heidelberg, Berlin, 

Heidelberg, Ch. 13, pp. 117-126. 

quality function 
deployment 

manufacturing 0.2 0.8 1 

19 Cortes Robles, G., Alor Hernández, G., Aguilar Lasserre, A., Posada 

Gómez, R., 2009. Accelerating the knowledge innovation process. 

In: Kurosu, M. (Ed.), Human Centered Design. Vol. 5619. Springer 

Berlin Heidelberg, Berlin, Heidelberg, Ch. 22, pp. 184-192. 

case-based 

reasoning 

furniture 0.8 1 1.8 

20 Grote, C. A., Jones, R. M., Blount, G. N., Goodyer, J., Shayler, M., 

Sep. 2007. An approach to the EuP directive and the application of 

the economic eco-design for complex products. International 

Journal of Production Research 45 (18), 4099-4117. 

ecodesign,  

design for X 

household 

appliances 

0.6 1 1.6 

21 Sakao, T., Sep. 2007. A QFD-centred design methodology for 

environmentally conscious product design. International Journal of 

Production Research 45 (18), 4143-4162. 

ecodesign,  
quality function 
deployment for 

environment 

household 

appliances 

0.8 1 1.8 

22 Chen, Z., Tan, R., 2006. Study on Integrating Application Method 

for AD and TRIZ. Vol. 207 of IFIP International Federation for 

Information Processing. Springer Boston, pp. 421-432. 

axiomatic design  manufacturing 0.7 1 0.8 

23 Serban, D., Man, E., Ionescu, N., Roche, T., 2005. A TRIZ approach 

to design for environment. In: Talabă, D., Roche, T. (Eds.), Product 

Engineering. Kluwer Academic Publishers, Dordrecht, Ch. 6, pp. 89-

100. 

ecodesign automotive 0.8 0.8 1.6 

24 Stratton, R., Aug. 2003. Systematic innovation and the underlying 

principles behind TRIZ and TOC. Journal of Materials Processing 

Technology 139 (1-3), 120-126. 

theory of 

constraints 

manufacturing 0.4 0.6 1 

25 Ahmed, R., Koo, J. M., Jeong, Y. H., Heo, G., Jan. 2011. Design of 

safety-critical systems using the complementarities of success and 

failure domains with a case study. Reliability Engineering & System 

Safety 96 (1), 201-209. 

axiomatic design,  

fault tree analysis 

nuclear plants 0.6 0.8 1.4 

26 Albers, A., Rovira, N. L., Aguayo, H., Maier, T., Oct. 2009. 

Development of an engine crankshaft in a framework of computer-

aided innovation. Comput. Ind. 60, 604-612. 

genetic 

algorithms 

manufacturing 0.5 0.5 1 

27 Yang, C. J., Chen, J. L., Feb. 2011. Accelerating preliminary eco-

innovation design for products that integrates Case-Based 

reasoning and TRIZ method. Journal of Cleaner Production. In 

Press 

ecodesign,  

case-based 

reasoning 

manufacturing 0.6 1 1.6 

28 Trappey, A. J. C., Chen, M.-Y., Hsiao, D. W., Lin, G. Y. P., 2009. The 

Green Product Eco-design Approach and System Complying with 

Energy Using Products (EuP) Directive. Advanced Concurrent 

Engineering. Springer London, pp. 243-254. 

ecodesign,  
quality function 
deployment for 

environment 

manufacturing 0.6 1 1.6 

29 Sheu, D. D., Lee, H.-K., 2011. A proposed process for systematic 

innovation. International Journal of Production Research 49 (3), 

847-868. 

quality function 
deployment 

manufacturing 0.6 0.9 1.5 

Tab. 1 The selected case studies and related information.

3 Overview on non-TRIZ tools 
This section reports an overview of the most used non-
TRIZ tools highlighted by the survey. 

3.1.1 Quality function deployment 

Quality function deployment - QFD - is a well known and 
a powerful method for quality planning. 
As reported in [15-17], the QFD structured method is 
used to translate customer desires into product 
characteristics during the design and development 
phases. 

As a product development and quality management 
method, it was first introduced in early nineties in Japan 
as a quality improvement tool. 
One model of the QFD is the four-phase one, which 
includes the House of Quality - HOQ -, parts 
deployment, process planning, and production planning. 
Among the different stages, the HOQ is the most 
commonly used one, and its aim is to reflect customers' 
desires. The HOQ is a matrix style chart that correlates 
identified customer needs with technical characteristics. 
This chart presents the characteristic shape of a stylized 
house. It consists of several sub-matrices joined 
together and derived by crossing consumer wants and 
needs (consumer attributes) with technical 
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characteristics. This is a valid method, used by product 
managers and design teams, mainly in the initial stages 
of new product development processes [15]. 

3.1.2 Ecodesign 

Ecodesign recognizes the environmental impacts of 
product during the design process in addition to existing 
design criteria and it is based on the integration of some 
environmental considerations during the design phase of 
a product or process [18,19]. Ecodesign aims at 
reducing the product environmental impact without 
creating a negative trade-off with other design criteria, 
e.g., costs, functionality, etc. 
In 2003, the European Commission defined the EuP 
directive for setting ecodesign requirements [19-21]. 
The World Business Council for Sustainable 
Development has identified seven major eco-efficiency 
elements for companies which develop eco-friendly 
products or processes, in order to reduce their 
environmental impact. These elements are: material 
reduction, energy reduction, toxicity reduction, material 
retrieval, increase usage of renewable resources, 
product durability extension, and increase intensity of 
product service. 

3.1.3 Case based reasoning 

Case based reasoning - CBR - is a problem solving 
methodology that can be used in the initials steps of 
design processes. CBR derived from Schank's research 
on human memory and dynamic memory [22], so CBR 
is a memory based methodology. The general principle 
applied to CBR is that similar problems have similar 
solutions. Thus, for solving a problem using CBR, it has 
to be described first, and then its similarity with other 
problems for finding similar solutions has to be 
measured. Finally, these solutions may be reused for 
solving the problem. The CBR methodology is based on 
a cycle, namely the R4 model, composed by four 
phases: retrieve, reuse, revise and retain [22-24]. 

3.1.4 Axiomatic Design 

Axiomatic Design - AD - is a theory developed by Suh in 
late 1978. This theory provides a systematic problem 
analysis based on the consideration of all the 
parameters involved in that problem. The AD approach 
involves splitting a design problem into functional 
requirements and then mapping them into design 
parameters [25]. In AD theory there exist four domains: 
the customer domain, the functional domain, the 
physical domain, and the process domain. Solution 
alternatives are developed by mapping the design 
requirements specified in one domain to a set of 
characteristics parameters of another domain. This way, 
concept design is represented by the mapping between 
customer and functional domains, product design is the 
mapping between functional and physical domains, and 
the process design corresponds to the mapping 
between physical and process. The mapping process is 
done by means of mathematical expressions. This 
theory is based on the use of two axioms, the 
independence axiom - maintain the independence of the 
functional requirements - and the information axiom - 
minimize the information content of design - [26]. 

4 Discussion of results 
The amount of data collected and analyzed in this 
research based on the twenty-nine case studies pointed 
out that systematic innovation strategies use quite often 
the combination of TRIZ and non-TRIZ tools. The non-
TRIZ tools found are generally represented by problem 
solving or creativity improvement tools as: quality 
function deployment - QFD -, ecodesign, case-based 
reasoning - CBR -, axiomatic design -AD -, analytical 
hierarchy process - AHP - and fuzzy AHP, design for X - 
DFX - (e.g. design for manufacturing or design for 
assembly), fault tree analysis, morphological analysis, 
Taguchi methods, theory of constraints, and genetic 
algorithms. 
Nine papers report the use of TRIZ and QFD in synergy. 
Eight publications present cases of the combined use of 
TRIZ and ecodesign for the development of eco-
innovation product and processes. In five cases a 
combination of TRIZ and CBR is used. Four cases report 
the use of TRIZ and axiomatic design together. Three 
case studies use TRIZ in combination with AHP or fuzzy 
AHP, while two cases are related to TRIZ and DFX 
methods. 
Other five individual cases report the use of TRIZ with 
morphological analysis, Taguchi methods, theory of 
constraints, genetic algorithms, and fault tree analysis 
respectively. 
A graphical representation of the distribution of the non-
TRIZ tools regarding the case studies considered in this 
research is given in fig. 1.  
 

 

Figure 1. Classification of non-TRIZ tools of the case studies 

considered in this research 

After the attribution of the individual innovation index 
values to all the twenty-nine case studies, an overall 
evaluation was done. 
Table 2 shows the non-TRIZ tools grouped into eleven 
families. For each family, the total number of cases in 
which the specific tool has been used is reported. It has 
to be noticed that the sum of these values differs from 
the sample size because in many of the case studies a 
combination of these non-TRIZ tools was used, and this 
is clear the same in fig.1. In this phase, an overall 
innovation index is calculated, as the sum of the 
individual innovation indices. This value cannot be 
considered a good indicator for the innovation purposes 
reached by the different combinations of tools. For 
example, the overall innovation index of non-TRIZ tool 
families with a single member distorts the outcomes of 
the evaluation. To overcome this problem, a corrected 
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innovation index is considered, by introducing specific 
weights calculated according to the sample size of the 
non-TRIZ tools families and to the average value of the 
individual innovation index. For example, the corrected 
innovation index for the quality function deployment 
(QFD) tool is the result of the product between the QFD 
average innovation index and the QFD percentage of 
use. 
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quality 
function 
deployment 9 31.03% 13.90 1.544 0.479 

ecodesign 8 27.59% 11.70 1.463 0.403 
case-based 
reasoning 5 17.24% 8.90 1.780 0.307 
axiomatic 
design 4 13.79% 5.60 1.400 0.193 
analytical 
hierarchy 
process , 
fuzzy AHP 3 10.34% 5.20 1.733 0.179 

design for X 2 6.90% 3.00 1.500 0.103 
fault tree 
analysis 1 3.45% 1.40 1.400 0.048 
morphologic
al analysis 1 3.45% 1.70 1.700 0.059 
Taguchi 
methods 1 3.45% 1.50 1.50 0.052 
theory of 
constraints 1 3.45% 1 1 0.034 
genetic 
algorithms 1 3.45% 1 1 0.034 

Table 2. Non-TRIZ tool families and the computation of the 
corrected innovation index 

  
A graphical representation of the situation is given in fig. 
2. 
 

 

Figure 2. Non-TRIZ tool families and the overall innovation 

index values. 

As a result, this corrected innovation index highlights 
that QFD is the most performing tool which can be used 
in systematic innovation purposes, followed by 
ecodesign, case-based reasoning, and axiomatic 
design. 
In comparison to other similar studies [6,7], the 
presence here of ecodesign and case-based reasoning 
testifies the introduction of these two new and promising 
tools to be used in synergy with TRIZ. 

4.1 Relationships between non-TRIZ tools and 
application fields 

There are other important considerations concerning the 
relationships between tools and the case studies 
application field. 
Twenty-four case studies are related to industrial product 
innovation, while five to chemical or nuclear process 
improvement and optimization. 
In tab. 3 the relationships between the four most 
frequent non-TRIZ tools and their application field are 
summarized. 
In particular, the nine cases relative to QFD application 
concern manufacturing or household appliance 
industries. In all the case studies, QFD is applied for 
highlighting product characteristics, focusing the 
attention on a specific problem, to highlight the possible 
technical parameters or contradictions which can be 
considered for the adoption of TRIZ. 
In three out of nine case studies, QFD has been 
customized in order to match the particular application 
field, usually for environmental design purposes. 
In all the nine cases the proposed innovation strategy is 
used during the first phases of product/process 
development for product planning and conceptual design 
purposes. 
In regards of the eight ecodesign case studies, four 
cases belong to manufacturing industries, three belong 
to the specific household appliance sector and one to 
the automotive. Moreover, for all the eight case studies, 
ecodesign is the main target of product development, 
and ecodesign guidelines predominate on the design 
process. Thus, TRIZ is usually considered a tool which 
has to be customized for the particular environmental 
purposes, for example for the problem of material 
reduction which is usually considered as a problem of 
part number reduction. 
Ecodesign is usually used in combination with QFD or 
CBR and with other DFX tools. 
The suggested methodologies are, also in these cases, 
applied during the first phases of product/process 
development for conceptual design purposes and in one 
case also for product planning. 
About the five case studies using CBR considered in this 
research, two of them relate to chemical engineering 
problems, while the others belong to generic 
manufacturing, furniture and automotive industries. For 
all the considered cases, CBR usage represents a valid 
and well structured methodology for searching previous 
solutions to similar problems, but only the synergy with 
TRIZ enables designers to consider innovative solutions, 
belonging even to other application fields. The use of the 
methodology is suitable for conceptual design issues. 
Finally, regarding the four AD examples considered in 
the selected papers, two of them belong to 
manufacturing industries and the others to nuclear 
engineering. 
The proposed methodologies highlighted that AD, during 
conceptual design phase, must be considered as an 
effective tool for defining and analyzing the problem, 
while TRIZ represents a valid technique for generating 
innovative solutions. 
From this analysis two important considerations can be 
done. First, it highlights that seemingly there is no 
explicit relationship between the systematic innovation 
strategies and the application fields. Second, the 
considered systematic innovation strategies are widely 
used during the first phases of product/process 
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development as a catalyst for innovative or unusual concepts. 
 

n
o

n
- 

T
R

IZ
 

to
o

ls
 

#
 C

a
se

  
Application field Product/process 
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phase 
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1 
household 
appliances 

refrigerator conceptual design 

12 
household 
appliances 

washing machine conceptual design 

14 manufacturing --- conceptual design 
15 manufacturing vacuum infuse equipments conceptual design 
16 manufacturing pencils product planning 
18 manufacturing --- product planning 

21 
household 
appliances 

hair dryer product planning,  
conceptual design 

28 manufacturing AC adaptor conceptual design 

29 
manufacturing high concentrated photovoltaic system product planning,  

conceptual design 

e
co

de
si

g
n 

 

1 
household 
appliances 

refrigerator conceptual design 

3 manufacturing correction tape device conceptual design 
11 manufacturing screws conceptual design 

20 
household 
appliances 

citrus press conceptual design  

21 
 

household 
appliances 

hair dryer product planning,  
conceptual design 

23 automotive car-mirror conceptual design 
27 manufacturing PC mouse conceptual design 
28 manufacturing AC adaptor conceptual design 

ca
se

-b
as

e
d 

re
a

so
n

in
g 

5 
chemical 
engineering  

chromatographic separation process – true moving 
bed 

conceptual design  

6 
chemical 
engineering  

chromatographic separation process – true moving 
bed 

conceptual design 

17 automotive car transmission conceptual design 
19 furniture outside living set conceptual design 
27 manufacturing PC mouse conceptual design 

a
xi

om
a

tic
 

d
e

si
g

n 

2 
manufacturing air circuit breakers conceptual design 

10 nuclear plants reactor cavity cooling system conceptual design 

22 
manufacturing flatness measurement equipment conceptual design 

25 
nuclear plants safety injection tank conceptual design 

Table 3. Relationships between the most frequent non-TRIZ tools families and their application fields 

 

5 Conclusions and future work 
As stated in the introduction, systematic innovation 
strategies are now of great interest in the product 
development processes, as efficient tools for introducing 
novelty in products and for maintaining competitive 
advantage. 
Aim of the research described in this paper was to 
realize a survey on systematic innovation strategies in 
use, highlighting the synergies between TRIZ and non-
TRIZ tools for product development purposes. Moreover, 
this paper would like to be an easy reference for TRIZ 
and its integrated problem solving tools. 
The literature review conducted in this research has 
shown both the importance of the combination of these 
tools for obtaining more meaningful results and the 
possible presence of combination patterns in 
relationship with the different application domains. This 

happens for example between QFD or CBR used with 
ecodesign both for the manufacturing and the household 
appliances domains, in the cases 1, 21, 27 and 28 of 
table 1. 
Moreover, there seems to be a preference of the 
combined use of TRIZ with CBR or TRIZ with AD for 
systematic innovation strategies applied to process 
improvement, as in the cases 5 and 6 for CBR, and 10 
and 25 for AD, always referring to table 1. A rough 
analysis of the strategies showed that in quite all the 
cases they are applied during the first phases of the 
product/process development cycle. Future research 
directions will consider the qualitative analysis of the 
methodologies presented in the cases studies given 
their application domain and their stage of application 
during product design and development cycle deeper, 
highlighting the kind of users and the motivation. All of 
this in order to develop an integrated framework for 
suggesting the best systematic innovation strategies 
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given the application field, the kind of product/process, 
and the innovation purposes 
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Abstract 

Purpose: 
The paper presents an innovative web-based platform for the design of energy efficient 
electric motors. The proposed system aims to answer the increasing demand of 
environmentally sustainable products and services which integrate electric motors whose 
energy consumption has been forecasted to rise to 721 TWh by 2015 by the European 
Commission. 

Method: 
The core of the platform is a knowledge-based system to configure and optimize the design 
solution according to the rules and guidelines which formalize manufacturing companies 
know-how and best practices. It integrates different SW tools to support electric motor 
development from conceptual design to detailed design and from design solution optimization 
to environmental impact assessment, up to the evaluation of manufacturing costs. The 
platform also provides a collaborative product development area where data can be 
exchanged among all process stakeholders and shared workflows can be managed. 

Results: 
The prototypal platform is applied to design a brushless PM efficient motor for producing 
machinery for furniture manufacturing. The achieved result increases current three-phase 
motor efficiency to 13% and reduces the emission of CO2 to 0.82 KgCO2 eq per hour of use. 

Discussion & Conclusion: 
The conclusion provides some discussions of experimental results to point out the main 
proposed challenges in electric motor design methodologies and the innovative features of 
the EROD platform.  

1 Introduction 
Nowadays increasing market competition, globalization 

and focus on environmental aspects force industries to 
change their product development strategies from mass 
production to eco-sustainable mass customization[1]. 
Only with continual improvements companies can extend 
their product life, adapting it to their customers’ needs and 
optimizing it in order to obtain energy efficiency and low 
environmental impact [2].  

In this context companies need to easily obtain the 
rapid configuration of “green” customized products. This 
means managing multiple aspects and design 
alternatives, design-for-X methods and working in 
collaborative teams. For this reason, automatic and semi-
automatic configuration tools become very important in 
order to help designers in handling the huge quantity of 
knowledge involved in the design process, such as 
technical solutions, normatives, standards and production 
processes.  

In order to achieve meaningful energy saving,  electric 
motors are one the most important components which 
need to be considered [3]. 

Every household appliance is equipped with one or 
more electric motors and as well as these, every 
manufacturing machine or industrial plant has one or 
more primary or auxiliary electric motors. Because of this, 

quality of electric motors plays a crucial role in sociological 
and cultural terms: the trend of motor population in a 
country is often used as an indicator of its technological 
progress. 

In all industrialized countries, the energy consumption 
of electric motor and electrical equipment makes about 
74% of the total. The European Commission study 
“Improving the penetration of energy efficient motors and 
drives” [4], forecasts that, by 2015, in the European Union 
energy consumption caused by industrial motors will have 
reached 721 TWh supposing an annual growth of 1,2%. 
This result emphasizes the importance of electric motor 
energy efficiency improvement during ordinary working. In 
addition, considering that almost all the lifecycle cost of an 
electric motor is determined by the electrical energy cost, 
it is clear that also cost reduction in industrial machines 
are strictly correlated with energy efficiency improvements 
of electrical equipment. 

On the other hand, motors used in household 
appliances (refrigerators, freezers, washing machines, 
dishwashers and cooker hoods) have, in general, low 
specific energy consumption. However, due to the large 
number of systems, they cause about 80% of domestic 
electric energy consumption.  

Therefore it is necessary to face the energy 
consumption increase by improving motor efficiency in all 
applicative fields (from low to medium-high sized power): 
for example by a better design of the motor system or by 
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adopting more energy efficient devices or transmission 
components. 

In order to achieve this scope, the present paper 
proposes a new platform for product design, called EROD 
(Energy Reduction Oriented Design), which allows the 
standardization of the design process for electric motor 
and related machinery. It simultaneously takes into 
account all aspects which influence environmental impact, 
in terms of energy consumption and cost. It also 
enhances the synergic cooperation in all the product 
chain and the company know-how sharing. 

The platform is based on a Knowledge Based system 
containing design rules and guidelines to achieve energy 
efficient products and to reduce their environmental 
impact. A web-based user-friendly interface allows 
designers to access all the functionalities of the system. It 
allows knowledge about electric motors and their 
applications to be shared, different software packages to 
be integrated, rapid configuration and simulation of 
innovative electric motors, date exchange  among all 
design figures fostering collaborative activities and finally 
management  of design workflow activities 

2 Electric motor design issues: from 
practice to state of the art 

Electric motor design is driven by designers’ 
experience and manufacturing companies know-how. The 
process has not been formalized yet and it is not easy to 
recognize a shared design methodology both in practice 
and in literature. Despite this lack, it is possible to 
recognize some common steps that are followed by motor 
design experts and industrial practitioners.  
The design of electric motors generally starts with the 
definition of technical specifications, mainly set by 
customers. These specifications are then elaborated to 
find the best design solution that meets customers’ 
demands. At this stage one of the main significant 
problems regards data retrieval to support product design. 
Electric motor documentation is usually not well 
organized, design methodologies belong to individual 
know-how and skill and the design rules are not 
formalized or stored in any database that can be 
accessed by all process stakeholders. Subjective 
expertise plays a crucial role in the identification and 
achievement of the best solution for the specific 
application field. The result is an extension of time to 
design customized electric motors and a delay in the 
overall time-to-market. As a consequence, the success of 
the design solution is based only on the personal 
experience of the involved persons.  

Both conceptual and detailed design are generally 
supported by different software tools, such as 2D and 3D 
CAD systems, Computer Aided Engineering (CAE) 
software, worksheets and excel tables. They are general 
purpose tools, not oriented to electric motor design. As 
the design process evolves, product models are 
progressively detailed through iterative analysis and 
simulations. FEA (Finite Element Analysis) techniques are 
generally used to evaluate the performances of the 
configured motor model. Optimization is carried out with 
the support of CAE applications which allow the prediction 
of the electromagnetic dynamic behavior of components 
and systems. Sometimes, the optimization process can 
be based on “trial and error” methodology which requires 
the creation of costly intermediate physical prototypes. 
The main bottleneck of this traditional process relies on 
the number of repetitive operations to achieve a final 

design solution: from product model configuration to 
subsequent behavior simulation for design optimization 
and vice versa. The increase in development time and 
relative costs is also due to the lack of software tool 
integration and interoperability.  

In order to overcome the above-mentioned problems, 
two actions can be pursued: process standardization and 
knowledge formalization, sharing and management. One 
of the hypotheses of this work is that if designers can 
easily retrieve past solutions to similar design problems, 
store new case studies, operate with shared design rules, 
use a large set of integrated supporting tools, then the 
number of iterations will decrease. 

An additional issue regards the control of production 
costs since the first design stages. Costs are usually 
estimated at the end of the development process, so that 
the achieved solution cannot be economically convenient 
even if it provides a high technical performance. As a 
consequence competitiveness may suffer from a lack of 
cost optimization. Their early estimation at the design 
phase allows the evaluation of alternative design solutions 
from an economical perspective. Therefore this can lead 
to the production of low cost and high quality electric 
motors.  

From the analysis of current practice in electric motor 
development an additional issue emerges. It concerns the 
collaborative nature of the design process. The product 
complexity requires the involvement of multiple 
competences to face mechanical, electronic, software and 
safety aspects. These competences are often distributed 
to different companies which constitute the electric motor 
design and supply chain. Collaboration can be remote or 
synchronous, can take place in different places or in the 
same environment. Communication problems can 
emerge. They regard managing distributed knowledge, 
data exchange, idea sharing, solutions and best practices, 
arranging face-to-face meetings, monitoring work flows 
which involve more than one figure. All these problems 
can cause an increase in time to market and a reduction 
of the overall process efficiency. 

Significant advances in this complex context have been 
achieved thanks to the introduction of several Information 
Technologies, from CAD-based tools to Computer-
Supported Cooperative Work software, up to advanced 
CAE systems and Design For X supporting tools [5]. 
However, all mentioned technologies are general purpose 
or applied in specific industrial fields that differ from the 
one of the present research. As a consequence, it could 
not be demonstrated if their use allows achievable 
benefits to be reached. In the specific field of electric 
motors and machines, there is not an extensive state of 
the art about supporting systems for the whole design 
process [6,7]. There are many scientific studies either on 
electromechanical principles [8,9] or on product 
optimization to improve energy efficiency and reduce 
environmental impact [10,11]. Other research studies are 
focused on innovative applications [12], but a 
comprehensive and integrated platform dedicated to the 
different viewpoints of product development process has 
never been presented. This highlights the innovation of 
the developed set of software tools, customized for the 
application in companies involved in electric motor design 
and production. 

Finally, in order to complete the state of the art of 
current issues in electric motor design, it is not possible to 
avoid environmental aspects connected with their use in 
machines, equipment, consumer goods, etc. Concerning 
this, in 2003, the European Community issued WEEE 
Directive [13], regarding the disposal and recovery of 
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electric equipment, and RoHS Directive [14], regarding 
the restriction in the use of dangerous substances in 
same products. Electric motors, as well as accumulators 
or actuators, which are the core of electronic equipment, 
are subjected to these directives. The state of the art 
about environmental sustainability in manufacturing 
electric motors is poor. Most researchers are focused on 
the energy consumption of machines integrating electric 
motors and do not specifically face the problems of how 
to design more efficient motors. Available tools and 
methods for Life Cycle Assessment (LCA) are general 
purpose and no experiences of application for electric 
motor evaluation can be found in literature.  

3 EROD Platform 
The EROD platform is an integrated set of new 

software tools to support the design process of electric 
motors, from conceptual design to optimization.  

The architecture of the developed system is presented 
in Fig. 1. 

 
Fig. 1 EROD Platform architecture 

 
The WEB application service is the great potentiality of 

this platform. A user-friendly web-based interface controls 
all SW modules and related functionalities. This means 
easy data and information exchange for the motor design 
in the entire supply chain.  

Synthetically the platform introduces the following 
technologies to improve the design process: 
- Knowledge-based (KB) System: a software system 

oriented to electric motor design which aims to 
reduce design iterations, errors, time and not 
definitive prototypes. This is a knowledge based 
system able to structure, collect, retrieve and share 
company design know-how (Rules DB) and company 
data and projects (Motors DB). 

- Design For Energy Efficiency (DFEE) Module: an 
energy efficiency oriented tool. 

- Life Cycle Assessment (LCA) Module: a software tool 
for the rapid and agile estimation of the 
environmental impact of electric motors. 

- Cost Estimation Module: a software tool for rapid 
estimation of motor costs before production. 

- Co-Design Module: a collaborative design system to 
improve data communication and decision-making 
activities among all figures involved in design and 
supply chains. 

- Workflow Management Module: a management tool 
to monitor the design process in terms of exchanged 
data and engaged human resources. 

All platform tools are hosted in a server and are 
available with a web browser, via a common internet 
connection. This aspect guarantees the possibility to use 
all provided resources without the need to install any 
client application in the user workstation.  

The main goal of the entire system is to support the 
designer in the rapid configuration of a new customized 
electric motor. To achieve this target the Knowledge 
Based (KB) system helps designers to configure the 
product. The other important modules of the platform 
permit the simultaneous verification of the impact of 
design decision-making in terms of eco-sustainability, 
efficiency and costs. Cost Estimation module, LCA tool 
and DFEE allow these aspects of new developed 
products to be evaluated. Two further modules of EROD 
Platform give support to the design process: the Workflow 
Management Module and the Co-design one. 

3.1 Knowledge Based System 

The KB system is the core of the EROD platform. It 
aims to support the configuration of custom electric 
motors by exploiting company know-how and current 
practice. Configuration means the automation of 
numerous design activities. It is based on a knowledge 
database in which useful data and most of the 
configuration rules are collected. Different stakeholders 
can access the repository and retrieve the proper 
information quickly. The KB system provides both a 
structured design methodology to improve electric motor 
design and production as well as a set of robust and 
efficient software tools dedicated to each stage of the 
standardized design process. The implemented design 
methodology and related supporting tools consist of the 
following steps: 
1) Definition of technical specifications and design 

constraints by the customer who formalize them in 
terms of numerical values. 

2) Retrieval of past solutions and case studies from the 
EROD platform database according to the design 
specifications. The retrieved information is the 
starting point for the new motor design; 

3) Identification of the solution which fits best with the 
design requirements and configuration based on the 
defined specification. The KB system guides the 
user step-by-step in entering proper input 
parameters and in configuring the design solution. 
This is the core of the process as the configuration is 
based on the company know-how previously 
formalized in terms of configuring rules. 

4) Simulation of the behavior of the configured model 
by a FEA software which allows the assessment of 
the electromagnetic performances of the electric 
motor model. The automation of the simulator is 
essential to reduce the development time. 

5) Optimization of the design solution through iterative 
simulations to meet specific design requirements. 
Thanks to the platform, all repetitive phases, such as 
resizing of a component, are completely automatic. 
The designer must only enter parameter values in a 
user-friendly interface. 

6) Evaluation of different design aspects, such as 
costs, environmental impact or energy efficiency by 
accessing specific software tools integrated into the 
EROD platform (i.e. Cost Estimation, LCA  and 
DFEE modules). 

7) Identification of the final design solution and creation 
of the final product model. 
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8) Automatic generation of technical datasheets and of 
all documents useful for production. 

9) Creation of a new template of the optimized motor 
and its storage into the Knowledge database.  

It is clear that the development of a Knowledge Based 
system makes the design process faster compared to the 
traditional one, due to the reduction of errors in the 
optimization phase. Moreover the company know-how is 
shared between all designers. Therefore this design 
process is univocal and repeatable. 

The use of the KB system entails relevant advantages 
for the electric motor design process: 
- Efficient documentation management and time-to-

market reduction. The system actually allows 
management and sharing of all the documentation 
concerning old projects and it gives support to 
designers in rapidly searching for all necessary data 
and models to start with the configuration of the new 
solution. This functionality fits with current design 
practice where a new design solution is often a 
variation of an existing product and the configuration 
starts from a previous product design which is 
resized to fulfil new specifications. 

- Engineering expertise conservation. Generally the 
know-how obtained by designers over the years is 
personal and not shared with colleagues or other 
involved company staff. When a skilled engineer 
leaves a company, important knowledge is lost. The 
use of the KB system allows the company to store 
and arrange best practices in a database, hence 
fostering reuse. The tool can also be adopted to 
facilitate the integration of new non-expert engineers 
in the company staff and to reduce training time and 
work integration. 

- Repeatable and fully documented design process 
due to the fact that the KB system supports users in 
executing the same configuration steps based on 
company best practices. 

- Automatic generation of documentation as the KB 
system allows all necessary documentation for 
production (e.g. 2D/3D CAD models, Bill Of 
Materials, technical data sheets, etc.) to be 
automatically generated and stored in the Database. 

- Integration of several analysis tools. The KB system 
integrates different SW tools to carry out specific 
analyses (e.g. electromagnetic, structural, thermal) 
by overcoming SW interoperability and data 
exchange problems. 

- Quality improvement. The automatic configuration of 
the design solution reduces the number of 
undetected errors due to a lower degree of 
designers’ subjective decision-making and of 
handmade work. This leads to a sure improvement in 
quality. Moreover, the design solution optimization is 
assigned to the capacity of different software tools 
which automatically assess product design from 
multiple perspectives. 

- Cost reduction. This is a direct consequence of the 
advantages listed above. 

The “new” design methodology, described in this 
section, is the basis of EROD Platform configuration tool. 
The KB system is based on two different databases, 
Motors DB and Rules DB (Fig. 1). The first stores the 
documentation about previous solutions, such as 
geometrical models and data sheet specifications. The 
second collects design practices and company rules. 
Such know-how is available to designers and can be 

reused to configure a new electric motor model by 
automatically generating 2D/3D CAD representations.  
It is worth noticing that although EROD Platform drives 
the designer along the whole design process it is not a 
fully automatic configuration tool. It actually requires the 
designer to enter some input for all phases, from 
conceptual design to optimization to reduce errors and 
process iterations. 

The KB System has a user-friendly graphic interface 
(GUI) to enter all necessary input parameters.  The GUI is 
accessible by a common web browser and it allows all the 
other modules of EROD Platform to be controlled. 

An electromagnetic FEA (Finite Element Analysis) 
Simulator is used to carry out the optimization of the 
configured motor design. Also this software is 
automatically controlled by the platform which builds a 
CAD representation, sized according to the designer 
input. This is another great advantage considering that 
usually CAD modellers and FEA simulators require an 
expert user, due to the elevated number of parameters 
have to consider. 

Thanks to the simulation of the configured electric 
motor the designer can verify the mechanical and 
electrical performances of new products. In this way the 
designer can check if the requirements are fulfilled or if 
the configured electric motor needs changes and 
optimizations of some components.  

When the correct configuration is found, the designer 
can easily perform successive analysis to verify other 
aspects. The next three sections describe the other 
product design support functionalities of the EROD 
Platform. 

3.2 LCA Module 

The LCA Module allows the estimation of electric motor 
environmental impact. The sustainability assessment is 
carried following the well known LCA methodology 
described by ISO 14040 [15]. The environmental impact 
analysis determines the damage to the ecosystem as a 
result of human activities related to the product under 
analysis in all phases of its lifecycle. The LCA calculation 
is performed in compliance with existing regulations [15]. 
The evaluation method, called Ecoindicator (EI-99), 
permits a weighted and normalized value of 
environmental impact in three major categories of 
environmental damage to be obtained: 
- Resources. 
- Eco-system quality. 
- Human health. 

The architecture of the developed environmental 
impact estimation tool is presented in Fig. 2. 
 

 

Fig. 2 LCA Module architecture 
 
The LCA module is integrated into the EROD platform. 

Calculation regards both materials and manufacturing 
processes to produce electric motors and relative 
components. The information is collected in two separate 
databases, Materials DB and Processes DB, which have 
been developed in Microsoft Access. The processes can 
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be personalized, expanded and modified, considering the 
characteristics of electric motors and related 
manufacturing technologies. The LCA Engine System 
consists of a certified open-source database (ELCD DB) 
[16] and an Impact Calculator which carries out the 
environmental impact evaluation. 

The estimation of environmental impact of electro-
mechanic products requires the extension of the analysis 
beyond the production phase. It is important to distinguish 
impacts of electric motors in the production phase and in 
the use phase. In particular, in the use phase the product 
sustainability is directly related to the electrical power 
consumption and to the average utilization lifetime. 

In EROD Platform both environmental impacts in 
production and in use phases (LCA production and LCA 
use) are considered and estimated independently. In this 
way, the evaluation becomes useful not only for 
companies but also for final users of electrical machines 
and equipment. 

3.3 DFEE Module 

The increasing need to reduce global energy 
consumption has recently brought about the issue of an 
international regulation about the efficiency classification 
of electric motors [17,18]. Furthermore the European 
Community has issued some directives about the use of 
efficient electric motors [19] and efficient electric 
equipment [20], for the purpose of forcing manufacturing 
companies to produce and distribute only energy efficient 
products, especially in household appliances.  

The DFEE Module supports designers in developing 
energy efficient motors. Its architecture is presented in 
Fig. 3. 
 

 
 

Fig. 3 DFEE tool architecture 
 
Thanks to FEA Simulator the DFEE tool allows the 

losses to be assessed and subdivided into: 
- Electrical Stator and Rotor Losses caused by the 

current flowing through windings. 
- Iron Losses due to hysteresis and parasitical eddy 

currents in laminated stator and rotor cores. 

- Mechanical Losses such as friction and windage 
losses. 

- Other classified losses according to [18]. 
 The system provides a classification of the machine 

energy efficiency according to the information stored in 
the DFEE databases. 

The statistical analysis of the estimated losses 
performed by the DFEE engine is the starting point for the 
successive phase of the model modification. The designer 
is guided into the reconfiguration of the electric motor to 
reduce losses in the various components. Depending on 
the predominant loss in the motor, the DFEE user 
interface helps designers in proper modifications. For 
example, for the reduction of losses in laminated steel 
cores of rotors and stators, one of possible proposed 
modifications is the use of materials with better magnetic 
properties.  

As in Knowledge Based configuration system, the 
model is automatically rebuilt and then simulated again by 
the FEA software. Usually this phase requires a long 
calculation time and more than one iteration in order to 
obtain maximum efficiency. 
The DFEE tool is completely integrated with the LCA 
module in order to carry out a rapid evaluation of the 
environmental impact of the new modified model. As a 
consequence designers can simultaneously improve 
product energy efficiency and environmental 
sustainability. 

3.4 Cost Estimation Module 

The Cost Estimation module is used to control the 
production costs of various components of an electric 
motor during the design process. 

Most product and component costs are set during the 
industrialization or production phase, when the detailed 
design has been completed. This represents the 
“standard” cost which comes from company standardized 
rules and which determines the final cost of the product 
ready for sale. 

The possibility to estimate the component production 
costs in the design phase alone is important for: 
- The opportunity to evaluate different design solutions 

from an economic point of view. 
- Feasibility assessment of product components. 
- Possibility to reject some expensive design solutions 

and geometrical models. 
- Reduction of design process inefficiency. 
- Cost optimization of design solutions due to reduction 

of project modifications during the industrialization 
phase. 

The Cost Estimation Module is based on the 
determination of cycles and times, stored in Motors DB, 
required for the production of components of electric 
motors. It applies rules and cost methodologies usually 
employed by expert engineers. 

The module is composed of several packages. The first 
is a CAD Interface that allows production cycles to be 
assessed. In this preliminary phase the platform is able to 
extract geometric dimensions and other information from 
CAD models of electric motors.  

The first step for the cost estimation is the definition of 
the semi-processed starting products such as magnetic 
steel sheets and strips used for laminated motor cores. 
The semi-automatic software guides designers in their 
choice, and considering weight, unit cost and a 
percentage of production waste calculates the cost of 
semi-processed component. 
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The successive phase is the determination of 
production cycles required to finish the product. The 
automatic identification is performed by the analysis of the 
CAD model. For each component of the geometric model 
the tool is able to recognize production cycles, selecting 
them from a database, and to compile a list. In this phase 
the intervention of platform user is required to set some 
parameters and information not automatically 
computable. 

As the module completes operations, the designer can 
visualize costs for single components and production 
cycles. Generally component costs are classified as: 
- Raw material costs due to acquisition of starting 

materials. 
- Production cycle costs due to transformation 

operations required for the component. 
- Auxiliary component costs. 

In addition there are costs correlated not to the single 
piece but to the production line, such as costs of 
manufacturing machine tools. 

For the rapid display of results, the Cost Estimation 
module has an interface which allows designers to detail 
the costs, the required production cycles and the 
geometric information of single components, such as 
rotors and stators, or of the entire electric motor. 

3.5 Collaborative Design and Workflow 
Management Modules 

The Workflow Management and the Collaborative 
Design modules are designed to support the design 
process. The first aims to facilitate the organization of 
shared projects involving multiple figures people. The 
second enables real-time collaborative design, among 
remote figures, with high level of interaction. 

Following a preliminary analysis of electric motor 
manufacturers’ design processes, there emerged several 
problems regarding collaborative design: 
- Difficulty in data and model exchange and 

incompatibility of files. 
- Low efficiency in documentation management. 
- Lack of collaboration between engineers involved in 

same projects and consequent difficulty in 
development of shared projects. 

- Lack of information about project progress. 
- Problems of unexpected events management. 

The collaboration and workflow management modules 
of EROD Platform overcome these difficulties. The 
architecture developed is presented in Fig. 4. 

 

 

Fig. 4 Co-Design and Workflow Management architecture 
 

The fundamental modules of these tools are the Project 
Area, which is the user interface to access co-design 
sessions or workflow manager, the Product Collaboration 
Manager, which allows the real-time exchange and 
sharing of important design data, and the Workflow 
Manager which allows to manage collaborative 
processes. 

The Co-Design Area of the platform provides to electric 
motors designers the following technologies: 
- 2D/3D CAD model visualization tool to import, 

compare and measure models.  
- CAD data sharing tool for the simultaneous 

interaction of more than one user in the same model. 
- Digital mock-up tool to add attributes and 

characteristics to 3D models. 
- Documentation management tool for rapid 

information exchange with versioning management 
and modification traceability. 

- Audio-video communication tool to open virtual 
conferences between members in different places. 
This functionality together with the others facilitates 
the collaborative sessions. 

The Workflow Area is used to manage processes and 
human and financial resources involved in the product 
development. Furthermore the innovative Dynamic 
Workflow allows to efficiently manage unwanted exception 
in the design process without the intervention of the 
project manager. 

4 Results 
The EROD platform is part of an important Italian 

National project funded (€ 7 millions) in 2009 by the 
Minister of Economic Development for the improvement of 
Energy Efficiency. It involves 14 companies. It aims to 
reduce electric motor energy consumption by developing 
innovative products for application in machine tools, air 
cooler evaporators, electric vehicles for goods 
transportation, washing machines and cooker hoods. 

Currently the prototypal EROD platform has been used 
to support the design process of five energy efficient 
electric motors for different applications above mentioned. 
These electric motors are innovative solutions according 
to all considered applications. From the preliminary testing 
phase it stands out that the platform tools lead to 
improvements on electrical efficiency and sustainability of 
new motors. Furthermore the standardization of the 
design process and the automation of repetitive 
operations allow designers to significantly reduce the 
necessary development time for configuration and 
optimization. After a first phase where the prototypal 
motors have been realized the achieved results are 
presented in Tab. 1.  

From Tab. 1 the improvement in electrical efficiency of 
the new motors is clearly visible for all the considered 
applications. In particular, the increase is prominent for 
small motors such as those used in cooker hoods, where 
the electrical efficiency of currently used induction motors 
is 30% at most. This is a very common application and for 
this reason the efficiency improvement leads to a 
considerable reduction in energy consumption. In addition 
also the improvement of more than 10% in high power 
motor efficiency is very important in order to reduce the 
electricity consumption of industrial sector which is 
currently the largest electric energy consumption field.  

Tab. 1 also shows the reduction of environmental 
impact between presently used and new motors, 
calculated by the LCA module. In this table only the use 
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phase of each motor is displayed because it represents 
most critical phase. In fact, about 95% of the 
environmental impact of an electric motor is caused by 
energy consumption during the use phase of its lifecycle. 
The chosen indicator for the environmental impact 
estimation is the amount of CO2 emitted into the air. The 
results demonstrate that the new efficient motors have a 
low impact compared to the currently used motors. Of 
course the difference is more evident for high power 
motors used in electric vehicles and in machine tools.  
 

Application 
Actually Used 

Motor 
New Motor 

Efficiency 
Improvement 

CO2 saving 
per 1 hour 

of use 
[kgCO2 eq.] 

Cooker 
Hoods 

Single-Phase 
Asynchronous 

Brushless PM + 35% 0.126 

Washing 
Machines 

Three-Phase 
Asynchronous 

Permanent 
Magnet 
Assisted 

Synchronous 
Reluctance 

+ 20% 0.0366 

Air Cooler 
Evaporator Shaded Poles Brushless PM + 31% 0.0594 

Electric 
Vehicles 

(for goods 
transportation) 

Three-Phase 
Asynchronous 

Wound Rotor 
Synchronous 

Motor 
+ 12% 1.8 

Electric 
Spindles 

(for machine 
tools) 

Three-Phase 
Asynchronous 

Brushless PM +13 % 0.82 

Tab. 1 Comparison between current and new efficient 
motors 

 
Another relevant advantage in the use of EROD 

Platform is the reduction of the developing time of new 
customized motors, thanks to its structure which allows 
the use of integrated tools to develop products and to 
monitor the whole design process. 

In the following section the test case relative to the 
design of the new Brushless PM (Permanent Magnet) 
motor for application in electric spindles of machine tools 
is explained. Several modules of the EROD platform are 
used to improve the design process of this motor. 

4.1 Test case: Brushless PM efficient motor for 
producing machinery 

Nowadays most electric spindles in machine tools for 
wood and metal manufacturing are equipped with 
asynchronous three phase motors. This is a very common 
type of electric motor widely used in industrial applications 
and also in some household appliances. 

Limitations in efficiency are caused by the intrinsic 
nature of the asynchronous motor induction principle. Due 
to the elevated thermal losses in stator and rotor, these 
motors cannot overcome 80% of electrical efficiency in 
the power range (about from 5 kW to 65 kW) of electric 
spindles. With the introduction of the European Directive 
[19], regarding the production of energy efficient  
asynchronous three phase motors, they cannot be 
manufactured and commercialized because they are not 
included in the IE2 class. The solution to this problem is 
the introduction of synchronous motors, such as 
Brushless PM motors, already used in small power 
household and industrial applications. 

The EROD Platform is tested to design a new efficient 
Brushless PM motor which respects the following 
specifications: 

- Nominal Speed: 10000 rpm; 
- Nominal Torque: 7,6 Nm; 
- Nominal Power: 8 kW; 
- Efficiency > 90%. 

It is possible to subdivide the design process of this 
motor in the following phases: 
- Configuration of the new motor 
- Simulation of the model 
- Optimization  
- Environmental impact estimation 
- Cost evaluation 

The first step is the geometrical configuration of the 
new motor, which in this case is a brushless PM motor 
with interior permanent magnets (IPM) in the rotor. This 
particular configuration is chosen after a preliminary stage 
when different solutions, such as rotors with surface 
mounted magnets, are evaluated and successively 
discarded for their disadvantages. The Knowledge Based 
system, which contains the Motors DB and the Rules DB, 
permits the efficient and rapid search of these possible 
starting solutions. 

The configuration of the model is performed by the user 
interface of the EROD Platform presented in Fig. 5. The 
usability of this web-based interface gives designers the 
rapid setting and variation of all necessary geometrical 
and non-geometrical parameters. 

 

 

Fig. 5 EROD Platform configuration interface 
 
The successive step in the design process is the 

simulation of the configured electric motor model for the 
performance evaluation. Thanks to the EROD Platform 
designers have not to directly interface with the FEA 
software used for performing the simulations. The 
Knowledge Based system automatically builds and sizes 
the 2D model, according to the input parameters inserted 
by the designer.  This is a significant advantage which 
allows a great reduction in development time.  

In this phase different design configurations are 
evaluated, in order to find the best solution in terms of 
energy efficiency. For example, some different 
configurations considered for the rotor and stator are: 
- 6-pole motor with 36-stator slots; 
- 6-pole motor with 9-stator slots; 
- 8-pole motor with 24-stator slots; 
- 8-pole motor with 48-stator slots. 

In addition, designers evaluate the utilization of several 
kinds of magnetic steel for rotor and stator laminations, 
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choosing the M235-35A. Also several kinds of rare-earth 
permanent magnets are considered and finally a high 
energy magnet belonging to Nd-Fe-B (Neodymium-Iron-
Boron) family is used. If we consider that each of these 
design solutions, with different configurations or materials, 
require a reconfiguration of FEA model before the 
simulation, the significant time reduction in building the 
models is clear. 

The repetitive phase of simulation and reconfiguration 
of models allows designers to choose the Brushless PM 
motor with 6 poles and 36 stator slots as the final solution. 
It has the following estimated performances (Fig. 6): 
- Nominal Speed: 10000 rpm 
- Nominal Torque: 8,6 Nm 
- Efficiency: 92,7% 

Results demonstrate that project specifications have 
been extensively fulfilled. In particular, the motor has a 
greater energy efficiency than is expected and this results 
in further energy consumption reduction. 

 

 

Fig. 6 Results of the electromagnetic transient simulation 
 
The DFEE Module of the EROD Platform allows the 

optimization of the new efficient electric motor for 
application in machine tools. Thanks to this integrated tool 
designers can improve the shape and dimensions of the 
magnet blocks integrated in the rotor. The performances 
obtained for the optimized motor are: 
-  Nominal Speed: 10000 rpm 
- Nominal Torque: 8,8 Nm 
- Efficiency: 93% 

At this stage the design process is terminated because 
the configured Brushless PM motor fulfils all the design 
specifications. The EROD Platform is then used for the 
verification of other important aspects of decision making. 

The LCA module allows the evaluation of the 
environmental impact of the new electric motor. As 
described in the previous section this module performs 
the evaluation both for the production and use phases of 
the motor lifecycle. 

This analysis considers the production phase (LCA 
Production) and 1 hour of utilization of the motor (LCA 
Use). Fig. 7 clearly highlights that the environmental 
impact is more relevant during the use phase, due to the 
high power requested for wood and metal manufacturing. 
As showed in Tab. 1, the new efficient electric motor 
permits a relevant reduction of environmental impact, in 
terms of CO2 saving, compared to the asynchronous 
three phase motors currently in use. 

In addition the Cost Estimation module of the EROD 
Platform is tested. The experimentation demonstrates that 
the evaluation of production costs during the design 
process of an electric motor is very useful in order to 

avoid modification in successive phases. The analysis 
confirms the economical feasibility of the configured 
Brushless PM motor. 

Finally the Co-Design module is used for a 
collaborative design session among remote users (Fig. 8). 
A 3D model of the rotor is imported and then a 
simultaneous interaction of more than one user is 
performed, demonstrating the usability of this innovative 
module, also thanks to the audio-video communication 
tool that facilitates the collaboration. 
 

 

Fig. 7 Results of the LCA analysis 
 

 

Fig. 8 A co-design session carried out into the EROD 
platform 

5 Conclusions 
Due to their wide diffusion in several applications, 

electric motors and machines are one of the most 
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important functional groups that have to be considered to 
obtain a significant energy consumption reduction in a 
country. The design of electric motors is an handmade 
process, driven by designers’ experience. Subjective 
expertise plays an important role in the identification of 
the best configuration. The usually adopted methodology 
itself is not structured enough to be repeated in different 
contexts where electric motors are used. 

To answer the increasing demand of design 
methodology and supporting tools to improve energy 
efficiency and environmental sustainability, a web-based 
platform, called EROD, has been proposed. It takes in 
consideration three significant issues in electric motor 
design. The introduction of a semi-automatic configuration 
platform certainly improves the efficiency of the design 
process due to more efficient documentation 
management and case studies reuse, engineering 
expertise conservation and integration of several design 
analyses. The consequence is relevant quality 
improvement and reduction of design time and costs.  

In this context, the EROD platform allows the 
standardization of electric motors and related machines 
design process. It is based on a Knowledge Based 
system that stores and shares the company rules and 
best practices to enhance the synergic cooperation in all 
the product chain. The platform also simultaneously takes 
into account all aspects influencing energy efficiency, 
environmental impact and production costs.  

A web-based user-friendly interface allows users to 
access all developed tools to share knowledge, to 
configure and optimize new design solutions in terms of 
environmental impact and costs, to arrange design 
activities and to carry out collaborative sessions. It 
overcomes some well-known problems of electric motor 
design tools such as software interoperability, GUI 
usability and distributed workflow management.  

EROD platform is applied to design a new brushless 
PM electric motor for producing machinery. 
Experimentations demonstrate that the use of this 
configuration software leads to relevant improvements in 
the quality of new electric motors, in terms of energy 
efficiency and sustainability, for all the considered 
household and industrial applications. The challenges of 
the new configured Brushless PM motor confirm the 
usefulness of platform tools. The motor is initially 
configured and simulated and successively optimized with 
the DFEE tool for a further improvement in energy 
efficiency. Moreover the LCA module demonstrates the 
increase of the environmental sustainability compared to 
the currently used asynchronous three phase electric 
motor. The testing stage of Co-Design module of EROD 
Platform also highlights the usability of the functionalities 
developed to facilitate remote and synchronous 
collaboration. 
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Abstract 

Purpose: 
Robotic workcells provide high flexibility and reconfigurability, cost effectiveness and user 
friendly programming for many industrial applications but still lack in accuracy, so important 
fields of application such as mechanical machining are currently covered by very expensive 
and rigid systems (machining centers). The present work investigates the possibility to extend 
the use of industrial robots to perform high quality machining. 

Method: 
The proposed method is focused on the enhancement of robotic machining accuracy through 
an integrated design method, based on robotic process simulation and tailored design of 
mechanical apparatus and software modules for robot control and programming. Advanced 
techniques for machining strategy validation, automatic robot path generation, workcell 
calibration, robot code commissioning are concurrently adopted. 

Result: 
Integrated design tools are fully exploited to define the system behavior, to simulate the 
whole process, to propose alternative machining set-ups and quickly generate and test 
parametric programs. The design method is finally applied to design a robotic workcell family 
for grinding special austenitic manganese steel casts, characterized by severe working 
conditions as high tool wear, high cutting forces, high vibrations due to surface hardness and 
non-repetitive shape variations in geometry and features. 

Discussion & Conclusion: 
Experimental results demonstrate enhanced performance of robotic workcells and final 
quality, due to minimization of tool vibration, increasing of robot stiffness and higher 
manufacturing flexibility, thanks to the capability of adapting robot paths to workpieces. 

1 Introduction 
Industrial robotics represents a key technology for 

flexible and reconfigurable manufacturing systems and is 
widely adopt to perform several industrial tasks e.g. 
material handling, welding, assembly, spray painting or 
glazing, and machine tending [1]. 

However, just 3%÷4% of the overall number of 
industrial robots is employed for mechanical machining 
[2]. Such field of application is traditionally covered by 
very expensive and rigid systems as machining centers. 

With respect to such manufacturing technologies, 
industrial robots provide superior dexterity, higher 
flexibility and reconfigurability and better cost 
effectiveness but still lack in absolute accuracy and 
mechanical stiffness [3], [4]. 

Nowadays, thanks to robust mechanical design 
methods, advanced controllers, novel simulation 
technologies, industrial robots offer enhanced 
performance to quickly bridge the gap against state-of-
the-art tool machines, for an effective use in machining. 

Machining operations realized by robots can be 
subdivided, according to scientific literature and industrial 

standards, in Robotic Finishing and Robotic Machining [2], 
[5]. 

In Robotic Finishing robot paths are generally complex 
and composed by a huge number of target points while 
speed data are average higher than in Robotic Machining. 
Contact forces are typically low, so force feedback and 
tool adaptive control strategies can be chosen to obtain a 
good quality for surface finishing. Typical examples are: 
brushing, polishing, de-burring, and de-flashing. 
Conventional robotic systems are widely used in such 
applications [6]. 

In Robotic Machining, on the other hand, typically robot 
paths are geometrically simple, formed by polylines, arcs, 
circles and splines as in traditional CNC machining. 
Speed data are lower than in finishing but contact forces 
are very high. Low pose accuracy, poor configuration-
depending robot stiffness and need for tailored 
programming strategies are the most important limiting 
factors for the wide adoption of Robotic Machining in 
Industry. 

Current researches are focusing on different integrated 
approaches based on robot signatures, robotic machining 
simulation, robot optic tracking and real-time correction of 
the end-effector pose, and high dynamic compensation on 
tools [7]. Such technologies are under investigation and 
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their development and enabling application in Industry are 
ambitious goals for engineering researchers.  

The present research work is focused on integrating 
advanced approaches and technologies to develop a 
novel engineering method for designing robotic machining 
workcells with enhanced performance. No additional 
hardware or external devices are adopted, for a quick, 
cheap and effective technological transfer to Industry. 

The method is based on robotic process simulation, 
tailored design of mechanical apparatus and software 
modules for robot control, robot code programming and 
commissioning, and workcell on-line alignment. 

1.1 Robot accuracy in machining 

Many factors have to be concurrently investigated for 
enhancing industrial robot positional performance and for 
extending robot field of application to high quality 
machining. 

Positional performance can be evaluated in terms of 
resolution, repeatability and accuracy. 

Resolution is defined as the smallest incremental robot 
physical movement. 

Repeatability is the measure of the robot ability to 
move back to the same target position with the same 
orientation. 

Accuracy is defined as the ability of the robot to reach 
a target position within the 3D space; accuracy can be 
also divided in absolute accuracy, i.e. the ability to exactly 
reach a target point in 3D space, and dynamic accuracy, 
i.e. the ability to follow a path without significant 
deviations [8]. 

The most important values used to represent precision 
performance of manipulators, as specified in the 
international standard ISO 9283 which sets the 
performance criteria of industrial manipulators, are pose 
repeatability and pose accuracy [9]. Current values for 
Industrial robots are repeatability equal to 0,06mm and 
absolute accuracy equal to ±0,1÷0,2mm after calibration 
[10]. 

Structural, kinematic and dynamic performance of 
robotic arms represent the major contributions to the 
calculation of pose accuracy and repeatability in industrial 
robots [8]. 

Robot position and configuration depend both on 
mechanical and control factors. 

Manufacturing and assembly tolerances on robot links 
introduce variations in their dimensions while the robot 
controller, set with nominal values, cannot consider the 
singular difference from one robot to the next. 

Other typical mechanical errors, affecting the robot 
kinematic and dynamic behaviour, are backlashes on 
gear and belt transmissions, friction on harmonic drives 
and bearings, and the intrinsic low stiffness, around 
1N/mm, of the robotic mechanical chain with respect to 
conventional tool machines, which have stiffness greater 
than 50N/mm [2]. 

Moreover, the difference between the physical joint 
zero configuration set in the robot controller and the 
actual joint zero configuration represents another 
importance source of uncertainness for the definition of 
an accurate robot pose. 

Dynamic errors mainly depend on servo system 
accuracy, encoder resolution, system inertia and friction, 
so the robot controller is finally responsible for the 
trajectory deviation from the nominal value, also due to 
physical loads acting on the robots (payload, gravity, 
etc.). 

State-of-the-art calibration techniques generally reduce 
the positional error in robotic applications. A real example 
of the achieved accuracy after calibration of a 159Kg 
payload industrial robot manipulator holding full load is: 
pose accuracy before calibration 3,25mm and 5,43mrad, 
after complete calibration, 0,29mm and 0,35mrad [9]. 

In Robotic Machining other source of errors have to be 
considered, as shown in Fig.1. 

 

Fig. 1 Accuracy in robotic machining. 

Robot target points definition, teaching and code 
generation represent some of the most challenging tasks 
in robotic machining. A robot machine language, 
equivalent, for instance, to tool machine ISO G-code, has 
not been standardized so manual programming is widely 
diffused, even when a huge number of target points has to 
be generated. Robot offline programming software 
arranged with specific machining functions or packages 
are currently offered by several robot manufactures (e.g. 
ABB, Fanuc, Motoman, KUKA) to help users. Offline 
programming (OLP) requires skilled users both in 
manufacturing engineering and robot programming even if 
virtual controllers guarantee full correspondence to real 
robot controllers. 

Alignment procedures have to be developed to bridge 
the gap between robot simulation and real robot 
behaviour. Robot code has to be finally designed and 
generate to be modular and easy to (re)use. 

Machining strategies have to be optimized to achieve 
an optimal final quality and saving manufacturing time and 
costs. 

During machining, contact forces between tools and 
workpieces for both part-in-hand and tool-in-hand robot 
configurations influence machining quality in terms of 
accuracy and conformity to geometric dimensions and 
tolerances. Tools, spindles and machining units have to 
be carefully selected or designed to offer the optimal 
dynamic response. Tool dynamic behaviour has to be 
investigated to minimize robot chattering and robot 
structure deformation. 

Moreover machining parameters have to be carefully 
chosen [11]. 

Design of auxiliary equipment is another important 
factor for achieving high quality machining. Modularity and 
reconfigurability represent key requirements in robotic 
workcell design, due to the importance of tailoring the 
robotic machining approach for each workpiece, generally 
subjected to geometric and dimensional variability or 
positioning errors. Devices for tool wear control and part 
alignment need to be also developed to assure exact 
reference workframes for high quality machining. 

Environmental factors, as temperature variation, 
cooling and working conditions (swarf and dust aspiration 
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and collection, etc.), are very important to minimize errors 
during machining [12]. 

2 Integrated design method 
Robotic high quality machining deals with several 

design factors. Workcell reconfigurability is one of the 
most important goals to achieve during integrated design 
because of its deep impact on Industry, characterized by 
a high frequency of changeability on product batches and 
by the need of saving time and costs without lowering the 
final quality [13], [14]. 

Hardware, control and software resources are then 
concurrently developed to offer high mechatronic 
performances, tailored for each workpiece or product 
family [15].  

The workcell functional structure and layout design are 
evaluated starting from the machining cycle, grouping 
main and auxiliary equipment according to the related 
process. So workcell configuration results deeply 
process-dependent, as proposed in Fig. 2. 

 

Fig. 2 Process-dependant workcell configuration. 

Integrated design of robotic workcells involves the 
close integration of different CAE techniques and tools. 
Offline programming software and CAD need to be 
effectively integrated in order to obtain a good trade-off 
between the graphical completeness of simulations and 
the time needed to generate virtual tests. 

Two main approaches can be followed. The first one is 
based on the use of general purpose software platforms, 
customized by specific plug-ins oriented to the execution 
of machining applications. Commercial exemplas are 
DELMIA Robotics or UGS Tecnomatix. Such tools entail 
deep knowledge and skilled users because of their 
complex and articulated structure, so the training is heavy 
and time consuming. The possible lack of integration 
between virtual controllers, based on RSS algorithms, 
and real robot controllers could affect the robotic 
machining accuracy. 

The second approach deals with the use of proprietary 
offline programming software, developed by robot 
manufactures to generate a virtual copy of the robot 
controller so that full compatibility is guaranteed. Such 

tools are generally easier to use than software platforms 
and offer a superior integration with the robotic process. 
On the other hand, users need a good experience in robot 
programming to really exploit their potentialities.  

The developed integrated design approach is focused 
on solving three main issues:  
1) definition of a common reference reconfigurable 

workcell structure; 
2) definition of the end user working procedure for the 

introduction of new batches; 
3) definition of part-dependent hardware apparatus and 

software code. 
In the first phase, the functional structure of the 

workcell is defined and its general layout is roughly 
modelled by 3D CAD tools.  

In the second phase, the method requires the definition 
of the end-user procedure for robot programming and 
workcell reconfiguration for every new workpiece. OLP 
software need to be adopted for evaluating robot 
reachability, detecting possible collisions and robot 
singularities. Moreover, cycle time estimation can be 
performed for cost calculation and process balancing. The 
number of target points which compose each machining 
path has to be calculated to respect cycle time, machining 
tolerances and communication limits given by the robot 
controller, so several iterative tests are needed to find a 
good compromise. 

For the definition of part-dependent hardware 
apparatus and software code OLP software functions 
were exploited to reproduce the same nested architecture 
of the real workcell in the 3D CAD system. Furthermore, 
thanks to the software capability in associating the OLP 
and 3D CAD environments, 3D models are kept updated, 
so alternative machining configurations can be tested, in 
order to evaluate different tools, strategies or even to 
verify the process in different tool wear conditions. 

2.1 Alignment of the reference frames 

Workcell alignment covers a fundamental importance in 
robotic high quality machining. Such phase consists in the 
accurate alignment between the virtual and the real robot 
reference frames which define the position of every target 
point with respect to the robot world reference system. 

The most important frames in robot machining are tool 
frames, defining the real position of tools, and workpiece 
frames, defining the real position of the workpiece. 

Alignment is generally performed though a manual 
procedures which involves the manual displacement and 
measure of the robot end-effector poses for given target 
points. Vision systems and sensors are used to enhance 
the accuracy and automatize the alignment procedure. 
Moreover, on-line alignment is required to periodically 
adjust reference frame position, to consider the 
progressive wear of machining tools and the possible 
variation in the workpiece geometry, due to successive 
passes of the tools. On-line alignment represent the key 
factor in robotic high quality machining, so particular 
attention has been paid in developing a novel flexible and 
reconfigurable integrated procedure. 

3 Experimental validation 
The proposed method was adopted to design robotic 

workcells for machining and finishing operations on cast 
parts made of special steel in harsh working conditions 
and under a high final quality demand. In such kind of 
applications, pre-machining operations represent an 
important part of the overall production cost [2]. 
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Workpieces, also named hammers, are consumable 
components for crushing machines and are used to 
smash inert for infrastructure and civil buildings or for 
recycling purposes. To increase their life cycle in such 
heavy working conditions, hammers are made of a 
special metal alloy, with high wear resistance, known as 
Hadfield steel. This alloy steel has an austenitic structure 
with about 13% manganese. It provides high impact 
strength and resistance to abrasion, with hardness in the 
range 500-700HV [16]. Figure 3 illustrates some cast 
parts used in smashing machines and propose their 
manual machining. The hammer is the part positioned in 
the middle upper part of the figure. 

 

Fig. 3 Hadfield manganese steel workpieces and their 

manual machining [16]. 

Figure 4 describes the nominal dimension of hammers 
and indicates the geometric tolerance needed to allow the 
correct assembly of the part. Grade CT10 - UNI EN ISO 
8062 is required for dimensional tolerances. 

 

Fig. 4 Geometric tolerance on hammers. 

Due to the complex shapes and the high material 
strength, hammer machining (face milling) is usually 
manually performed but working conditions are 
particularly heavy and safety is not guaranteed because 
of hot and dangerous sparks, fine metal powders, heavy 
and bulky tools, repetitive movements, considerable 
reaction forces and heavy weights which also hamper to 
achieve a good and constant quality on workpieces. 

Robotic machining guarantees labour wellness and 
cost effective production, thanks to the robot flexibility and 
small ratio between cost and work volume [2], [5] but the 
heavy weight of hammers, up to 130Kg, and the high 
material hardness, represent difficult challenges also for 
heavy industrial robots. In add, the payload limits require 
a very careful robot selection. 

Today, industrial robot manufacturers produce 6-axes 
robots capable of performing machining, thanks to their 
stiff structure and robust components. Also industrial robot 
payloads are increasing, up to value of 1200kg.  

In the present case-study the workcell is equipped with 
a M-900iA/600 FANUC robot with 600kg payload (Fig. 5), 
performing machining through a part-in-hand strategy. 

 

Fig. 5 FANUC M-900iA/600 Robot [17]. 

The definition of the reconfigurable workcell reference 
structure was performed by 3D CAD Solidworks®. Thanks 
to such approach, it was also possible to easily define 
different workcells as configuration variants. Each 
configuration could be automatically selected according to 
the workcell designer needs. 

The definition of the end user working procedure for the 
introduction of new batches was a complex task. In order 
to directly program the robot and analyze its behaviour, 
the proprietary OLP software FANUC Roboguide® with 
base package Handling Tool was adopted. 

Within the Roboguide® environment it was possible to 
evaluate several specific solution for robotic machining, 
such as properly sized fingers of the gripper and jigs, with 
respect to the position and geometry of features to be 
machined, and also to evaluate the system layout to avoid 
collisions and robot singularities during the process. OLP 
Roboguide® software and Solidworks® were finally 
associated to automatically exchange CAD data (Fig. 6). 

 

Fig. 6 Workcell machining station reconfiguration. 
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The definition of part-dependent hardware apparatus 
and software code, of primary importance, was obtained 
developing an original strategy aimed to solve accuracy 
problems in robotic machining. The programming strategy 
and the robot reference frames alignment were mainly 
investigated to enhance robotic machining accuracy 
without adding external hardware or tailored mechatronic 
devices. 

Special strategies for offline programming and 
alignment operation were developed. The manual robot 
teaching strategy commonly adopted in Industry for 
hammers is a fast method but did not reach the required 
tolerance and cannot guarantee the quality steadiness. 
Such limits were overcame thanks to the OLP, through 
the definition of target points disposed on the theoretical 
final surface of the model with mathematical precision, the 
experimental analysis of velocities and accelerations, the 
minimization of the robot chattering and the development 
of an original on-line alignment strategy. 

Due to the high mechanical properties of the material, 
special attention was paid to the definition of the 
machining strategy. A modular and parametric software 
routine was developed to manage the iteration of the 
paths in function of the cutting depth and of the deviation 
of workpiece shape by the ideal CAD geometry. 

Machining parameters, e.g. robot acceleration and 
velocity, were also considered in order to find the best 
trade-off between final quality and cycle time. Fig. 7 
shows the software interface adopted to optimize the 
robot behavior. 

 

Fig. 7 Analysis of robot path. 

Several contact sensors arranged inside the workcell 
performed the workpiece measurement in specific control 
points, while a software procedure received and 
processed the point data to detect the flatness error on 
the surface. The error value was used to adaptively define 
the number of the path reiterations. 

Software and hardware solution were integrated to 
finally solve the on-line alignment issue. The sensor-
based measuring system was also adopted to perform the 
part frame alignment. As in tool machining a preliminary 
definition of workpiece alignment was performed through 
a tailored fixture, in order to execute the first machining 
operation for the creation of reference planes. Then the 
on-line alignment procedure was performed starting from 
the measure of the workpieces and the identification of 
the surface shapes. 

The same approach was proposed to define the tool 
frames positions. The tool units were equipped with laser 
sensors for non contact measuring, so it was possible to 
perform the tool presetting and also measure the tool 

wear, without spindle rest or speed reduction. Figure 8 
presents the original integrated on-line procedure. 

 

Fig. 8 On-line reference frames alignment procedure. 

Fig. 9 shows the real robotic workcell compared to its 
virtual prototype in the OLP Roboguide® environment. 

 

Fig. 9 Real and virtual robotic machining. 

Thanks to the method proposed the part quality was 
significantly enhanced with respect to the manual 
machining: the measured value of the planarity was 
between 0.3mm and 0.8mm. Compared to the manual 
process, the robot machining was a slower process, 
taking 10 minutes instead of 8 minutes, but the final 
quality was greater and more constant. Moreover, thanks 
to the OLP approach, the workcell reconfiguration at the 
batch change required only the 20% of the time needed to 
manually teach a new robot program of complex 
workpieces. 

4 Discussion and Conclusion 
The present research work proposes an original 

integrated design method for robotic machining workcells.  
The overall workcell design process results efficient 

and enables a fast system reconfiguration, guaranteeing 
workcell safety and reliability. 

The integration of different techniques exploits both the 
potentialities of robot off-line programming and 3D 
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CAD/CAE simulation, allowing the evaluation of 
alternative design solutions and working scenarios, to 
deliver an optimized system with enhanced machining 
accuracy, even without external devices and expensive 
advanced technologies. 

Due to the importance of the robot workcell alignment 
for high quality machining, great attention has been paid 
to defining on-line software procedures applied to tailored 
robust measuring system for an effective use of OLP to 
reach the tolerance conformity and the final quality. 

The method has been successfully followed in a real 
case-study, characterized by heavy machining conditions 
due to hard material, big dimensions and weight. The 
present case-study represents one of the first robotic high 
quality machining applications in Italy. 

The ongoing research work will investigate engineering 
methods and techniques to further enhance robot 
accuracy in machining. The next goal is to make this 
technology suitable for other application fields, like 
machining operation for automotive, aerospace or for 
other cast parts with even smaller geometrical and shape 
tolerances. 
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Abstract 

In the industrial field, manufacturers frequently aim to improve acceptation by targeting global 
trends of consumers’ liking (to create a product that looks innovative, robust…). Sensory 

Science could support this task by evaluating perception and tastes (e.g. in sensory profiles 
or in hedonic tests) or even semantic dimensions regarding products of the marketplace. 
Nevertheless, the choice of these products may have significant consequences on the 
reliability of the results (and bring about biased conclusions). The control of this kind of effect 
is very tough because the choice of the products is imposed by constraints (costs, 
availability…). We attempt to develop a method to have a maximum of relevant information 
with a minimum of products. The present work deals with an experimental method, called 
“Features Picking”, using consumers’ feedback to define a product space. To illustrate the 
method, the proposed application concerns a specific semantic dimension: the fluidity of 
shape of car dashboards. In this case, 60 subjects selected “key products” according to the 
defined semantic dimension and attempted to verbalize which design features can explain it. 
Then, we assessed some statistical methods between hedonic and descriptive data to 
evaluate the efficiency of this approach. We finally highlighted the method giving the more 
relevant features with a reduced number of products. In this paper, we describe how we 
reduced a large set of 30 products to a subset of 11 products while keeping a maximum of 
information (87 % of the total information generated by the subjects).   

1 Introduction 
In a field such as the automotive industry, the consumers’ 
feelings play a key role in determining his/her acceptation 
of a product. That is why manufacturers attempt to 
maximize this acceptation by giving some subjective 
specifications to their products (to create a product that 
looks innovative, robust…). Nevertheless, it remains 
difficult to traduce these global semantic dimensions in 
accurate requirements. Sensory Science could support 
this task by measuring sensory properties in order to 
predict the acceptation of products [1]. Using a set of 
products is usual to evaluate perception and tastes 
concerning concrete stimuli. Sensory studies are 
conventionally divided in two categories: 
-  descriptive analysis by experts (product experts but 
also sensory experts) (QDA, sensory profile…). 
- preference analysis by consumers (give a global 
hedonic score on products). 
Depending on the focus of the study, one or both 
assessments are used. In the case where we tend to 
understand which sensory properties can explain the 
preference, both tests are used and linked with methods 
such as the preference mapping method [2]. The 
separation of the two tests takes postulate that experts 
are the most suitable to give an analytic judgment and 

naïve consumers are the most suitable to give hedonic 
judgment (Stone & Sidel [1] mentioned in particular the 
influence of learning on hedonic judgments). However, in 
certain case such as the studying of a particular semantic 
dimension, it is tough to split the two aspects. For 
example in the case of the study of the comfort of a seat, 
sensory properties and hedonic dimension are 
undividable. On the one hand, subjects measure stimuli 
with few discrepancies (e.g. for the hardness of foam: the 
seat 1 is perceived as very hard by the whole panel) and 
on the other hand, subjects have very variable opinions 
(50% of subjects like sporting seat and 50% like wide 
seat). That is why we attempt to develop a method to get 
advantage of the complementary of the point of views. We 
attempted constructing a product set for evaluation tests 
integrating concrete stimuli influencing the consumers’ 
perception. Nevertheless, we completed the consumer 
feedbacks with expert judgments to generate words, 
which are difficult to verbalize. 
Our focus is to get the more relevant features with a 
minimum of products. It is particularly valuable in field 
such as the automotive industry, where selecting too 
many products can lead to very high costs (for example, 
by buying or even renting too many cars. To illustrate our 
proposal, we will focus on a specific semantic dimension: 
the fluidity of shape of car dashboards. This work deals 
with how we selected products to understand this 
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semantic dimension. After this introduction, we will 
present some traditional methods and their limits. In a 
second part, we will present an innovative method: the 
features picking protocol. Then we will discuss the results 
and data analysis. Finally, the last part will treat some 
concluding remarks. 

1.1.1 Background on the construction of a set of 
products 

According to our reading of the literature, only few studies 
deal precisely with the construction of a set of product for 
evaluation tests. Some general recommendations are 
evocated but no accurate method. 
For example, it is mentioned that the set of products 
should be chosen carefully, because it can lead to 
significant consequences on the results. In particular, this 
could occur when products are too different or too similar. 
In the first case, the difference brought about contrast 
errors (the perception of the difference between the 
products are exaggerated) and in the other case the 
difference brought about convergence errors (the 
difference between the products are masked or 
overshadowed)[1]. 
Traditionally, sensory studies use a set of products 
selected by experts [3]. In order to cover a huge range of 
sensations, they should exhaustively choose products 
with the main features estimated as interesting (a priori, 
about preliminary knowledge acquired by a specific 
training [4]. By the way, some literatures postulate that 
evaluating a product alone is very inefficient. In fact, the 
human being seems to be a better judge to evaluate 
products in a comparative way (e.g to evaluate the width 
of a product compared to another) than in absolute [5] 
(e.g to evaluate the width of a product without other 
references). This assumes that the experts are able to 
choose products that are interesting to bring relevant 
information from customers. Thus, some studies propose 
to avoid implicit choices by selecting products thanks to 
quantified data. For example, they propose to use data, 
coming from experts (e.g. via a sensory profile [6] , of an 
initial set of products. Then a HAC (Hierarchical 
Ascendant Classification) is used to segment the product 
space into groups and to select the representative 
prototype of each group. A second kind of studies uses 
kind of sensory data coming from consumers. For 
example,[7] use a "KJ method" (Kawakita Jiro Method) to 
classify products according to their main differences, then 
a HAC to select the more representative product of each 
group. 
Considering the number of products, literature 
recommends to adapt the set of products relatively to the 
tiredness of assessors, to the task and to the product. 
(12-15 for sauces, 12 for candy…[5]). These 
recommendations are nevertheless more adapted for 
food fields and not really adapted for the automotive 
industry. Anyway, for statistical reasons, 7 products is the 
minimum number to operate preference mapping on the 
first two axes of a PCA (Principle Components Analysis) 
and 11 products for a PCA on the 3 first dimensions. That 
will be a first indication for our test. 
Let us notice that these existing methods allow the 
construction of a product space after a first iteration. 
These methods need an initial exhaustive set of products 
or initial knowledge on these products. Consequently, the 
design of a product selection method meets two 
paradoxes: 

 
- An initial set of products is necessary to be the 

basis from which a sub-set can be selected. 
Indeed, in order to propose a selection method, it 
is necessary to present a first selection to offer a 
range of possibilities of choices. 

 
- Literature recommends not having a too 

heterogeneous set or a too homogenous set. But 
expectations on the differences between 
products can only be done after the selection of 
the set. 

It leads us to believe that in our case, an initial set would 
be necessary too. Our main problematic is that in an area 
such as the automotive industry, products are constrained 
(expensive, complex, not easy to be evaluated…) and it is 
not realistic to rigorously evaluate an exhaustive set of 
products. Even if it is more reliable to check exhaustively 
the impact of all the design factors on the perception of 
consumer, a descriptive analysis on a huge set of 
products is not possible for time, tiredness and cost 
constraints (especially, with complex products having a 
high number of design factors). Moreover, the more 
complex the products are, the less easy the link between 
design features and responses will be. Therefore, it would 
be advantageous to focus on important factors and so to 
limit the size of the product space.  

1.1.2 Proposal 

Even if methods exist to estimate the effect of each 
design factors with a mathematical model (e.g. the 
conjoint analysis: building of a decompositional model 
between factors levels (the design features) and 
responses (the semantic scores)), it can only be done a 
posteriori. However, at first we think it would be wiser and 
richer to seek more broadly the important factors in key 
products rather than estimate them a posteriori on a 
restricted set. We consider that with complex products, it 
is more interesting, for finding relevant factors, to ask for it 
directly to the consumers. Thus, the main goal of this 
experiment is to make a reduced selection of products 
with the most influent factors according to the consumer 
perception. We propose to avoid laborious quantification 
by developing a screening methodology. Our data will be 
less accurate in a first time, but allow us to consider more 
products. We take the same approach than the study [7] 
(using data from consumers) but we try to avoid 
differences which do not affect the semantic dimension 
(i.e even a huge number of typologies of product exist, we 
attempted to avoid the products that do not allow us to 
deduce relevant features for our semantic dimension). We 
share the point of view (with this kind of approach) that it 
could be interesting to propose a product space, which 
avoids a possible discrepancy between experts and 
consumers. It is assumed that experts usually are more 
sensitive than consumers [8] but we concentrate on the 
difference felt by the consumers. We suppose that the 
experts are aware of the range of sensation, but are not 
always able to know which sensation is implied in hedonic 
or semantic dimension. Indeed, even if the experts 
develop specific competences, it does not imply that they 
are representative of the customers and their tastes[3]. 
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2 Materials and Methods 

2.1.1 Selection of the initial set 

We attempted to understand the “fluidity” of the 
dashboard shape of a B segment car. The iterative 
framework previously described leads us to select a large 
initial set, in accordance with our industrial goal. 
Consequently, we selected a set of the main competitors 
of the B Segment car (in term of number of vehicle sold in 
2009). Moreover, we completed the set with cars one 
segment around (C segment and A segment). We take 
postulate that these crossovers afford diversity without 
going to caricatured differences. Giving that we work on 
the visual aspect of dashboard, we use triptychs of photos 
to show at best the different shapes from different angles 
(fig. 1). While ordinary products sets are around a number 
of 6 to12 products, we conceive a protocol to consider a 
huge number of products (30 products). The triptychs 
were presented simultaneously to the subjects, on two 
desktops. 
 

  

 

Fig. 1 An example of triptych with three views of the same 

dashboard (left, front, right). 

We are aware that photos can be differently perceived 
than real products. Nevertheless, this is a way to asses a 
high number of products in a reasonable time (in average 
one hour). Using photos decreased the global cost of the 
study and allowed us to avoid certain bias. The choice of 
the pictures and the photo editing was done with great 
care. It assumes that we work specifically on intrinsic 
product attributes. Thus, we had neutralized some 
extrinsic factors that could create variability (such as the 
brand [9][10]): brand names have been masked, the body 
colors have been neutralized, environments have been 
homogenized … 

2.1.2 Consumer testing 

We have done the hypothesis that, in the case of the 
study of the fluidity of a dashboard, both kinds of 
judgment are used. Thus, we constituted variegated 
panel. We attempted to get spontaneous feedbacks on 
the key features of the fluidity of form for the consumers 
(without effect of the learning previously mentioned) and 
complement it with an expert point of view (few features 
may be difficult to put into words [11]). 
The distribution between the two categories of subjects 
was not balanced: 6 experts and 54 “naïve” consumers. 
Consumers can be less sensitive than trained subjects, 
but in some cases and more particularly on the visual 
assessment, naïve and expert results are comparable 
(the number of people counterbalances their lack of 
specificity in descriptive accuracy [12]). The number of 
subjects meets the norm requirements [3]. The test 

included 60 subjects who met the following criteria: 
consumer with variable knowledge of the products, 25-55 
years of age, males and females… 
Because of limitations in terms of the available resources 
(i.e. time and money) due to the fact that this was a 
methodological study, the participants were recruited from 
the Staff of our company. We had no difficulty to recruit 
subjects with specific knowledge on the product. 
Nevertheless, to represent the naïve consumers, we 
selected subjects, which were not implied in the design of 
dashboards (Database administrator, Human resources 
assistant…).  

2.1.3 The “Features Picking” protocol 

We propose a protocol divided into three sequential 
stages. The subjects executed the instructions without 
knowing what would be the one after: 
 

- Subjects should give a score of overall liking 
(from 0 to 10) for each 30 dashboards. We were 
not sure that subjects clearly understand the 
ambiguous term of fluidity. We ask them to score 
their liking in order to see if their perception of 
the fluidity was really independent. 

 
- Subjects should give a score of the global fluidity 

of the dashboards (from 0 to 10) for each 30 
dashboards. It was clearly explained that global 
fluidity score could be different than preference 
rating (i.e. their preferred dashboard can be the 
less fluid and vice versa). 

 
- Subjects should define the main design features 

which contribute (in their opinion) to the fluidity of 
the shape of a dashboard. These features could 
influence positively, but also negatively the 
global impression of fluidity and should be non-
hedonic. To illustrate their proposal (and avoid 
us misinterpretation), they finally should select at 
least one particular product, which is typical 
according to the verbalized feature (e.g. the 
consumer 1 suggest that the squareness of the 
control panel affects the fluidity of the dashboard. 
He mentioned that P268 is a good example of 
fluidity due to its rounded control panel, while the 
P018 is a bad example of fluidity due to its 
rectangular control panel). No constraint was 
given on the number of features or the number of 
products. We gave a relative freedom to 
formulate characteristics, even if it was beyond 
our scope (for example words describing the A-
pillars, the color of dashboards…). It was a mean 
to not block the subjects and to help us to 
measure the holistic aspect of our problem. 
Then, subjects should draw an arrow up or an 
arrow down to explain the effect of each feature 
(e.g. the consumer 1 selects the product 018, 
because the squareness of the control panel is in 
opposite with the concept of fluidity…). 

 
To help the subjects to do these tasks we proposed them 
different supports: 
 

- In the light of previous pretests, the term of 
fluidity has not always been understood. To help 
the subjects to proceed the test, we showed 
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them some examples of what can be the fluidity 
in the daily. A specific mood board (fig. 2) was 
proposed. Generally, human being is more 
creative when he/she is stimulated by images 
rather than words [13]. We tend to limit the bias 
of induction (pictures can induce specific 
definition of the fluidity) by creating this support 
in a collaborative work with five naïve subjects. 
This allows us to bring diversity of opinion on the 
semantic dimension. We nevertheless found that 
the low number of subjects could be a bias. For 
future work, it would be advisable to increase 
this number. 

 

                        

Fig. 2 the specific mood board was created by a 

collaborative work including few definitions of what can be 

the fluidity in the daily but too antonyms of fluidity. 

- To avoid slowing the description for vocabulary 
reason. We proposed drafts on which subjects 
could scribble (circle areas, highlight a line...). 
This draft represented a CAD (Computer Aided 
Design) snapshot of a dashboard.  

 
- We proposed to fill verbalization table (one per 

feature). In relation to their selections, the 
consumers verbalized each feature and each 
"level" they found (tab. 1). It should be noted that 
subjects had not to be exhaustive; they only had 
to give few examples. 

 
Verbalization : 
 

Squareness of the 
control panel 

Level 
Rectangular 

Level 
rounded 

Product …018 X  

Product …129   

Product …268  X 

Product …n   

Tab. 1 Verbalization table 

3 Results 
The descriptive test done by the 60 subjects on the set of 
30 dashboards generated 275 verbatim. In average, in 
one hour (the duration of the test was from 30 to 90 
minutes), the subjects: 
 
- Verbalized 4,7 verbatim in average (standard 

deviation of 1,8) and selected 16,3 products 
(standard deviation of 5,1) to explain their 
understanding of the semantic dimension.  

 
- Selected 5,5 products in average (standard deviation 

of 2,9) to illustrate each verbatim. 
 
- Selected 2,7 products in average (standard deviation 

of 2,1) to illustrate the positive values of the semantic 
dimension. 

 
- Selected 2,7 products in average (standard deviation 

of 1,3) to illustrate the negative values of the 
semantic dimension.  

 
On the whole, the 30 products were selected. It 
demonstrates that, for this case, every product brought a 
part of information. Initially, we thought that the protocol 
would lead to a consensus. However, this test showed 
that subjects had a very variable definition of the semantic 
dimension “fluidity”. This high number of products 
definitely prevents us to use this raw data to constitute a 
“reasonable” set.  That is why we attempted to reduce this 
number while keeping the variety by applying a specific 
data analysis. 

3.1.1 Analysis of the scores 

As previously mentioned, we noticed in pretests that the 
term of fluidity has not always been understood. We were 
not sure if the subjects did not confuse the fluidity and the 
preference and consequently if our test was reliable. 
Thus, we wondered if subjects respond simply to the 
question by giving a hedonic judgment. We analyzed it 
with statistical analysis. Therefore, we wanted to asses if 
the “fluidity” score and the preference score were 
correlated, and if the scores are similar. Our hypothesis 
(H0) stated that the fluidity of a dashboard was not 
correlated to the preference scores. We use the 
Pearson’s correlation coefficient to measure the 
covariance between the two scores. Then X-Y Graphs are 
employed in order to evaluate the different mean scores.  
 

Products Correlation P Value 

018 0,500 < 0,0001 

032 0,340 0,008 

094 0,313 0,015 

129 0,605 < 0,0001 

191 0,308 0,017 

198 0,431 0,001 

217 0,464 0,000 

219 0,211 0,106 

230 0,272 0,036 

257 0,503 < 0,0001 

268 0,593 < 0,0001 

363 0,305 0,018 

374 0,446 0,000 

410 0,157 0,230 

418 0,549 < 0,0001 

432 0,607 < 0,0001 

459 0,149 0,255 

548 0,319 0,013 

569 0,500 < 0,0001 
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573 0,289 0,025 

581 0,510 < 0,0001 

625 0,509 < 0,0001 

675 0,487 < 0,0001 

708 0,509 < 0,0001 

713 0,524 < 0,0001 

755 0,248 0,056 

788 0,278 0,031 

790 0,390 0,002 

799 0,367 0,004 

808 0,398 0,002 

Table 2 : Pearson’s correlation coefficient  

Tab.2 shows that 26 correlations among the 30 products 
are significant (P value <0.05 are in bold). Consequently 
our hypothesis was not true. Concerning the interpretation 
of the correlation coefficient, it was difficult to know which 
threshold was adapted.  

 

Figure 3: X-Y graph comparing preference rating and scores 
of fluidity. The graph is centered on the range of mean score 

(from 3 to 7 points over 10) 

To complete our analysis, a X-Y graph has been 
constructed to plot data pairs. Fig.3 presents the spread 
of the different mean scores for the whole panel (of the 60 
subjects). By taking in consideration the whole set of 
products, it seems that the most of products have two 
different mean scores. In addition, we noticed that few 
products were fluid and disliked (in the lower left quarter 
of the graph) and few products were non-fluid and liked 
(in the lower right quarter of the graph). In the light of 
these treatments, we can suppose that subjects did not 
replicate their preference score even the fluidity played a 
determining role in the product liking.  

3.1.2 Analysis of the number of selections 

As previously seen, many ways are possible to select a 
subset from an initial set of products. Given that there 
was no ambiguity on the fact that the products will be 
perceived as different, given that their number and their 
complexity prevented us to proceed reasonably to an 
exhaustive descriptive analysis (such as sensory profile), 
we tend to believe that our subset should have the 
following properties: 

 
- Having products with high ratings on the particular 

semantic dimension. If no product possesses the 
specific dimension, we estimate that it’s not possible 
to have relevant information on this dimension. 
Moreover, it seems reasonable that products 
considered as “having a fluidity of a shape” contain 
some ingredients or features representative of this 
semantic dimension. 

 
- Having products with low ratings on the particular 

semantic dimension. We believe that certain 
unacceptable features can exist and should be 
avoided. Moreover, we noticed in previous 
fundamental research that the consensus between 
subjects is generally stronger on low ratings or 
negative values. 

 
Given that subjects rated the products with different 
amplitudes (e.g. Subject 3 gives score between 0 to 10, 
Subject 27 gives scores between 3 to 7...), individual 
scores were transformed in individual ranking. In order to 
respect the evocated properties, we selected in the order 
of occurrence the products considered as “being the most 
fluid dashboard” and products considered as “being the 
worst fluid dashboard”. The opinions were various and no 
product has been selected unanimously. Yet some 
products were more consensual than others. An empirical 
adjustment has been performed to determine the 
threshold of selection. Indeed, some alternatives have 
been considered: selecting Top 5 (with the 5 most fluid 
dashboards and the 5 worst fluid dashboards), selecting 
the “Top 4”, “the Top 3”…. To determine the best 
alternative, we attempted to represent the consensus 
between rankings. Fig.4.a shows the discrepancy 
between the subjects with the fact that the most of 
products were both regarded as the most fluid and the 
less fluid. The number of times the products were 
selected as the most fluid is depicted along the x-axis and 
the number of times the products were selected as the 
less fluid is depicted along the y-axis. This effect is 
especially pronounced when the threshold becomes more 
tolerant e.g. Fig.4.b shows for example a higher confusion 
between the products with a threshold of “top 5” (e.g. 
P032 was selected 14 times among the top 5 of the most 
fluid and 19 times among the top 5 of the less fluid). 
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a. The number of times a product has be chosen as the most 

fluid and the less fluid (Threshold “Top 1”) 

 

b. The number of times a product has be chosen among the 5 
most fluid and the 5 less fluid (Threshold “Top 5”). 

Figure 4 : Example of two thresholds considering the 
occurrences in product selections. 

 

Product Occur Product Occur 

268 17 129 29 

788 12 418 22 

219 10 808 20 

018 9 363 9 

432 8     

625 8     

675 8     

Table 3: Set of products according to the strictest threshold. 
The products on the left was selected for their fluidity of 
dashboard and the product on the right was selected for 

their “anti-fluidity” 

At the end of this step, we move towards the strictest 
threshold (“Top 1”). We selected the 11 products with the 
highest occurrences (tab. 3) to let us the possibility to use 
statistical models (such as Preference Mapping on the 
three first dimensions of the PCA). Unfortunately, it would 
be likely that all the illustrating products were selected for 
the same reason and do not illustrate the variety of what 
subject perceived. In consequence, we decided to 
analyze what the products enabled to deduce. 

3.1.3 Analysis of the descriptive data 

We underlined the fact that the subjects generated 275 
verbatim. Nevertheless, it did not mean that these terms 
are not redundant. Therefore, we conducted an 
interpretation phase. Because of the design of the 
protocol, illustrating examples was not exhaustive. That is 
why statistical Clustering was not efficient. Consequently, 
we chose to perform a semantic analysis. This delicate 
work has been decomposed in three steps: 
 
- First, the words were grouped in relation to the 

technical area they designated. Indeed, we consider 
that the risk of error was relatively insignificant on the 
misinterpretation of the name of dashboard areas. 

 
Ex: How we construct the group “Buttons”: 
 
Verbatim n°A. “too many buttons” such as in products 
P418, P808 and contrary to products P94, P217, P191”. 
 
Verbatim n°B “the number of buttons is too high” such as 
in products P418, P808, P191 contrary to products P094, 
P217”. 
 
Verbatim n°C “the buttons are prominent” such as in the 
product P418, P219 contrary to the product P191”. 
 
Second, the words were aggregated in relation to the kind 
of descriptors they used. The reduction of terms was 
relatively light (from 275 to 224). 
 
Ex: How we dissociate two groups: 
 
 “Number of Buttons”: 
 
Verbatim n°A. “too many buttons” such as in product 
P418, P808 and contrary to products P094, P217,P191”. 
 
Verbatim n°B “the number of buttons is too high” such as 
in product P418, P808, P191 contrary to product P094, 
P217”. 
 
“Prominence of the buttons”: 
 
Verbatim n°C “the buttons are prominent” such as in 
products P418, P219 contrary to products P191”. 
 
Third, to avoid misunderstanding, we looked on illustrating 
products of each terms. In addition, when they were 
similar, we aggregated them.   
 
Ex : “Number of Buttons” : 
 
Vnew. “Too many buttons”  such as in product 418,808, 
191  and contrary to products 94, 217,191”. 
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At the end of this step, 112 new verbatim were obtained. 
Let us notice that we take a risk with this interpretation but 
we keep a trace of the inter-individual discrepancy by 
keeping eventual opposition such as the product P191 in 
the example. In this case, a subject considered that this 
product has too many buttons and a subject estimates the 
opposite. In order to keep this information, data was 
discretized in two matrices (a matrix of positive values 
and a matrix of negative values). 

3.1.4 Assessment of the product selection 

Finally, we attempted to create a link between the number 
of products and the descriptive data. Our goal was to 
have an overview of the progression of the information 
relative to the number of selected products. We wanted to 
see sequentially how many verbatim were taken into 
account as the number of products increased. We first 
estimated the possible combinations by calculating the 
number of subsets with “n” elements in a set of 30 
elements (Cn

30) (fig. 5). In the light of this result, we 
understood that even our most powerful program with our 
most powerful computer was not able to calculate all the 
possible combinations. For this reason, we decided to 
calculate exhaustively the overall possibilities in the low 
and the high ranges (before 11 products and after 19 
products) and to forecast a predictive curve. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: The possible combinations of products consist in 

estimating the number of possible couples, triads…  

To draw a prediction curve we decided to estimate the 
average contribution per number of products. By 
analyzing the number of different verbatim generated by 
each product, we proceed to basic statistical treatments. 
We created an envelope of values by taking in 
consideration the better possible combination of products 
(max), the worst combination (min) and the standard 
deviation (fig. 6). As each point could not be calculated, 
we draw a prediction curve to fill the empty areas. We 
fitted a polynomial curve that gives the more satisfying 
adjustment (5 degrees, R²=1, MCE=0,057). Note that we 
discretized verbatim by their polarity. In other words, we 
considered the 112 verbatim (the interpreted verbatim) 
and we distinguished the products cited for positive value 
and the products cited for negative value. We considered 
that the information increased as well with positive values 
(e.g “a poor number of buttons is a symbol of fluidity”) 
than with negative values (e.g “a high number of buttons 
damage the fluidity”). We wanted to see for a determined 
number of products how many factors and how many 
level of factors were covered. Indeed, we considered that 
the two levels should be considered to illustrate the 
subjects’ feedbacks … It is the same as saying we had 

224 verbatim (112 verbatim with a positive value, 112 
verbatim with a negative value). 
 

 

Figure 6: Prediction of the input information 

This prediction curve has reinforced the fact that the 
method of selection by occurrences gives good results: 
the percentage of coverage of the global information is 
relatively near of the best combination of products. 
Moreover, the number of 11 products seems to deliver 
most of the time, substantive information (87% of 
information). In relation to the design of the protocol and 
the psychological errors, this prediction should 
nevertheless be tempered. We mean that the 100% of 
information probably represent only a restricted part of 
what the semantic dimension really is (Features probably 
missing and, products with specific feature was probably 
not declared). Then, we cannot help but hide the fact that 
information was born (even unconsciously) from “contrast” 
between different products. 

4 Conclusion 
The aim of the current study was to seek consumers’ key 
features for a defined semantic dimension in order to 
select a set of products. Initially, we were not sure if the 
subjects could afford us reliable results on this dimension 
without confusing the fluidity and their liking. Thus, we first 
showed that even if fluidity appeared to play a role in the 
preference; the subjects understood that fluidity and 
preference could be different. Our method allows us to 
create a set containing some key products. We evaluated 
this set by creating a link between the number products 
and verbatim they can deduce. In our case we reduced a 
large set of 30 products to a subset of 11 products while 
keeping consequent information (87 % of the total of data 
generated by the subjects). This work brings benefits on 
different aspects: 
- In a methodological perspective, by quantifying the 
benefit of a fundamental approach (selecting products 
with a high ratings and low ratings of the particular 
semantic dimension).  
- In an industrial perspective, by using the consumers 
feedback as soon as possible in the evaluating process 
and avoiding products which are irrelevant. Without taking 
into account that we have conducted a long validation 
process, we propose a simple and fast way to construct a 
product space. 
Nevertheless, this information was relative because it is 
possible that the 13% remaining was the most important 
verbatim. It is assumed that information come from a 
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declarative task and is by nature non-exhaustive. There is 
obviously a need to extend this work to an exhaustive 
descriptive analysis that could improve precision of the 
prediction curve. It is not reasonable in all case because if 
products are too complex and too numerous (such as with 
car dashboards), the experiments would be too tiring. The 
complexity of the products is probably a key information 
to determine the order of the sensory evaluation. If 
products are too complex, they may be laborious quantify. 
Therefore, it would be preferable to begin with a hedonic 
test or “Features Picking” on large set. If products are 
easy to be sensory quantified, it would be preferable to 
begin with accurate descriptive analysis (such as sensory 
profile) and reduce the initial set via clustering.  
 
Further research 

 
The set of products we obtained could be the basis of 
different kind of studies allowing to build a statistical 
model of the fluidity. Sensory profile, napping, can be 
used in order to describe precisely the product sensory 
properties. Our future goal is to hierarchy the importance 
of the verbatim and the design factors behind these 
verbatim. Thus, we expect to proceed to an optimal 
design of experiments. The present work will be an input 
to recommend technical factors to control in order to 
reconstruct a new product space. The benefit would be to 
evaluate factors by avoiding covariance problems. This 
experiment will use a parameterized CAD model and will 
allow us to avoid noises coming from extrinsic factors. 
Indeed, even if we homogenized the photos, there is no 
doubt on the fact that some factors disturb our test (some 
subjects have certainly recognized the models).  
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Abstract 

Microforming, which offers attractive characteristics of low production cost and high product 
quality that are superior to those of other processes, provides a promising process to 
manufacture micropart. Nowadays, microforming system design is generally conducted via 
trial-and-error approach based on scaling down and modifying the conventional macroforming 
system. However, when the forming system is scaled down to micro-scale, the conventional 
knowledge on the macroforming system design might not be valid. Late design changes are 
always needed. It is thus costly, time-consuming and error-prone. To address these 
challenges, “design right the first time” and “optimal design” are critical. Obtaining the optimal 
design in the conventional design paradigm would be very difficult, if not impossible, as there 
are many technical aspects related to the design of micro-scaled part, forming process, 
tooling and product quality control, which interact and interplay. Therefore, concurrent 
consideration of these technical aspects at up-front design stage is essential. In this paper, 
the technical aspects among the micro-scaled product and process design, and the material 
size-related deformation behaviours are articulated. The understanding of these technical 
aspects is critical to fabricate quality microproduct at high production rate and low production 
cost by microforming.  

1 Introduction 
The product life cycle [1], which refers to the stages of 

development, introduction, growth, maturity and decline of 
a product, is becoming shorter. It makes the competition 
in product development industry severe and the profit 
marginal. Therefore, how to improve product quality, cut 
production cost and shorten product development lead-
time are critical to keep the companies’ cutting edge in 
the marketplace. The design solution generation of 
product and process in up-front design stage is critical as 
the first 20% of design activities commits to about 70% of 
product development cost [2, 3]. Product design is the 
process to define the characteristics of product, such as 
the form, feature, material, dimensions and their 
tolerances, and the final product performances, to fulfill 
custom’s needs. Process design is the development of 
process to produce the designed product. Production 
process could be a series of operations to make raw 
material to be a product. It needs to consider various 
factors in each process operation design, such as 
equipment, workpiece material, tooling design and worker 
skill. Different production processes have its advantages 
and limitations. Process determination needs to consider 
material workability, product quality, productivity, cost, 
design requirements and product characteristics. Product 
and process design should be done concurrently since 
their design variables could interact and interplay and 
affect product quality and cost. How to perform “design 
right the first time” is critical to avoid the late design 
change, shorten the development lead-time and lower the 
production cost. 

In the last decade, the demand on micropart has been 
increased due to product miniaturization and the wide 

applications of microproducts in automotive, bio-medical, 
aerospace and consumer electronics industries. 
Micromanufacturing technologies have thus become more 
and more important. They are used for fabricating 
microparts/microproducts, such as micromotor, connector 
pin, miniature screw, microgear, microshaft, chip 
leadframe, IC-socket, etc. The microparts fabricated by 
microforming are defined as the plastic deformed 
components with at least two dimensions in sub-millimeter 
range. The deformed parts exhibit good mechanical 
properties compared with the parts manufactured by 
casting and micromachining processes [4]. Microforming 
presents a promising manufacturing process to produce 
microparts.  

Although the knowledge for design of macro-sized 
forming systems has been well developed [5, 6] and 
widely used in industries [7-9], the design and 
development of microparts cannot be conducted via 
leveraging on the knowledge of macroforming to 
microforming since the size effect is a barrier to this 
knowledge transfer. As the material deformation 
behaviour in microforming is characterized by a few grains 
in deformation zones and the variation of grain size and 
mechanical property makes the deformation behaviour 
inhomogeneous and difficult to predict. It needs to 
consider the deformation behaviour and mechanics 
including material flow stress, anisotropy, ductility and 
formability in design of micropart, microforming process, 
tooling, and control of product quality. This paper presents 
the technical issues associated with the micropart design, 
microforming process design and material size effect in 
the integrated microproduct and process design. These 
issues are critical to eliminate the uncertainties at up-front 
design stage and reduce trial and error in workshop.   
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2 Design of microforming system 

 

Fig. 1 The major consideration factors in forming system 

design. 

In microforming process, the micro-sized material with 
simple geometry such as bar or sheet is deformed under 
a controlled condition to produce the desirable geometry. 
There are five main factors involved in a forming system, 
viz., the undeformed material properties, deformed 
material properties, deformation zone, tooling, and 
tooling-workpiece interface, need to be considered, as 
shown in Fig.1. In design of a microforming system, many 
technical issues related to the micro-scaled part design, 
process design and forming material are shown in Fig.2. 
The design activities are initiated based on the product 
function requirements and design specifications from the 
voice of customers (VoC). The part design associated 
with geometry, feature, dimension, material, and 
tolerance should be firstly addressed. Based on the 
preliminary part design, the process design is then 
conducted. It needs to consider all the potential forming 
processes and process sequences to form the desired 
geometry and feature of the micropart.  

In addition, microtooling design and fabrication, 
material handling between process operations are of 
particular concern as they affect the achievement of the 
required dimensional tolerance and positioning of the 
billet/blank prior to forming operation. For both part and 
process design, the mechanical properties of forming 
material needs to be considered due to the size effect on 
material plastic deformation behaviour and elastic 
recovery. The design variables related to part, process 
and material deformation behaviour might interplay and 
affect the deformed part, including dimensional tolerance, 
surface finishing, mechanical properties, defect 
occurrence, productivity and cost. The goal of optimizing 
the microforming system and its design variables is to 
yield the quality micropart with good productivity and low 
cost to meet function requirements and design 
specifications. To achieve these goals, the understanding 
of the interactive relationship among the product, process 
and forming material properties is the first step. The 
detailed technical aspects related to product design, 
process design and material size effect in micropart 
development are addressed in the following sections 
based on the framework shown in Fig.2. 

3 Micropart design 
In micropart design, the following micromanufacturing-

related factors need to be considered: 
(1) Part size: The overall dimensions of micropart are 
basically determined based on functional requirements 
and design specifications. They are also constrained by 
the material workability, which in turn affects microforming 
process and the operation number and sequence. 

Therefore, it needs to simultaneously consider these 
factors in part design. 

 

Fig. 2 The technical aspects need to be considered in micro-

scaled product and process design in up-front design stage. 

(2) Feature size: Feature size refers to the wall 
thickness, hole diameter, width of channel, aspect ratio of 
the hole or rod, and corner or edge radius etc. It might 
significantly affect the rigidity of micro-formed part. 
Furthermore, the grain size effect might occur when there 
are only a few grains involved to form the micro-sized 
feature. Defects such as underfilling [10, 11] and fracture 
[12] may occur. In addition, feature size also affects 
process determination and tooling geometry. Therefore, 
the micropart features have a close relationship with the 
quality, process and production cost. Experimental results 
reported by Geiger et al. [13] and Engel et al. [1, 10] show 
the feature size effect in combined micro forward rod-
backward can extrusion, as illustrated in Fig.3. The 
decrease of can thickness causes the decrease of 
clearance between punch and die. When the size of 
clearance is in the order of grain size, it prohibits the 
material to flow upwards, resulting in a small ratio of cup 
height (hc) to rod length (lr). In addition, the 
inhomogeneous deformation resulted from the random 
characteristics of grain structure becomes significant. It 
makes the height of the formed rim uneven. 
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Fig. 3 Schematic illustration of the feature size effect in the 

combined micro forward rod - backward can extrusion. 

 

Fig. 4 Tooling-workpiece interface. 

 (3) Dimension tolerance: Close dimension tolerance 
is usually required by microparts. The accuracy of the 
micro-formed part is directly affected by tooling design 
and its machining process. Therefore, in determination of 
dimension tolerances, it needs to consider the accuracy 
and limitations of microtooling. 

(4) Strength vs formability: The selection of part 
material needs to consider the strength and rigidity of 
micro-formed part and the formability of part material. 
Ideally, the part size and weight can be minimized when 
the part is made of high strength material. However, the 
formability of high strength materials is usually poor [14]. 
It affects the tool life, process determination, process 
parameter configuration, and number of forming 
operations. These factors further determine the product 
development cost. 

4 Process design 
Various microforming processes have been 

investigated in prior studies, viz., upsetting [15-17], 
extrusion [18-24], stamping [25, 26], bending [27], deep 
drawing [28, 29] and incremental forming [30, 31]. It is 
found that challenges arise when the process tolerance is 
reduced to a few microns in manufacturing of microparts. 
It is due to the limitations of the conventional tooling 
machining process and the change of material 
deformation mechanism [16] and tooling-workpiece 
interfacial condition [15, 32]. The following issues need to 
be taken into account in design of microforming process: 

(1) Characteristics of volume process: The design 
for microforming process realized in laboratory is different 
from the one for mass production. Production rate and 
cost are particularly concerned in mass production. They 
have a close relationship with the process sequence and 
material handling equipments. These issues need to be 
taken into consideration for mass production of micropart. 

 

Fig. 5 The OLP and CLP regions on the compressed 

microring. 

 

Fig. 6 The increase of OLP fraction with the decrease of 

workpiece size. 

(2) Interfacial friction: The size effect on the 
interfacial friction in microforming process of bulk material 
has been investigated via microring compression test [17] 
and micro double cup extrusion [33]. The friction 
coefficient could be identified based on the formed part 
geometry in both tests. The inner diameter of the 
deformed ring decreases with the increasing friction in the 
microring compression test, while the ratio of upper cup 
height to lower cup height increases with friction in the 
micro double cup extrusion. The interfacial friction in 
micro-sheet metal forming has been investigated via deep 
drawing [34]. The coefficient of friction could be identified 
based on the maximum deformation load or numerical 
method. Under a lubricated condition, the tendency of 
increasing interfacial friction with the decreasing 
workpiece size is the same in micro- bulk and sheet metal 
forming processes. To articulate the mechanism behind 
the change of friction with the decrease of formed part 
size, the surface topography of workpiece with roughness 
peaks and valleys is shown in Fig.4. When the tooling 
presses the lubricated material surface, the roughness 
peaks deform plastically. Lubricant could be trapped in the 
roughness valleys or squeezed out. When the lubricant is 
squeezed out, the so-called open lubricant pocket (OLP) 
is thus formed. The asperity supports the deformation 
load and is deformed to become flat. It results in the 
increase of the real contact area (RCA) and friction. When 



333

Chan and Fu Integrated product, material and process design for microproduct development via microforming 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

the lubricant is trapped in the roughness valleys, on the 
other hand, the so-called close lubricant pocket (CLP) is 
formed. Part of the deformation load is shared by the 
lubricant resulting in the decrease of normal pressure on 
the asperities. The material can slide on the tooling 
surface with lower friction. The OLPs are mainly 
concentrated at the edge of the contact surface. Fig.5 
shows the OLP and CLP regions on the compressed 
microring. The thickness of the OLP region does not 
change with workpiece size [32, 35, 36]. Therefore, the 
OLP fraction increases with miniaturization, resulting in 
the increase of friction as shown in Fig.6. 

 

 

Fig. 7 Schematic illustration of the micro-extrusion die set. 

(3) Ejection of micro-formed part: The surface-to-
volume ratio increases with the decrease of workpiece 
size. It makes the ejection of workpiece difficult. This is 
because the tooling-workpiece interfacial friction is 
associated with the contact surface area, while the 
strength of the material is associated with the volume of 
material. The strength of formed part is decreased and 
the interfacial friction force becomes significant when the 
part size is decreased to micro-scale, thereby, the 
ejection force to overcome the friction force might 
damage the formed part. To facilitate the ejection of 
micro-extruded part, it could separate the die cavity into 
two halves as shown in Fig.7. But this significantly lowers 
the production rate. Therefore, it is only suitable for doing 
experiment in the laboratory to investigate the 
deformation behaviour. But this principle can be 
employed in microforming system design to realize the 
opening of die from multi-direction. 

(4) Hybrid forming system: Manufacturing of 
micropart might involve a process chain. High part quality 
and production rate can be achieved with a properly 
defined process chain. The adhesive forces induced by 
surface tension, Van-der-Waals-force and electrostatic 
make the microparts are prone to stick with the forming or 
handling tool. It leads to the difficulty on handling or 
transporting micro-sized workpiece. Therefore, the 
process chain should be short and avoid transporting 
micro-sized workpiece among different forming operations 
in order to reduce manufacturing error and achieve high 
accuracy and efficiency. Hybrid forming system, which 
combines different forming operations in a single system, 
could be considered. Fig.8 shows a schematic illustration 
of a hybrid forming system which combines micro-
blanking and micro-deep drawing operation with one 
single stroke. 

 

Fig. 8 Hybrid forming system which combines micro-

blanking and micro-deep drawing operations. 

 

Fig. 9 Micro- (a, b) die and (c,d) punch for micro-extrusion. 

(5) Tooling fabrication: Microforming tool is subjected 
to high stress in forming process, the hardness of greater 
than 50 HRC is needed. High speed tooling steel and 
tungsten carbide are commonly used as microtooling 
material. For the macro-sized forming tool, tooling steel is 
machined at its soft state and followed by heat treatment, 
polishing and surface treatment to obtain the desired 
geometry, hardness and surface finishing. However, the 
amount of inevitable deformation in the heat treatment 
process often exceeds the allowable dimensional 
deviation. The micro-sized forming tool is thus usually 
machined at its hard state. Grinding, micromilling and 
electro discharge machining processes are widely 
employed to fabricate the micro-sized forming tool. Fig.9 
shows the micro- die and punch for micro-extrusion which 
are fabricated by electro discharge machining and 
grinding processes. The dimensional tolerance of the 
machining process is independence of workpiece size, 
dimensional tolerance of tens of microns might not be 
significant to macro-sized forming tool, but it is relatively 
large for the micro-sized tool. There is an exponential 
correlation between the dimensional accuracy and 
machining cost. Determination of dimensional tolerance is 
thus critical in controlling the cost and quality of the 
formed part. 



334

Chan and Fu Integrated product, material and process design for microproduct development via microforming 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

0.0 0.2 0.4 0.6 0.8 1.0
0

100

200

300

400

T
ru

e
 s

tr
e
ss

 (
M

P
a
)

True strain

  2X3mm

 1.5X2.25mm

 1X1.5mm

 0.75X1.125mm

 

Fig. 10 The change of flow stress with workpiece size. 
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Fig. 11 The change of volume fraction of surface grain with 

the number of grains along the diameter of workpiece. 

5 Material size effects 
There are interactive effects between workpiece size 

and microstructure on deformation behaviour (flow stress 
and flow behaviour) and the characteristics of the formed 
part (mechanical properties, surface finishing and 
dimensional tolerance) in microforming process. In 
development of micropart, therefore, it needs to consider 
the characteristics of the micro-sized workpiece at initial, 
deforming and deformed states. The followings are the 
material size-related properties which need to be 
considered in both part and process design. 

(1) Flow stress: The flow stress, which represents the 
strength of forming material, determines the material flow 
behaviour and deformation load in microforming process. 
It further affects the geometrical accuracy of the formed 
part [20] and process determination. Fig.10 shows the 
flow stress obtained from the compression of Al6061 
cylinders with different sizes. It can be seen that the flow 
stress is decreased with the decrease of workpiece size. 
Miyazaki et al. [37] found that the dislocations are equally 
distributed in grain boundaries and inside the grain at the 
inner region of the deformed material. At the surface layer 
of material, however, the dislocation tangles only occur 
near the three-fold node of grain boundaries and a few 
dislocations are heterogeneously distributed inside the 
grain. Based on their findings, it can be concluded that 
the deformation behaviour of the surface material is 
different from the inside one. The free surface material 
has less constraint and lower flow stress. The decrease of 
flow stress could be attributed to the change of the 
volume fraction of surface grains [13, 38]. The number of 
grains along the workpiece diameter is large and the 
volume fraction of surface grains is small in macro-scaled 

workpiece. When the workpiece size is decreased to 
micro-scale, there are only are a few grains in the 
workpiece and the volume fraction of surface grains is 
increased tremendously, resulting in the decrease of flow 
stress, as shown in Fig.11. 

 

 

Fig. 12 End surfaces of the original and compressed 

workpieces. 

 (2) Flow behaviour: The material size effect 
influences the material flow behaviour in micro plastic 
deformation process. Fig.12 shows the end surfaces of 
the original and compressed Al6061 cylinders with 
different sizes. It can be seen that the shapes of the 
compressed workpieces change from circular to irregular 
shape with the decrease of workpiece size. The similar 
phenomenon is also observed in the compression of 
copper cylinders with the change of grain size as shown in 
Fig.13. It can be seen that inhomogeneous deformation 
arises in the case with coarse grains. The irregular shape 
of workpiece is caused by the random characteristics of 
grain structure. The behaviour of single grain is 
anisotropic and the crystallographic orientations of the 
neighbouring grains are different. The ideal deformation 
behaviour of polycrystalline metal is isotropic in macro-
scale due to the large ratio of workpiece size to grain size, 
different grains with different sizes and orientations are 
evenly and randomly distributed within the workpiece as 
shown in Fig.14. Each grain plays its small role in the 
overall material deformation behaviour. Therefore, the 
material has isotropic properties in macro-scale. When the 
workpiece size is scaled down to micro-scale and the 
grain size is relative large, there are only a few grains in 
the workpiece. The even distribution of different grains no 
longer exists and the material deformation behaviour thus 
changes. The properties (size and orientation) of each 
grain play a significant role in the overall material 
deformation behaviour. The size effect on deformation 
behaviour becomes significant for the material nature 
changing from polycrystalline to single crystal. 
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Fig. 13 The microstructrure of the original and compressed 

workpiece with different grain sizes. 

 

Fig. 14 The transition of polycrystal to single crystal. 

 

Fig. 15 The variations of fracture strain with t/d. 

 (3) Fracture behaviour: Based on the tensile test of 
thin copper foil in this research, it is found that the fracture 
strain decreases with the decrease of ratio of foil 
thickness (t) to grain size (d) as shown in Fig.15. When 
the workpiece thickness is in the order of grain size or 
even smaller, it might perform like a single crystal with 
less constraint by neighbouring grains. Only a few slip 
systems are activated to realize deformation, resulting in  
small fracture strain [39]. In addition, flat blank is 
commonly produced by rolling process which leads to the 
development of textured microstructure and anisotropic 
properties. In micro-deep drawing process, such 
anisotropic properties are favourable as less thinning will 
be experienced when the material is drawn. It can be 
seen in Fig.16 that the defect-free part can be formed with 
the textured microstructure while the fracture occurs with 
the recrystallized microstructure.  

 (4) Surface finishing: Fig.17 shows the compressed 
pure copper cylinders with different sizes. It can be seen 
that the free surface texture becomes rough with the 
decrease of workpiece size. It is because the decreasing 
number of grains in workpiece with the decreasing of 
workpiece size, resulting in the increase of 
inhomogeneous deformation. 

 

Fig. 16 Micro-deep drawing of pure copper with different 

microstructures. 

 

Fig. 17 The compressed pure copper cylinders with original 

dimensions of (a) Ø1.5×2.25, (b) Ø1×1.5, (c) Ø0.75×1.125 and 

(d) Ø0.5×0.75mm. 
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Fig. 18 The amounts of springback with different sizes of 

workpiece. 

(5) Springback: In micropart development, control of 
geometrical accuracy of the formed part is a critical issue, 
since the requirement of dimension deviation with less 
than a few microns is always needed. The springback 
caused by the elastic recovery of the forming material 
affects the dimensional accuracy of the formed parts. The 
springback in the microforming process is investigated via 
compression of Al6061 cylinders with different sizes in this 
research. The amount of springback is defined as 
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presents the undesirable geometrical dimension change. 
The amounts of springback for different compressed 
workpieces with different sizes are measured and shown 
in Fig.18. It is found that the amount of springback is 
increased with the decrease of the workpiece size. The 
increase of springback could be attributed to the decrease 
of grain boundary feature with miniaturization. The grains 
in the material become less constrained that facilitates the 
elastic recovery.  

 (6) Formed part properties: In the case of using 
coarse grain materials, the inhomogeneous deformation 
in microforming process will lead to the irrational local 
deformation. The mechanical properties could be different 
in different formed parts even by using the same batch of 
material and under the same forming condition. This is 
due to the random characteristics of the grain structure. In 
addition, large strain might be localized at the specific 
region and cause fracture in subsequent 
forming/machining operation. Engel and Eckstrein [4], 
Parasiz et al. [21, 27] and Egerer [40] have revealed this 
kind of size effect based on the hardness distribution on 
the micro-extruded and micro-bended parts through 
micro-indentation test. 

6 Conclusion 
The conventional knowledge and know-how in 

macroforming are no longer efficient or valid for 
supporting micropart design and development via 
microforming. It is due to the material size effect when the 
part or part feature size is decreased to micro-scale. This 
not only makes the material handling difficult, but also 
significantly affects the material flow and fracture 
behaviors in the forming process. These issues are 
critical to the quality of micro-formed part in terms of the 
dimensional accuracy, surface finishing and mechanical 
properties. In addition, the design of micro-scaled part 
and process is usually based on trial-and-error approach. 
The uncertainties in the design process often lead to late 
design changes, long development lead-time and high 
cost. How to ensure “design right the first time” and 
reduce trial and error in workshop are critical. To achieve 
these goals, integrated product and process design in 
consideration of material size effect in up-front design 
stage is necessary. In this research, the technical aspects 
among micropart design, process design and material 
size-related properties have been articulated based on 
the experimental results from this research and prior 
studies. All the technical issues articulated in this paper 
are critical to eliminate the uncertainties in up-front design 
stage, reduce trial and error in workshop and yield quality 
micro-formed part at high production rate and low 
production cost.  
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Abstract 

The paper presents a procedure that a designer can use in the early phase of product 
development in order to assess the environmental impact of the solution on which he/she is 
working on. 

Several methodologies are employed for this purpose, but basically we focus the attention 
on the functional analysis by means of its graph structure and the DSM, Design Structure 
Matrix. Both methods share the matrix format to manage functionalities and the relations 
among them or components and the connections among them. 

The original DSM format has been modified, introducing new records where  the interaction 
with the environment outside is recorded. A set of rules have been defined by which it is 
possible to reach a rough assessment of the environmental impact. 
The paper discusses the employment of the methodology  with a  test case. 

1 Introduction 
The issue of sustainability of industrial products is a 

subject of scientific research and debate since several 
years. This topic is very important for the implications 
that design decisions have on the environment and 
society when products are sold in the markets. 

Although today products can be assessed by  
methodologies such as Life Cycle Assessment (LCA) 
and related software, a vivid interest in their 
environmental evaluation, already in conceptual design 
phase, is developing in recent times. 

The problem of assessment in early design has been 
discussed in two papers in recent literature, e.g. 
Devanthan et al. [1] and Bohm et al [2]. This fact gives 
us the opportunity to investigate on further aspects of 
this topic, especially on how designers can be 
supported in an early  product  evaluation.  

In conceptual phase, where ideas and solutions can 
begin to be analyzed, designers can focus their 
attention on some parameters related to sustainability. 
Therefore, appropriate tools and methods to support 
concept selection on the basis of an environmental 
assessment are required.  

Considering that to select an absolute index for 
environmental impact is not easy to reach in this stage 
and that a single quantitative method is not 
consolidated, in this paper, a proposal of methodology 
to assist designers is presented.  

The present method exploits the well-established 
visual tool as the Design Structure Matrix (DSM), which 
is considered by several researches very suitable in 
product decomposition and, in this case, it is used also 
to verify the correctness of a product conceptual 
schema.  

In the next sections, after a brief review on the latest 
researches on environmental assessments in early 
design process,  the methodology is described in detail, 
defining data structures, presenting a formalization of 
rules that could guide it and providing an application to 
a case study.  

2 Background 
Several authors have discussed about environmental 

issues connected to product design and someone of 
these proposed to anticipate environmental 
considerations in the early design stage.  

The methodology described by Devanathan [1] e.g.  
combines life cycle assessment with tools like quality 
function deployment, functional-component matrix and 
a new visual tool, called function Impact matrix, that is 
used to match environmental impacts with product 
functions. This approach can be considered very 
interesting, because it can be applied in early design 
stage and offers a semi-quantitative method of analysis.    

The theme of environmental impact in early design is 
discussed also in terms of  automated concept 
generation and product design knowledge [2], using a 
design repository. LCA is used to determine the 
environmental impacts of the concepts, trying to 
analyse identified real-life products that have functional 
similarities with the conceptual elements under 
evaluation. Then, the assessment is predicted on the 
basis of the information contained in the repository. 

Yang and Song [3] also propose an approach to 
assess product sustainability in conceptual design 
stage. They discuss about an evaluation model 
developed to represent different environmental 
considerations through product lifecycle. Each design 
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option is assessed respecting some hierarchical 
evaluation criteria and applying lifecycle engineering 
methods, such as LCA and Life Cycle Costing analysis. 
This methodology is proposed in a decision-support 
software prototype. 

It is interesting to note the use of matrices already in 
the early design. Among the methods that employ this 
kind of representation we will focus on the Design 
Structure Matrix, used for static and dynamic 
applications. Browning [4] discusses about two types of 
DSM, static and time-based, showing several 
applications like: system component modelling 
facilitated by architectural decomposition strategies; the 
usage in organizational work; information flow 
management among process activities; integration of 
low-level design processes based on liaisons of 
physical design parameters. 

Hong and Park [5] also deal with the subject of DSM, 
treating the decomposition of system into modules. 
They present a rational method linking DSM to 
Axiomatic Design and showing relationships between 
functional requirements and design  parameters.  

On this theme Pimmler and Eppinger [6] offer a great 
hint to our work. They suggest to use a DSM matrix to 
describe the interactions among product elements, 
quantified  through a five-point scale (-2, -1, 0, 1, 2) and 
based on four types of interaction: Spatial, Energy, 
Information and Material . 

DSM is discussed jointly to product Functional 
Analysis. The net, which is often managed as a graph, 
can be supported by a matrix formulation [7] 
(associated to a clustered graph model) to aid 
designers during the conceptual phase of product 
development.  

These previous researches allow us to make some 
further considerations and to develop our proposal of 
assessment tool. 

3 Methodology 
The present methodology proposes to evaluate the  

impact of different product architectures during  
conceptual phase. During product conception, 
designers can model a functional net by means of a 
graph structure [8] and produce a set of solutions, each 
one characterized by a proper own architecture or 
peculiarity. Each functional net version can be 
translated into a Design Structure Matrix (see figure 1) 
with the aim to manage its complexity and, afterwards, 
to aid a reasoning towards the most sustainable 
solution. 

 

Fig. 1 Method paradigm 
 
After the designer have drawn  a functional net with its 

different versions, he/she can edit the related DSMs 

and compare them analyzing values in the matrices and 
component environmental indices.   

The links involved in this DSM-based tool are: 
1. Force. The Force link contains information related 

to mechanical relations between couples of 
components (e.g. contacts) to indicate mutual 
interactions; 

2. Signal. Essentially, it represents an asynchronous 
notification sent to a process in order to notify it, to 
regulate interactions among sub-process and 
components or to indicate events that are occurred;  

3. Material. This kind of functional link defines flows of 
substances that are involved mainly during device 
use;  

4. Energy. This functional link is related to the energy 
interchanged among nodes and can have various 
meanings in different contexts (electric, 
mechanical, thermal, etc.).  

The proposed procedure exploits a more complex 
DSM, that allows developers to collect data from links 
present in functional network and to show interactions 
exchanged in whole product and between it and 
environment. Moreover, matrix structure contains a set 
of indices that characterizes each component, with the 
aim to provide information about its life cycle. 

Furthermore, the DSM checks the consistency of a 
functional network, which is very articulated sometimes. 
It is modeled as a superposition of four layers related to 
the functional links, three of which defined as directed 
sub-graphs and one as an undirected sub-graph [8] 
(Force contact). 

In order to describe the methodology in detail, it is 
necessary to discuss about data structures used and 
rules employed in the assessment. 

3.1  Definitions: DSM 

The Design Structure Matrix (DSM) is a particular N-
square [9] matrix used in several contexts, especially in 
product/project decomposition, and it is considered a 
consolidated approach to manage complexity. 

 In literature, diagonal cells represent system 
elements and off-diagonal cells are used to record 
relationships among them. Here, the employed DSM is 
static, because it represents the entire system and all 
elements are present simultaneously. In figure 2, two 
examples of DSM are reported.  

 

 
 a) b) 

Fig.2 a) An example of  DSM; b) A clustered DSM 
(Courtesy of Tomiyama et al. [9]) 

 
As in the example above, both matrices are 

associated to the same product, but the second one 
has been subjected to a clustering activity, that can be 
applied to a not clustered matrix or not be necessary, 
as grouped elements could derive naturally by a 
clustered graph. 
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In the present context DSM is drawn on the basis of 
information provided by functional net, but only when a 
middle/high degree of detail is defined, the analysis is 
performed in a fixed instant of time and when functional 
nodes have reached the state of components. This fact 
suggests that it is possible to generate n different 
DSMs, one for each product configuration obtained. 

3.2  Data Structures: Augmented DSM  

The early environmental evaluation of a functional net 
requires a more complex matrix, structured in sections 
and presenting particular contents in diagonal and off-
diagonal terms. 

On the base this new DSM, called “Augmented DSM”, 
it is possible to have a functional check on the clustered 
net, to manage real values exchanged among system 
elements and to aid designer in an evaluation as 
quantitative as possible (figure 3). 

 
 
                                                 
 
 
 
 
 
 
 
 
 

 

Fig 3 A-DSM method workflow 

 
Augmented DSM (A-DSM) is composed of three 

sections:  
- a DSM, where data about the four functional 

links are contained;   
- two columns Ω1 (“External Relations”) and Ω2 

(“Sustainability Issues”), where designer can 
collect links in input and output with outside. 
Both are edited collecting values that have 
negative and positive sign and are inserted as 
additional columns.  

 

 
Fig. 4  Augmented- DSM 

 
The first section of A-DSM is a special N-square 

matrix, in which n components are matched. A set of 
environmental indicators is stored in each diagonal 
element. They are related to the “Product Life Cycle” of  
specific component, in particular, to three of the typical 
stages of lifecycle: Raw Material, Manufacturing and 
Disposal. These indicators, described in next 
paragraph, can be calculated by formulas present in 

literature and by means of LCA software. However, 
indices in diagonal terms are discussed in theoretical 
way here and are not employed in the case study. 

Off-diagonal elements, instead, are related to the Use 
phase, when product is performing. An example of A-
DSM is presented in figure 4, whereas the content of 
the cells and the entire matrix drawing procedure are 
described below. 

3.2.1 A-DSM editing: diagonal terms 

Sustainability indicators describe each component 
individually. The set of parameters, that is represented 
by an array of 7 elements, is proposed in the 
methodology and includes: 
1. Global Warming Potential GWP of the component. 

It indicates how much a GHG (Green House Gas) 
contributes to global warming. It can be calculated 
on the basis of formulations provided by the 
Intergovernmental Panel on Climate Change, or 
tabulated values [10] selecting a time horizon (25, 
100, 500 years). In practice, it is measured in 
kilograms of CO2eq, converting each GHG with 
some conversion factors;  

2. Presence of hazardous substances in raw material. 
It is a boolean value (1 if yes, 0 else); 

3. Mass. It is a measure present in every LCA 
analysis and software tools. It is expressed i.e. in 
Kg, Kg/sec (in case of flows), etc; 

4. Energy index in manufacturing phase. It measures 
the energy employed in component construction; it 
can be expressed in J, Wh, kWh, etc; 

5. Energy index in use phase. This value is provided 
by constructor. It is present in every device (i.e. 
output power) and it is calculated in J/s, kW, etc.; 

6. Recyclability. It is calculated as a ratio between the 
weight of recyclable materials divided by the total 
weight of product [11]. It is dimensionless; 

7. Disposal Cost. They are expressed in €. 

3.2.2 A-DSM editing: off-diagonal terms 

In the off-diagonal terms, numerical values have to be 
recorded. They correspond to the four links of Force, 
Signal, Material, and Energy, as represented in 
functional network, and are collected in an array 
composed of four positions edited as follows: 

- in Force sub-cell, the value is binary (in 
absolute value), 1 if there is a physical 
connection, 0 else; 

- in Signal sub-cell, the value is -1 if a signal is 
in, 1 if it is out,  0 else; 

- in Material sub-cell, the value is a decimal type 
and can be positive, if the link is in output, or 
negative if the link is in input; 

- in Energy sub-cell, the value is a decimal type 
and can be positive, if the link is in output, or 
negative in case of link in input. 

Interactions between device and environment have to 
be edited in the two columns Ω1 and Ω2 placed on the 
right side. The first one shows useful input/output or 
links by which product is connected to other devices; 
the second one displays links representing undesirable 
input/output, like energy losses and waste materials. 

Discussing about A-DSM properties, it is necessary to 
make three considerations: the values of material and 
energy are provided with a negative or a positive sign 
according with flows in or out, respectively; the N-

 Sustainability 
Evaluation  

4-link Analysis 
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square matrix is symmetric in absolute value respect to 
the diagonal; column Ω2 is composed of cells divided in 
two parts in order to map only two type of functional 
links: Material and Energy. 

4 Assessment procedure 
After having described how the A-DSM is composed, 

it is necessary to formalize an assessment procedure 
for the conceived product, analyzing the entire 
functional network. 

The analysis assists designer for two purposes:  
- to discuss issues related to used components 

and their nature;  
- to check the quality of energy and material 

flows  exchanged among components and 
between the device and the environment. 

4.1 Component Sustainability Indices 

First of all, designers can evaluate product on the 
basis of data represented in diagonal terms in a generic 
instance of A-DSM A, which will have dimension [n, 
n+2] in the procedure. Ii is the set of h environmental 
performance indicators present in each diagonal cell 
and acting on each component represented by diagonal 
element A(i,i), in fact  Ii = {Ii(h) | h = 1…7 }. For each 
indicator h is possible to calculate: 

 
                                 (1) 

 
 

where D(h) is the overall index that takes into account 
all components represented by A(i,i) terms; Ii(h) is the 
h-th indicator of A(i,i) element. 

Then, for a generic conceptual solution found S, the 
vector D(S), presenting all seven sustainability indices, 
can be calculated. If a designer generates a set r of 
solutions, each one modeled by a functional net and the 
related vector D(S), he/she can make the necessary 
considerations about which is the best compromise of 
values and select the best product configuration. 

4.2 Material flow evaluation 

Designers collect values related to material flow 
exchanged among parts in the cells of A where i ≠ j. 

The material link is represented by a digraph and it is 
subjected to flow conservation constraints [12]. Flow is 
not dispersed, although the state of material can 
change during product performance.  

In every row, It is possible to control material 
quantities in input and output, reasoning on component 
properties, indeed, it can be  a source, a transit node or 
a storage. 

Below a procedure to control functional net, analyzing 
A-DSM, is presented. Index i represents row counter; 
index j represents column counter and k indicates the 
sub-cell of element A(i,j), k = 1,...,4 
Initialization. Consider only Material links; i = 1; fix k = 3 
(material sub-cell).  
1. Analyze the component for each row and calculate 

Node Balance, called NB, until i = n:   
             
 
                           (2) 

 
 

where A(i,j,3) is the sub-cell 3 of the element A(i,j); 
NB(i,3) is the node balance of the i-th row, related 
to i-th component respectively, calculated on the 
third link. Then, analyze these cases: 
- If NB(i,3) > 0 à component i is a source;  
- If NB(i,3) = 0 à component i is a transit node; 
- If NB(i,3) < 0 à component i is a storage unit. 

2. Verify the presence of Force link, if element A(i,j,3) 
is enhanced, in order to support a deeper 
reasoning on a consistent functional net: 
- If A(i,j,3) = value AND A(i,j,1) = 1 à ok,  
 else check functional net.  

3. Analyze Ω2 (j=n+2) and calculate the sum of terms 
with positive sign (+) related to material link (k=1): 

 
                                             
                                     (3) 

 
 

4. Repeat step 1, 2, and 3 for each solution found. 
5. Select α(S)* as best solution: 

 
                                  (4) 

 
where α(S) is the total value of waste materials 

connected to the generic configuration S; α(S)* is 
the minimum of the value α(S) calculated among 
the all configurations found. 

4.3  Energy flow evaluation 

In the cells of A where i ≠ j, designer collects values of 
energy exchanged among components in functional 
network on the basis of editing criteria described in sub-
section 3.2.2. 

It is necessary to consider that in functional schema 
energy layer is represented by a digraph and the 
property of energy flow conservation [12] is valid.  

In every row it is possible to check energy quantities 
in input and output, verifying if components are i.e. 
transit nodes, generators or passive elements.  

Below, a procedure to check functional net is 
presented. Here, index i represents row counter; index j 
represents column counter; k indicates the element 
A(i,j) sub-cell, representing link types (k = 1,...,4). 
Initialization. Consider only Energy links (energy layer); 
i = 1; fix k = 4 (energy sub-cell).  
1. Analyze each row corresponding to its component 

and calculate Node Balance (NB) until i = n. For 
each component we have that:   

 
               
                         (2) 
 
 

where A(i,j,4) is the sub-cell 4 of the element A(i,j); 
NB(i,4) is the node balance of the i-th row, related 
to i-th component respectively, calculated on the 
fourth link. Then, analyze these cases: 
- If NB(i,4) > 0 à component i is a generator; 
- If NB(i,4) = 0 à component i is a transit node; 
- If NB(i,4) < 0 à component is a dissipator / 

heat sink / other passive element. 
2. Verify the presence of Force link if element A(i,j,4) 

is enhanced, in order to support a deeper 
reasoning about a consistent functional net: 
- If A(i,j,4) = value AND A(i,j,1) = 1 à ok,  
        else check functional net. 

α(S)* = min α(S) 

       n 

D(h) = ∑ Ii(h) 
      i=1 

                       n+2 
NB(i,3) =  ∑A(i,j,3) 

                    j=1 

 

          n 

α = ∑ A(i, j, 3)     
      i=1  

                        n+2 
 NB(i,4) =  ∑ A(i,j,4) 

                     j=1 
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3. Analyze Ω2 (j=n+2) and calculate the sum of terms 
with positive sign (+) related to energy link (k=2): 

 
 
                                (3)                                    

 
 

4. Repeat step 1, 2 and 3 for a number r of solutions  
found. 

5. Select β(S)* as best solution: 
                                  
                             (4) 
 

where β(S) is the total value of energy losses 
connected to the generic product configuration S 
and β(S)* is the minimum value of β(S), calculated 
among the all configurations found. 

5 Case study 
The methodology has been applied to a micro-gas 

turbine. The device is used mainly for electric power 
generation in several contexts, moreover it is widely 
used also for cogeneration purposes. In the present 
case study, assessment is conducted on two micro-
turbines having the same power class, but some 
differences in terms of components. 

Device architecture is represented in a functional 
network and processed with an A-DSM. The case study 
is focused on the evaluation of energy and material 
flows, furthermore, the presence of force contacts is 
checked. In the A-DSM of the present case study, 
energy is expressed in kJ/kg and kilowatts (thermal, 
electrical, mechanical); material flow is expressed in 
kg/sec; force link is indicated with a binary value, 
whereas signal links are not provided in this specific 
representation. 

5.1 Application and results 

The analysis evaluates energy and material output for 
two configurations of the same device. A low level of 
detail it is assumed, but it is enough to enhance the 
flows of interest. The links represented are the follows: 

- air, water, fuel, combustion gases (material); 
- specific heat; thermal power, electrical power, 

mechanical power (energy);  
- force contacts. 

It is possible to evaluate first turbo-gas schema. The 
device, in this case, includes five components: 

- one air compressor (A). It pressurizes the air 
supply to the pressure required by the turbine; 

- one air heater (B). It recovers part of the heat 
energy contained in the flue gas in order to 
heat the air to be sent in a combustor unit; 

- one combustor (C). It makes the combustion of 
gas supply according to reports of excess air; 

- one turbine (D). It expands the gases 
produced by combustion and generates 
mechanical energy by the rotation of its axis; 

- one electrical generator (E). It generates 
electricity at low frequency by means of a 
static converter and an inverter. 

Component A compresses the air flow in input, which 
is heated by component B. The air from B and 
pressurized fuel (in input by outside) arrive in C for 
combustion that produces gases to be sent in turbine D. 
Here, the turbine produces mechanical power for 

electrical generator E that converts it in electrical 
energy (155,8 kWe). Some Combustion gases exit from 
D with a lower specific heat and return in heater B, 
which release 0,821 kg/sec of gases, which 
corresponds to 190 kWth of thermal power not 
employed. 

The representation below shows energy, material and 
force connections among components. Functional net 
can be modeled as represented in figure 5. 

 

Fig.5  Functional net of the first micro-gas turbine (S1) 

 
Then, the product schema is subjected to system 

decomposition by the Augmented DSM in figure 7 
(DSM 1). 

Analyzing column Ω2 in figure 7, we can estimate 211 
kW of thermal energy losses, related to the air heater B 
(in fact thermal power of gases can not be used directly 
without a recovery system), and 8,2 kW derived by the 
inefficiency of the electric generator (only 5%). Material 
(α) and energy (β) outputs are calculated as follows: 

- α = 0,821 kJ/kg; 
- β = (190 + 21) kWth + 8,2 kWe = 211 kWth + 

8,2 kWe. 
The result of solution 1 (S1) shows that β is not a 

single value, because it is composed of two different 
energy type, then quantities remain not summed. Index 
α reveals only one flow of gas emission that can not be 
re-used. 

 

Fig.6  Functional net of the second micro-gas turbine (S2) 
 
In second solution, a heat recovery system (F) is 

added to the turbo-gas schema, then the device will 
include six components. Component (F) is a recovery 
unit that produces hot water and steam at low pressure 
(see figure 6). Analyzing column Ω2 in figure 8, we can 
estimate 69 kW of thermal energy losses related to the 
recovery system, and 8,2 kW derived by the electric 
generator, then α and β are: 

- α = 0,821 kJ/kg; 
- β = 69 kWth + 8,2 kWe.  

In this new solution S2, the gases expanded by the 
turbine D acquire more energy and, passing in the 
heater B, arrive in F, where energy and water flow 

          n 

β = ∑ A(i, j, 4)     
       i=1  

β(S)* = min β(S) 
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became suitable for a civil or industrial use. The 
material quantity in output remains the same for both 
configurations of the gas-turbine. 

Finally, it is possible to compare the solution S1 with 
the second S2: 

- Min [α(S1) ; α(S2)] = α(S2) = α(S1) 
- Min [β(S1) ; β(S2)] = β(S2) 

The solution S2 is the most sustainable in terms of 
energy consumption. 

6 Conclusions 
The main attempt of the present paper has been to 

formalize early environmental assessment activity using 
a DSM. The whole methodology has, as result, a 
codified grammar that could aid designer in an early 
product evaluation. 

More focus should be done in the environmental 
assessment of components that, at the early stage, are 
only rough defined and many variables should be 
considered.  

The proposed procedures can be considered a first 
step towards a formal schema with which operate for 
this kind of problem.  

The authors hope to have given a contribution in the 
vast field of design methods and sustainable product 
development. 
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Fig 7 Augmented DSM  related to first functional net (S1) 

 

 
Fig 8  Augmented DSM  related to second functional net (S2)
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Abstract 

This work follows from an application of Triz theory to an engineering problem. The mounting 
and positioning of a logo-structure on the ship funnel, which seems to be a simple technical 
problem, might lead instead to a significant number of aesthetic, structural and shipyard 
organization problems. After a careful examination of the various solutions proposed, it was 
decided to analyze it by means of Triz methodology. 
The analysis of technical reports and thanks to some works related to this field, we have 
obtained the solution of the problem with the help of software specifically devoted to 
organizing and managing information. This obtained solution has been used and tested in an 
European shipyard for a concrete shipbuilding problem. 

1 Introduction 
In recent years, the shipbuilding industry has reached 

one of the highest quality standard comparing with other 
sectors, thanks to the evolution of design techniques and 
the introduction of design software. 
However, still some unexpected cumbersome problems 
arise when dealing with challenging singular ship stuff 
constructions. In the realization of a large ton ships, 
especially in building some dockyard parts, there appear  
many solitary problems mostly solved thanks to the 
operators experience. 
In this work, a real problem from the many dockyard 
constructions is selected and an optimal solution is given 
by using a modern design methodology based on Triz 
Theory[10,12]. 
By examining some anomalies arisen during the 
construction and assembly, we have focused on the 
problem of positioning and fixing the shipping company 
logo on the ship funnel. This apparently trivial operation, 
has been responsible for a significant delay in the 
realization of the ship, because the usual technical 
solution didn’t consider some logo’s structural problems. 
In the following we will propose the solution of this 
problem by using Triz Method. 

 

2 Triz theory 
Triz theory uses a systematic approach to solve any 

problem from a common base. That method is eligible to 
transfer solutions from a field of science and technology 
to another one. The typical pattern is shown in Figure 1 

 

 

Fig. 1 TRIZ Method[7]. 

 
Sometimes the designer, for a "psychological inertia" 

or for an insufficient knowledge, doesn’t find the right 
steps to find the solution to the problem. To overcome 
these difficulties, TRIZ methodology uses the abstraction 
of the problem, based on a model that provides a range of 
problem-solving principles from which comes out the 
better solution. The TRIZ methodology shows that the 
suitable solutions come out when the designer can 
overcome the compromises generally accepted as 
inevitable constraints. Instead it’s right identification and 
the overcoming of the contradictions that lead to adopt 
compromises which give us innovative and effective 
solutions. The contradictions are the main points of the 
Triz theory. Expressing a good contradiction allow us to 
reach the focus of the problem and to find the best 
solution quickly. If there aren’t any contradictions the 
inventive problem doesn’t exist it isn’t necessary to use 
the Triz method. 

The theory is based on 39 engineering parameters to be 
considered in the design stage, thus carry out a matrix 
with 39 rows and 39 columns. In that matrix the 
intersection of a parameter with the remaining 38 gives 
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rise to inventive principles. These principles are 40 and 
usually overcome the contradiction and solve the 
problem. They are simple, obvious and not debatable.[8-
12] 

 

3 Analysis of shipbuilding solutions 
In the search of methodologies, concerning the 

design, have been analyzed several publications in the 
naval field. By analyzing these papers it has been 
immediately carried out that every author has proposed a 
specific solution to a specific naval problem [1-6]. This 
statement is evident but we can note that we have the 
same kind of problems recurrently. In particular, this we 
have seen it, after a bibliographic research in the ship 
design where we have classified the various types of 
solved problems.  

It’s important to note that in a field where the 
designer works on a large ton ships there aren’t any 
design methods that can automate or optimize the design. 
For example to realize a medium-sized ship it takes about 
12 months, but part of this time is spent in the search for 
solution of tolerance problems, such as the non-
synchronism of the worker teams. Infact, just a little 
mistake, during the design phase, implies a change in a 
specific area that can take up to 10 working days. The 
design error is solved closely thanks to the operators 
(carpenters and engineers) experience who are in the 
shipyard. Therefore it would be natural to think about the 
prevention of such mistakes, but this is not a simple task 
because many variables have to be consider. This is an 
example of the problems that usually happen during the 
construction and assembly.  

The idea to solve these problems is to apply the Triz 
method in that field analyzing the contradictions and 
finding the right inventive principles suitable for our case 

 

4 Case study 
Let us consider the positioning and fixing the shipping 

company logo on the ship funnel (see Fig. 2). 
 

. 

Fig. 2 Ship funnel. 

As we can see from the dimensions shown in Figure 2 
the most evident engineering problem is the lifting up the 
object. The logo is made by aluminum and it has a very 
high arrow (Fig 3). Even if the only problem would be 
represented by the weight load, it is very hard to lift the 
object directly along with the vertical also because it has 
been assembled horizontally. Therefore, we have tried to 
solve this problem by using the Triz method. 

 
 

Fig. 3 Logo. 

 
During the preliminary design step, it has been 

estimated that the aluminum rods to be used have 
dimensions 80 mm wide by 6 mm thickness, these bars 
were cut to be placed along the contour of the figure; In 
order to fix the bars over the logo there were necessary 
some weld beads of 5-6 cm length every 30 cm on both 
sides (Fig 4). 

 

Fig. 4 Weld beads positions. 

 
However, the design was wrong, because the wings of 

the structure were too long to be held in the right position 
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by the bars because only the force of gravity was flexing 
the frame. Furthermore, the welding spots were too close 
each other, so there was an increasing of the costs for the 
welder and a significant deformation of the logo due to the 
high temperatures generated in the material (Fig. 5). 

 

Fig. 5 Deformation points 

 
To find a better solution we have applied the Triz 

theory. After the examination of the complete list of 
contradictions (totally 39), we have chosen the following 
ones: 

 
- Weight of the moving object; 
- Length of the moving object; 
- Area of the moving object; 
- Shape; 
- Strength. 

 
From the examination of the contradictions matrix we 

have a number of general solutions which are called 
“inventive principles”. We usually have three or four 
principles every intersection. In figure 6 it’s shown an 
intersection of the contradictions, “weight of the moving 
object’ and ‘area of the moving object’ that give us four 
inventive principles. 

. 

 
Fig.6 Table of contradictions (Tennant 2003). 

 
Analyzing these inventive principles, that are carried 

out from the matrix, after the intersection of all 
contradictions chosen, it has been made a selection, 
because some of them didn’t fit well to the dynamic 
design of the problem. 

The selected principles are reported as follow:  
 

- Local quality: when a system is uniform and 
homogeneous to make it uneven; change things around 
from  non-uniform to uniform system; allowing each party 

system works best locally; allowing each part of the 
system to perform various useful functions. 

 
- Asymmetry: where a system is symmetrical and 

contains lines of symmetry change into an asymmetric 
system; change the shape of an object to suit external 
asymmetries; if an object is asymmetrical increase the 
degree of asymmetry. 

 
- Merging: bring closer together (or merge) identical or 

similar objects, assemble identical or similar parts to 
perform parallel operations. 

 
- Anti-weight: when the weight of an object causes 

problems, combine it with something to counterbalance. 
 
- Preliminary action: Perform, before it is needed, the 

required change of an object; Pre-arrange objects such 
that they can come into action from the most convenient 
place and time. 

 
- Another dimension: To move an object in two- or 

three-dimensional space; use a multi-story arrangement 
of objects instead of a single-story arrangement; Tilt or re-
orient the object, lay it on its side. 

 
- Parameter changes: change an object's physical 

state; change the concentration or consistency, change 
the degree of flexibility; change the temperature; change 
the pressure. [10] 

 
By merging all the information, it has been developed a 

solution which uses a temporary support structure; 
Observing the different possibilities of logo positioning, it 
has been seen that was possible to fix the logo to the 
funnel by some “C”-shape iron brackets. These brackets 
were bolted to the logo and were welded to the funnel. 
The temporary support structure was made up of three 
bulbs of iron spot-welded on the brackets that would later 
be easily removed with the aid of a flap disc. 

After a careful analysis of all features, which 
characterize this logo, we agree to use some structures 
set diagonally behind the object. See detail in the 
following figure (fig.7). 

 

 

Fig.7 Final solution. 

5 Conclusion 
The Triz method has been chosen to solve an old 

problem with a different and innovative approach. By 
using Triz method it has been shown that heuristic 
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methods are the natural evolution of a theory into 
systematic problem solving design and construction. The 
case study is certainly an example where the lacking of 
experience on the problem solutions has suggested a 
new approach, although the system was highly complex. 
We believe that this method is applicable to various 
technical fields of design and construction, which up to 
now were ruled by more classical methods 
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Abstract 

The development of a navigation system to provide information of the environment is a 
significant progress in the daily living of blind and visually impaired people. This document 
introduces a project whose objective is to provide the distances up to the objects that are 
present in a scenario, combining the information captured by two stereo cameras and using a 
tactile sensor array to represent the image by means of the surface that will be touched by 
the visually impaired person. So, on the one hand, the device integrates the image 
processing algorithms capable of obtaining the depth maps from which we extract the 
distances up to the objects of the scene. On the other hand, the information extracted by the 
image processing algorithms is shown to the blind user by means of a “tactel” (an array of 
tactile elements in which each one is equivalent to a pixel of the image scenario), so different 
depths will be detected and represented. In addition, the stereo cameras will be integrated 
over a pair of sun glasses, in order to facilitate the way that the visually impaired person can 
wear them. 

1 Introduction 
The human eye provides a rich and complex set of 

information about the surrounding environment such as 
the position, volume and other properties of the objects 
[1]. Without visual information people suffer many 
inconveniences in their daily and social life, mainly when 
they try to find their way in the environment. 

Nowadays, white cane and seeing-eye dogs are widely 
used as walking support for blind people [2]. Usual routes 
for a certain user can be reached with the traditional white 
canes and guide dogs [3]. Nevertheless, for new unknown 
destinations the limitations of these aids become clear [4]. 
The traditional white cane is the simplest example of a 
visual sensory substitution device, which gives the 
information about near objects to a blind person. 
However, the range of obstacle detection with a white 
cane is very limited in comparison with the vision. The 
information obtained is very poor in temporal and spatial 
resolution. The error is extremely high. Therefore, the 
necessity to detect possible obstacles with a high 
precision, in near and far area, for total and partially 
sighted people, becomes crucial. 

The development of fast and economic digital 
electronic and sensory devices has opened new 
pathways to implement new and sophisticated 
equipments, in order to help the humans in their everyday 
life [5].  

Remarkable work and advances have been made in 
the development and technical optimization of assistant 
systems for the visually impaired. Various successful 
results have been achieved with electronic eyes implants. 
Nevertheless, many problems remain when representing 
the real-time information that is changing around the user. 

 A variety of electronic travel aid systems, offering 
different levels of environmental information, using 
different types of sensors (such as video data acquisition), 
and focused on sound and/or tactile representation have 
been developed [6, 7]. Moreover, technologies such as 
Global Positioning System (GPS) [8] and Geographical 
Information Systems (GIS) are being researched for 
macro-navigation [9]. Moreover, systems under research 
that are based on the use of ultrasonic waves, as Sonic 
Vision and Laser Cane [10], display images by differences 
in frequency pitch and volume, using speaker array and/or 
using stereophonic effects [11]. 

In this sense, it must be remarked that to elaborate a 
good infrastructure enabling impaired users to easily 
understand the circumstances in their surroundings, a 
device which will not interfere with the sounds coming 
from the environment such as traffic signals bumps, etc. is 
required [12].  

In this context, we present a project whose objective is 
to provide blind and visually impaired users a tactile 
representation of the scene that is in front of them. Thus, 
we propose to provide distances up to the objects by 
means of a “tactel” (an array of tactile elements) that will 
be automatically pressed or not depending on the current 
distance to objects. This way, the blind user will touch the 
tactile screen, obtaining information of the shape and the 
distance up to the objects that are present in from of him. 
Information about distance to objects will be obtained by 
processing two stereo images by means of algorithms to 
calculate depth maps (i.e. we will reconstruct three-
dimensional information from two images –that each one 
provides two-dimensional information). 

Moreover, in order to facilitate the way that the visually 
impaired person will transport the prototype of this project, 
all the devices will be as small and light as possible. 
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This paper is organized as follows. Section 2 will 
describe the tactile elements that will be used to provide 
the depth information of the scene to the blind user. 
Section 3 will introduce the stereo cameras and the image 
processing algorithms that will be used in order to obtain 
a representation of the different depths of the objects of 
the scenario. Section 4 will describe the communication 
processes between the stereo cameras and the tactile 
elements. It will also describe the interface used to 
communicate with the final user. Finally, Section 5 will 
draw the conclusions of the work presented.   

2 Tactile array elements 
 

2.1 What is a Tactel? 

To be easily and intuitively explained, we could say 
that a Tactel is, to the sense of touch, what a pixel of an 
image is to the sense of vision.  

A computer or laptop screen is composed by an array 
of N rows and M columns. Its resolution increases as long 
as the number of pixels of the rows and columns 
becomes higher (it is common to use arrays of 3x3 pixels 
for each millimetre of the screen). 

A Tactel screen will also be an array of N rows and M 
columns of tactels. However, we have to take into 
account that we cannot detect 3x3 tactels for each 
millimetre (as in the usual screens), since each tactel  
needs a space to work properly. For example, to 
represent Braille characters using tactels we have to keep 
a distance of around 2 millimetres between tactels to 
facilitate the way that they mechanically work. 

 

2.2 All/nothing actuators and lineal actuators 

To move each tactel of the screen that the blind user 
will touch, it is necessary the work of an actuator. An 
actuator is a piece that rises up or puts down each tactel 
element.  

In the case of the existing tactel screens used to 
represent Braille characters, the actuators used to move 
them are called all/nothing actuators. This means that the 
tactel element has only two possible positions, up or 
down, with no possibility to situate it in an intermediate 
height. 

All/nothing actuators are typically made of a small 
electromagnet with a spring. When the electromagnet is 
activated, the spring moves the tactel element to the 
maximum height (up). When the electromagnet goes off, 
the tactel element is put down to the initial position 
(down). 

Another type of actuators are those ones called lineal 
actuators. In this case, its working mechanism is much 
more complex, since its control is not mechanical but 
electrical. 

Lineal actuators typically employ an engine that can 
turn a screw, creating a lineal displacement. Moreover, 
lineal actuators can stop at any position of their length, 
making possible to provide different elevations to the 
tactel element (not only up or down positions). Figure 1 
shows a picture of an electrical microengine that can be 
used to move a tactel element. 

 

 

Fig. 1 Electrical microengine. 

2.3 Actuators chosen for this project 

All/nothing and lineal actuators both present 
advantages and disadvantages in the integration of a 
project as the one that is described in this paper. 

All/nothing actuators are very popular, since their 
control is mechanical (not electrical) and their cost is very 
low. However, they can only provide two positions to the 
tactel element (up or down), so this hampers we can use 
them in this project (since we need the possibility to 
indicate different depths of objects by using different 
heights of the tactel elements). 

Lineal actuators can provide larger displacements and 
the possibility of situating the tactel element at different 
heights, making them the most suitable option for the 
prototype we want to develop. Thus, if we use a matrix a 
tactel elements that work by means of lineal actuators, we 
could represent a relief of the scene that is in front of the 
user by situating at lower heights more distant objects and 
at the maximum height the nearest objects. Nevertheless, 
using lineal actuators presents the disadvantage of 
needing a more complex control, which results in a higher 
cost. 

3 Stereo vision system 
 

In order to obtain the information of the scenario where 
the visually impaired user is moving along, two small 
stereo cameras will be part of our project. 

As one of the objectives of the project is to integrate all 
the devices in a prototype as small as possible, we will 
use two micro-cameras that will be situated over a pair of 
sunglasses. This way, the device could be easily worn by 
the blind user. 

The image processing block will consist of the capture 
of two stereo images, in order to reconstruct the depth 
information of the objects that are present in the scene by 
means of processing the disparity between the left and 
the right stereo images. 

Disparity can be defined as the difference between the 
pixels location in left and right images. As it occurs for our 
human vision system, we appreciate more differences 
between what our left and right eyes perceive in location 
for objects that are near to us than for objects that are 
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farther. So, similarly to this, disparity in stereo images 
increases as long as objects are nearer to the cameras, 
and decreases when objects are situated at higher 
distances.  

There is a lineal relation between disparity and depth. 
High disparities imply short distances and smaller 
disparities refer to larger distances (larger depths in depth 
maps). 

There are several algorithms to estimate depth maps 
in the state-of-the-art. We will need an algorithm that 
provides depth maps with accurate information of the 
shape of the objects and the depth at which they are 
located. We also need that it can be processed in real-
time, with the lowest computational cost possible. So, we 
will choose the most appropriate algorithm according to 
the requirements of the system.  

In Figure 2 we show an example of left and right 
images captured by the two stereo cameras and a depth 
map obtained by processing the disparity information. 

We can observe that in the depth map the distance 
information is provided by using different grey levels. So, 
all the pixels corresponding to an object have the same 
grey level, which is associated to a certain depth. 

4 Communication between stereo 
cameras and Tactel elements 

In Figure 3 we show the communication processes 
between all the devices involved in this project. 

The aid navigation process will start when the stereo 
cameras capture two images of the scenario that is in 
front of the blind user that is wearing the project 
prototype.  

Then, stereo images are the input information of an 
algorithm that estimates the disparity between the two 
images and associate each different disparity to a 
determined depth.  

Once we have the depth information of all the pixels of 
the scene, it is sent to the array of tactel elements. This 
way, each one of the linear actuators rises up a different 
displacement, which makes that each tactel element 
associated with each one of them is situated at a different 
height.  

We will send the information of groups of pixels with 
the same depth to each tactel element. Thus, we will save 
in the number of tactels and actuators that will be 
necessary in our system. This is very important in order to 
facilitate the size of the array of tactels, its portability and 
the duration of the batteries that will provide energy to all 
the components of the system. 

Finally, we will have a tactile relieve image where each 
object of the scene will be represented by means of 
different tactel elements at the same height, recreating a 
special 3D image (what is the final user interface). This 
3D image is the output of the presented system (the 
interface that will interact with the blind or partially sighted 
user). 

The visually impaired user will touch it and will get 
information about the shape of the objects of the scene, 
their height, their relative position in the space, and the 
distance at what they are located.  

 
 

 
(a) 

 
(b) 

  
(c) 

Fig. 2 (a) Example of image captured by the left stereo 

camera. (b) Example of image captured by the right stereo 

camera. (c) Depth map obtained by processing the two 

stereo images. 
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Fig. 3 Communication between modules in the project. 

5 Conclusions 
 

In this paper we have presented a project whose 
objective is to create a navigation system to aid visually 
impaired people to get information of their environment. 

The project consists of the combination of the 
information obtained by a pair of stereo cameras, which is 
processed in order to obtain a two-dimensional image 
with information of the distances to the objects of the 
scene (what is called depth map). 

The depth map information is sent to a tactile array, 
composed by tactel elements. This way, each tactile 
element will present a different height, according to the 
real distance at what the object that it represents is 
located.  

All the processes involved must run in real-time to 
provide information of the current objects present in the 
scene. Moreover, another challenge of the project is to 
implement all devices in hardware elements that must be 
as small, light and portable as possible, in order to disturb 
as less as we could the daily live of the visually impaired 
person.  
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Abstract 

 
Many fashioned leather goods are characterized by seamless but visible edges, finished by 
means of time-consuming iterative processes involving edge grinding and subsequent 
dyeing. In the last years great efforts have been made by scientific and technical community 
to automate many leather manufacturing processes; therefore, the need to carry out manually 
the edge dyeing procedure represents a bottleneck for the entire leather finishing process. As 
a consequence the development of an automated dyeing procedure is advisable. The main 
purpose of the present work is to describe a Machine Vision based system for automatically 
dyeing leather patch edges. Such a system comprises two main parts: a Machine Vision (MV) 
system devoted to leathers edge detection and a CNC painting pantograph (2 axis Cartesian 
robot) whose painting tool is moved according to the output of the MV apparatus. The 
developed system, tested on a prototype dyeing machine, proved to be effective in delivering 
high quality edge finishing. 

1 Introduction 
Fashioned leather goods such as handbags, 

leatherwear, luxury briefcases, travel bags, purses, 
wallets and leather diaries are usually branded by 
seamless but visible dyed edges whose visual 
appearance represents a key issue in terms of quality 
grading; a high-quality leather product has to be 
characterized by homogeneously coloured and shaped 
edges with uniform ink thickness as depicted in Fig. 1.  
 

 

Fig. 1 Leather patches featuring black dyed edges.    

Usually, edge dyeing of leather patches is manually 
performed using particular grinding-polishing-dyeing 
machines involving time-consuming iterative finishing 
processes.  

The recent trend towards unsupervised machining 
centers, equipped with properly developed controllers, 
encourages companies working in the field of leather 
finishing to provide themselves with tools for automatic 
edge leather dyeing.  

 In the last years great efforts have been made by 
scientific and technical community to automate many 
leather manufacturing processes by using Machine Vision 
(MV) systems, especially for leather inspection and 
classification, for nesting, cutting and gluing processes. A 
machine-vision-based approach for grading leather hides 
for footwear industry is proposed in [1]; tools for 
automatically inspecting leather surfaces have been 
proposed so far in [2 – 7] with the aim of detecting scars, 

mite nests, warts, open fissures, healed scars, holes, pin 
holes, and fat folds. Such features are investigated, by 
using statistical or other computing techniques (e.g. 
neural networks (NNs), fuzzy systems (FSs) and support 
vector machines (SVMs)) [8, 9].  

LASER and water jet cutting machines  are widely 
employed [10]; generally speaking, such machines 
comprise a table where the leather is arranged and a 
cutting station provided with the cutting device. Both 
systems may be, substantially, defined as CNC machines 
which process 2D leather CAD sketches providing the 
proper cut path. These systems overcome the limitations 
of classical leather cut, usually performed by means of 
pneumatic presses which set on metallic dies manually 
positioned by the operators. Some systems have also 
been devised in order to help manual edge dyeing; such 
systems distribute the ink on a cylinder so as to provide, 
steadily, the right proportion of ink while the operator 
properly move the leather patch.  

Unfortunately, even when systems like the one 
mentioned above are used, edge dyeing procedure is, still 
today,  manually performed by human operators; a skilled 
operator will pay close attention to grinding and dyeing 
performance particularly when a new combination of tool, 
material and colors are being tried. However, since dyeing 
process may be repetitive and time-consuming, the quality 
of obtained product highly depends, not only on operator 
expertise, but also by ensuing fatigue and inattentiveness. 
Therefore, the need to carry out manually the edge dyeing 
procedure represents a bottleneck for the entire leather 
finishing process. 

As a consequence, the development of an automated 
process for free-form leather edge dyeing would be 
extremely useful since it could allow a considerable 
reduction of processing time and higher quality edge 
finishing.  

The main objective of the present work is to provide a 
system for automatically dyeing leather patches’ edges.  

Such a system comprises two main parts: a Machine 
Vision (MV) system devoted to patches’ edges detection 
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and a CNC painting pantograph (2 axis Cartesian robot) 
whose painting tool is moved according to the output of 
the MV apparatus. Some of the advantages of the 
devised system are: it is a more reliable process when 
compared with manual process; it is automatically 
performed (operators only have to place the leather 
goods on the plane, thus avoiding problems that arise as 
a result of using manual operations); it can result in lower 
labour costs an d faster dyeing.  

2 Machine Architecture 
The devised automatic dyeing machine comprises the 

following main parts:  
1) a CNC painting pantograph (2 axis Cartesian 

robot) whose painting tool, which has been 
appositely devised for the specific application, is 
moved according to the output of the MV 
apparatus (see Fig. 2). 

 

 

Fig. 2 Machine architecture.    

2) a Machine Vision (MV) system consisting of both 
illumination and high resolution acquisition 
devices (camera), which allows to acquire 
images of a number of leather patches disposed 
on the pantograph working plane. Such images 
are processed by means of image processing-
based algorithms in order to detect the patches’ 
edges to be dyed.  

2.1 CNC painting pantograph 

The main aim of the CNC painting pantograph is to dye 
leather patches once patch edges are detected by the MV 
system. This system is composed by a frame supporting 
a working plane where the patches are disposed and hold 
in position by means of an appositely designed vacuum 
system. In detail, an aspiration chamber is attached to the 
lower side of the working plane. De-pressure is assured 

by a vacuum pump controlled by a microprocessor (see 
Fig. 2).    

The plane (size 400 mm x 300 mm)  has been built by 
means of a Rapid Prototyping machine, namely by 
Dimension FDM (see Fig. 3); the holes are necessary to 
let the aspiration air flow to hold in position the leather 
patches.  
 

 

Fig. 3 Working plane.    

The working plane is painted with a fluorescent ink as 
shown in Fig. 4; when opportunely illuminated, for 
instance by means of a U.V. light, the ink produces a 
diffuse and uniform light, in visible range, across its entire 
surface. This illumination system allows to highlight the 
differences between leather patches (objects of interest in 
digital images) and support plane (background). 

 

 

Fig. 4 Leather patch lying on the fluorescent working plane.    

Attached to the plane external frame, a two axes CNC 
pantograph allows the movement of the painting tool by 
means of two stepper motors (see Fig. 5).  
 

 

Fig. 5 Two axes pantograph.    

The painting tool has undergone a large series of 
modifications, since its design is crucial in order to obtain 
the desired dyeing. In its final version it is made of a conic 
tip housed by a tank containing a quantity of water-based 
ink. Due to the high viscosity of the ink, a compressed air 
circuit has been used with the aim of providing, during 
painting phase, an adjustable pressure to the tank, thus 
allowing tip soaking (Fig. 6).  

 

d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d fafafafafafafafafafafafafafafafafafafafafafafafafafafafafafastststststststststststststststststststststststststststststststerererererererererererererererererererererererererererererererererererererererer d d d d d d d d d d d d d d d d dyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeyeininininininininininininininininininininininininininininininininininininininininininininininininining.g.g.g.g.g.g.g.g.g.g.g.g.g.g.g.g.g.g.g.g.g.g.
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Fig. 6  Conic tip architecture.  

The two X-shaped ink ducts assure that the entire tip 
surface is properly fed during the dyeing process and no 
ink accumulation occurs. In Fig. 7 the painting tool is 
shown in its final form. In order to provide a proper edge 
finishing the tip must run close to the patch edge without 
actually touching it. The acceptable distance between the 
tip and the patch has been experimentally determined 
and resulted to be comprised between 0.1 and 0.4 mm 
(0.1 mm is the optimum value). A lower distance leads the 
painting tool to ink leather patch upper surface; a greater 
distance does not allow to properly ink edges. 

 

 

Fig. 7  Painting tool. 

2.2 Machine Vision system 

The MV system is required to automatically identify a 
series of leather patches placed on a plane. Due to the 
optimum distance value mentioned above between the 
painting tool tip and the patch edge, a spatial resolution of 
at least 0.1 mm/pixel was initially sought for the MV 
system.    

Image acquisition is performed by means of a high 
resolution commercial camera which is placed above the 
plane at a distance of approximately 1500 mm. This 
distance is necessary to minimize the error induced by 
the fact that, due to central projection, upper or lower 
patch edges cannot be distinguished during acquisition. 

In Fig. 8 are shown 2 different camera positions. In 
particular, the camera shown in Fig. 8a is placed above 
the plane at a distance equal to ¼ of the camera shown in 
Fig. 8b. As can be seen the greater is the distance the 

lower is the edge detection error due to the projection of 
the upper edge on the working plane. 

 

 
(a) 

 
(b) 

Fig. 8  Projection error related to camera position distance 

from image plane.     

Using the maximum allowable resolution of the camera, 
the spatial resolution resulted to be approximately 0.2 
mm/pixel that is sufficiently close to optimum value of 0.1 
mm. The camera is connected to a PC by means of an 
USB 2.0 port and the images are managed by using  a 
Graphical User Interface (GUI) appositely developed in 
Matlab® environment. 
The entire system is enclosed into a sealed cabin as 
shown in Fig. 9, in order to provide a totally light controlled 
acquisition environment.  

 

 

Fig. 9  Dyeing machine external cabin.     

3 Method 
Beyond the development of an effective painting tool 

(described in section 2.1), the main tasks confronted in 
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the present work are related to the extremely high 
accuracy required in the detection of leather edges in 
order to obtain a high quality dyeing. Detection accuracy 
is affected by camera lenses distortion; moreover the 
possibility of processing a number of leather patches with 
a single image acquisition must be assured. Therefore, 
the devised system includes 1) a camera calibration 
method capable of compensating the optical distortions 
caused by camera lenses, 2) an edge detection algorithm 
able to detect leather borders and 3) a “path algorithm” to 
guide the painting tool movement. 

3.1 Camera Calibration 

As widely known [11], camera calibration, often 
referred to as camera resectioning, is the process of 
finding the true parameters of the camera that produced a 
given image.  

Accurate camera calibration and orientation 
procedures are a necessary prerequisite for the extraction 
of precise and reliable metric information from images. 
Usually a camera is considered calibrated if the principal 
distance, principal point offset and lens distortion 
parameters are known.  

The main issues to be faced are: 
- to compensate the effects of lens-induced image 

distortions; 
- to establish a bi-univocal correspondence between 

the image coordinate system and the Cartesian 
pantograph one. 

3.1.1 Compensation of distortion 

With reference to the first issue, distortion 
compensation may be carried out by means of a flat 
calibration pattern [13]. Such a pattern is randomly moved 
near the working plane so as to be acquired by the 
camera. Practically, a set of 20 images of the calibration 
pattern in different positions is acquired.  

As described in Section 3.1.2 the last acquired image 
is obtained positioning the pattern perfectly lying on the 
working plane and with its edges coincident with the CNC 
axis. 
Let iP  be a generic 3D point (of the pattern) whose 

coordinates are described by a vector ],,[ cicicii zyxP =  in 

the camera reference frame as shown in Fig. 10.  
As widely known, the projection of point iP  onto the 

image plane p , taking into account lens distortion (both 
tangential and radial ones), is described by a vector dX : 

 
                       )()( ntnnrd XXXX Á+×Á=                        (1) 

 
Where, in the simplest case of a 2th order radial 
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Vector ck contains both radial ( 1,ck  in this case) and 

tangential ( 4,3, , cc kk ) distortion coefficients.  

As a consequence, it is possible to state a correlation 
between each pattern point projection on the image plane 

dX  (referred to the camera) and its final coordinates in 

pixel pX  with respect to the image plane coordinate 

system: 
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Defining KK as the camera matrix [12-13]: 
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(where 1,cf  and 2,cf  are the focal distance - a unique 

value in mm - expressed in units of horizontal and vertical 
pixels; 1c  and 2c  are the coordinates of the image 

principal point; the coefficient ca  encodes the angle 

between x  and y  sensor axes) it is possible to rewrite 

eq. 3 in the following matricial form:  
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Since calibration pattern is characterized by known 

geometric entities (for instance in the present work the 
pattern is a checkerboard with 29x17 checkers with  20 
mm edge length), calibration procedure, accomplished 
according to [13], allows the estimation of ckf cc ,, and ca  

(so called “intrinsic calibration parameters”).  
 

 

Fig. 10 Camera reference and calibration planes.    

Practically, camera calibration has been performed 
using Camera Calibration Toolbox for Matlab, which 
heavily relies on previous work by Zhang [14]. 

Obviously, calibration procedure is affected by 
uncertainties on the assessment of such parameters. In 
order to calibrate with a sufficient accuracy an extensive 
experimental campaign was carried out to determine the 
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suitable characteristics of calibration pattern. According to 
the results, such a pattern was built to respect the 
following specifications: 
- maximum flatness error equal to 0.5 mm; 
- maximum error in absolute position of a single 

checker corner equal to 0.1 mm.  

3.1.2 Bi-univocal correspondence between image 
plane and CNC machine reference system 

Once camera parameters are known, a bi-univocal 
correspondence between the image coordinate system in 
pixel ( pX ) and the Cartesian pantograph one ( jX ) can 

be derived in order to allow the painting tool movement 
along patch edges.  

This may be straightforwardly obtained by means of a 
further calibration step by using the last acquired image.  
Placing the calibration pattern perfectly lying on the 
working plane and with its edges coincident with the CNC 
axis, it is possible to evaluate the extrinsic camera 
parameters (i.e. the position, in 3D space, of the camera 
coordinate system with respect to the calibration pattern), 
expressed by a rotation matrix R  and a translation vector 
T . The knowledge of both intrinsic and extrinsic 
parameters allows to establish the necessary bi-univocal 
correspondence, thereby taking into account effects 
produced by perspective distortions induced by absence 
of parallelism between image plane and CNC working 
plane.   

In fact:  
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where P is the so called perspective projection matrix. 
From eq. 6 the following scalar equations can be 

derived:
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Once the coordinates pX  in the image plane are 

known, from eqs. 7 it is possible to obtained the 
corresponding coordinates jX in the CNC working plane 

considering that such a plane is characterized by 03, =jX . 

3.2 Edge Detection 

Once lens distortion effects are compensated and the 
correspondence between the above mentioned reference 
systems is established, it is possible to acquire a high-
quality geometry image of the working plane where 
leather patches lye. In particular it is possible to detect 
leather patches edges by using a Canny edge detection 
method implemented in Matlab’s Image Processing 
Toolbox.  

As generally recognised [15], the Canny method finds 
edges by looking for local maxima of the gradient of an 
image. The gradient is evaluated using the derivative of a 
Gaussian filter (with a proper value of sigma). The 
method uses two thresholds to detect strong and weak 
edges, and includes the weak edges in the output only if 
they are connected to strong edges. The result of edge 
detection is a binary image where the edges are 
represented by pixel with value 1 and the background by 
pixel with value 0. 

 Edge detection strongly depends on the sigma value 
of the Gaussian filter and on the two threshold values. In 
the present work, in order to reduce the image 
background noise, the value of sigma has been set equal 
to 3 while the threshold values have been set equal to, 
respectively, 0.2 and 0.8. Constant threshold values 
proved to be suitable since the acquisition is performed in 
a totally light controlled environment. 

The result of Canny method application to an image of 
2 leather patches, disposed on the working plane, is a 
binary image (raster data) where edges are represented 
by unitary thickness outlines with pixel values equal to 1 
(white pixels in Fig. 11).   
 

 

Fig. 11 Edge detection results.  

  

3.3 Dyeing path retrieval 

Since the CNC pantograph needs a series of 
coordinates in order to properly move the painting tool 
along the leather boundaries, the conversion of Canny 
method results into vectorial data is required.   

In detail an appositely devised algorithm scans the 
image, row by row, starting from the upper left pixel until a 
white pixel is found. When this condition is satisfied, 
assuming that the non-zero pixel P has coordinates equal 
to pX and that it belongs to a unitary thickness outline, the 

algorithm:  

1) looks for the other two white-pixels, 'P  and ''P , 
inside the 3x3 neighborhood of the pixel itself 
(see Fig. 11); note that, since P is the starting 
pixel and the outline has a unitary thickness, 
there are always two white pixels in the 3x3 
neighborhood of P. 

2) stores the coordinates pX into a matrix pS ; 

3) sets the pixel value corresponding to pX equal to 

zero; 

4) sets 'PP = ; 

5) looks for the only white-pixel 'P  inside the 3x3 
neighborhood of P; 

6) iterates steps from 2 to 5 until the whole outline 
is “walked”. 

When an outline is completed, the algorithm seeks for 
the next leather patch by scanning the remaining image 
rows.  

Since the above procedure is performed for each of the 
outline in the image, the final result is a set of matrices pS

whose rows are the ordered x-y pairs of  leather contours. 
 These matrices are a vectorial representation of leather 

patches edges. Each matrix pS is then translated into a 

ISO G-code together with all the information (on – off 
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pressure, upper or lower tip position, etc.) required by the 
painting tool.  

4 Conclusions and future work 
A leather dyeing machine capable of automatically 

dyeing free-form patch contours has been designed and 
built. Extensive testing have been carried out in order to 
assess the reliability and the accuracy of the developed 
system.  

The machine proves to be effective in automatically 
dyeing leather contours with uniform ink thickness. Edge 
dyeing results qualitatively better than the one performed 
by human operators. By experimental measures, the 
overall accuracy in contour extraction resulted to be 
approximately 0.3 mm. This value proves to be sufficient 
for dyeing most typologies of leather patches in most of 
the possible positions on the plane. However under some 
particular circumstances, the dyeing tool does not move 
sufficiently close to leather edges to assure the proper 
inking.  

Future work will be addressed towards the accuracy 
increase of the MV system and/or alternative 
architectures of dyeing tool.  
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Abstract 

Purpose: 
This paper presents an automatic image based tool for character lines recognition of 
automotive profiles. 

Method: 
A novel Matlab program scans automotive pictures on the web recognizing the wheels and 
the main feature lines. 

Result: 
The system can scan a large dataset of existing or concept car models using image search 
engines. 

Discussion & Conclusion: 
Taking advantage of the formal topology of automotive profiles the wheels are used as main 
reference for character lines extraction. The algorithm detects wheelbase, roof, waist and 
accent line with a good level of confidence. The collected data can be used for statistical 
studies and to define the character of a car design. 

1 Introduction 
Automotive industry requires a high level of innovation 

in aesthetics in order to compete in a global market full of 
similar products. Car designers must create new forms 
which fulfil the strict constraints from engineering, safety 
and aerodynamics. This complex challenge can be faced 
only by exploring a very large number of concept designs. 
Common practice in car design is to prefer manual (pen 
or pencil) to digital and computer assisted tools. This is 
mainly due to the intrinsic freedom and ease of paper 
sketches, but also because advanced computer aided 
style (CAS) tools do not fully support designers during the 
creation activity [1]. One of the most limiting aspect in 
CAS tools is the lack of methodological and formal guides 
towards the shape character definition and analysis. 

Stylists use shapes to provide emotional reactions to a 
generic observer. They commonly use a specific 
language based on proper words and technical 
definitions. In particular, the geometrical concept of a line 
(i.e. straight connection between two segments) is 
extended to free form curves. Therefore a slightly bended 
curve is called a line with a certain amount of tension. In 
this way a car design can be expressed as a collection of 
lines. Due to the formal structure of an automotive design, 
some specific lines called “character lines“ are present in 
almost all car shapes and are easily detected by an 
expert (see Fig 1). 

This paper addresses the designers' work and in 
particular the expression of character lines. The main aim 
is to develop a novel automatic tool to acquire, recognize 
and study the character lines from automotive profiles 
images. This approach can help to develop a large 
database of old and new designs and help the 
development of new ideas by indicating the difference 
with competitors, the conformity with the family feeling 
(i.e. branding) and even to explore new trends. 

A database could be populated starting from a 
collection of digital images, available from any source, like 
internet search engines (i.e. Google). The paper is 
organized as follows: in the next section we describe the 
state of the art of automotive style and language; in 
section 3 we present the method and in section 4 we 
detail the implemented algorithms, followed by conclusion 
and future works. 

 

Fig 1. The character lines detected by the system  

2 State of the art 
Aesthetic design studies report several efforts to 

identify the links between a product shape and its 
conferred emotion [2]. These relationships have been 
analysed by scientists from different disciplines: 
psychology [3], computer science [4], design [5] and 
engineering [6]. Suggestions have been proposed to 
formalize brand identity [7], or to associate terms to a 
specific character. Experiments by Van Bremen [8] show 
the possibility to categorize products in classes sharing an 
aesthetic character terminology. 

A formalization that could be processed by a computer 
program requires the identification of the relationships 
between the geometry and its aesthetic characters. 
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Ideally, the mapping specifies those values of shape 
characteristics and the parameters that correspond to the 
design model conforming to the intention. 

Typically, a specific car character is obtained by 
modifying a “neutral car” according to the designer’s 
tastes and objectives. A neutral car is a blank vehicle 
package with the engineering characteristics: wheelbase, 
height, proportions and volumes. The designer adds 
character lines to this blank to divide the areas and 
empathize forms (i.e. sections, profiles or edges). 

The most important character lines in an automotive 
profile are: (i) the roof line; (ii) the waist (or belt) line and 
(iii) the front and rear panel overhangs (Fig 2). The waist 
line is the curve dividing the side windows and the body 
side, while the overhang is the distance between the front 
(rear) part of the car and the centre of the wheel. In 
addition one or more curves (the accent line) can be 
present just below the waist line. The accent line may be 
even a light line, i.e. a curve perceived only when light is 
reflected. In fact, it is a common habit for stylists to judge 
the surface fairness through the reflections of a light 
beam on the car body. Another important line is the 
wheelbase line which is the curve connecting the wheels. 

 

Fig 2. Main character lines of a car profile 

Cheutet et al. [1] present some examples of how the 
manipulation of these significant curves affects the car 
character. Symmetry\asymmetry of the curves and their 
inclination can influence the character (i.e. aggressive, 
sportive if steep or safe, comfort). 

The mapping of geometrical aspects of character lines 
and perceived emotions is a rather difficult task and still 
under research. A formalization of aesthetic language can 
be well supported by a computer program for automatic 
identification of character lines on a large number of 
vehicles. The main objective of our work is to help the 
acquisition of such data using a high level of automation 
and the support of the world wide web, as described in 
next section. 

3 Method 
We designed our procedure with the main objective of 

minimizing the user interaction. Our approach requires 
the execution of five different operations in sequence: (i) 
image load, (ii) wheel detection, (iii) image check, (iv) 
wheel base computation and image normalization, (v) 
character line recognition and storage. Fig 3 summarizes 
in a flowchart each step we implemented in a Matlab 
function for readability and for modularization. Each single 
function is called in sequence from the main script. 

 

Fig 3. The presented method flow-chart 

In the first loading phase the program requires as input 
a list of images in a ASCII text file (we called file list file) . 
Files can be local (e.g. hard disk working path) or web link 
(e.g. an image on company website). This second option 
is very useful to automatize the process: the user can 
launch a image search engine (e.g. Google images) with 
useful keywords such as “Lancia Y” and create the list to 
be processed. Each line of the file list file (see Fig 4 
contains the image file location with extension, the 
resolution in DPI, and the real wheel distance taken from 
car specification (i.e. producer website or technical 
magazines). 

 

Fig 4. Image list file example 

The main program reads the images from the file list 
and imports each of them into a Matlab data structure. 
The images are then processed individually by an image 
recognition algorithm which scans for wheel position and 
main character lines. All retrieved data are then stored a 
single, comma separated ASCII document. This 
document can be easily imported in Microsoft Excel for 
statistical analysis. In the following section we present in 
detail the algorithms used by the system. 
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4 Algorithms 
Car images on the web can vary in a broad range: 

picture size and DPI, exposition, point of view, 
background texture, car paint colour, rims design, etc. 
The algorithm must take advantage of the formal and rigid 
structure of a car (wheels, bonnet, trunk) and avoid 
human intervention to minimum. Two main algorithms 
have been developed: one for wheels detection and the 
second for the character lines. Both algorithms make use 
of the Hough transformation. The purpose of the Hough 
transform is to find imperfect instances of objects within a 
certain class of shapes (as happens in real images) by a 
voting procedure. This voting procedure is carried out in a 
parameter space, from which object candidates are 
obtained as local maxima in a so-called accumulator 
space. 

The classical definition of Hough transform was 
concerned with the identification of lines in the image, but 
later has been extended to identifying positions of 
arbitrary shapes, most commonly circles or ellipses. 

  

4.1 Wheels recognition 

It is common practice for stylists to use the wheelbase 
length as the reference measure in car design. In fact 
wheels are the first entities to be sketched and then the 
whole car is built around them. For this reason our 
algorithm searches the wheels position inside the picture. 
The first step is the transformation of the image in gray 
scale. Then we use the Hough transform for detecting 
circle patterns on the image. This feature is not present in 
standard Matlab libraries (it can identify only straight 
lines). We implemented the algorithm originally developed 
for on-line monitoring of micro-assembly system in a cell-
based optical tweezers [9]. The algorithm allows the 
identification of objects from roughly circular shape. The 
Hough transform is computed by taking the gradient of 
the original image and accumulating each non-zero point 
from the gradient image into every point that is one radius 
distance away from it. The intensity of the gradient vector 
field of the image is, in fact, obtained by the following 
equation: 

 
  (1) 

 
where (i, j) is the pair of indices of the generic pixel, 

ΔI(i, j) and I(i, j) are respectively the gradient vector 
associated with and the intensity of the image in pixel 
indices (i, j). This way, edge points that lie along the 
outline of a circle of the given radius all contribute to the 
transform at the centre of the circle, and so peaks in the 
transformed image correspond to the centres of circular 
features in the original image. Once a peak is detected 
and a circle 'found' at a particular point, nearby points 
(within one-half of the original radius) are excluded as 
possible circle centres to avoid detecting the same 
circular feature repeatedly. We apply the method 
presented in [9] using optimized parameters as follows. 

Rad_range: it represents the expected radius range; 
this variable allows a reduction of the computational 
calculations. The best result have been obtained using a 
rad_range of [50 100] using standard result of Google 
image search engine. 

Circle_similarity: this parameter indicates the degree of 
correspondence between the shape and a perfect circle. 
We used a circle_similarity value = 20 to obtain best 
results. 

Multirad: in the case of multiple radii at the same 
center, this variable is used to set the tolerance with which 
make the selection of the resulting concentric circles. In 
the specific application we assigned multirad = 0.25.  

The results of this algorithm should be filtered 
according to false positives (i.e. a curved bonnet or door 
handles) using the following rules: 

• The centers of the wheels, have almost the same 
height; 

• The centers of the wheels are far no less than half of 
the horizontal size of the image. 

The results of this step are visualized directly on the 
car picture (see Fig 5).  

 

 

Fig 5. Wheels position detected by the algorithm 

4.2 Image validation 

At this point, the algorithm checks if the image can 
correspond to a valid profile of a car: Duplicates of centres 
are removed (it happens because of the tires and rims 
circles) and counted. If the algorithm does not find two 
(and only two) wheel centres, the image is rejected. This 
could happen if the image is not a car or more probably if 
the picture is not a profile. A car depicted in inclined view 
is discarded as it would give bad values of wheelbase and 
character lines (see Fig 6). 

 

Fig 6. A discarded image: it is not a profile view 

4.3 Image resize 

From exact coordinates of the centres of the wheels in 
pixels we can resize the images to “normalize” the results 
among the different pictures on the net (sizes and DPIs). 
The scaling factor requires the real wheelbase from the 
imagelist file. The resize function saves the rescaled 
image in an uncompressed tiff image file.  

4.4 Character lines recognition 

Starting from the resized images and the recomputed 
wheel positions, the last step of the algorithm uses a 
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modified Hough algorithm to search for slightly bended 
curves as presented in Peng [9]. The input parameters to 
be optimized are the threshold value of the gradient below 
which the pixels are not considered to belong to a straight 
line (value=8) and the sensitivity of the search process 
(value=0.01). The lines obtained from this calculation are 
defined by length, slope and position. The segments are 
filtered according the following two rules: (i) segments 
under wheelbase+wheel_radius are discarded (actually 
below asphalt); (ii) segment length must be bigger than 
wheelbase*0.5. In the aggregation phase the algorithm 
searches for aligned segments with similar slope. This 
allows to regroup lines in longer ones (e.g. separated by a 
door line). 

The algorithm tries to find the main character lines 
using the wheelbase midpoint as reference and searching 
from bottom to top: (i) the wheelbase line, (ii) the accent 
line (on some models can not exist), (iii) the waist line, 
and the highest, (iv) the roof line. Finally the resulting 
character lines are plotted on the image using different 
colours (Fig 1). 

4.5 Data storage 

For each image the algorithm writes a single text file 
with the following: (i) name of car model, (ii) original 
image filename, (iii) normalized image filename, (iv) the 
position of the centers of the wheels in the normalized 
reference system; (v) the vector containing all the 
coefficients of the character lines segments and (vi) the 
wheelbase length. 

5 Results and discussion 
The presented method has been applied to a first 

group of 40 cars for a preliminary validation. The wheels 
detection algorithm has been proved to be very reliable 
with a 5% error and as consequence also the image 
validation resulted in a good rate of false positives (3%). 
The character line detection provided also good results, 
as shown in Fig 7, which depicts very different cars 
ranging from a city car (Smart), a sport car (BMW z4) a 
premium coupe (Audi A4) and a luxury sedan (Maserati 
Quattoporte). 

The test showed also the need of some improvement 
in the filtering section of the character line algorithm; in 
fact some cars resulted in too many lines detected and 
required manual selection to discern the right meaning of 
each line. We are collecting a larger database of old and 
new car with the idea of performing a statistical analysis. 
This approach would lead to a better understanding of the 
style language and define the character of a car design. 

6 Conclusion and Future work 
We presented an image based method for detecting 

character lines in automotive profiles. A Matlab script 
scans automotive pictures on the network and recognizes 
the wheels and the main feature lines. The system can 
scan a large dataset of car models using image search 
engines.Taking advantage of the formal topology of 
automotive profiles, the wheels are used as main 
reference for lines extraction. The algorithm detects 
wheelbase, roof, waist and accent line with a good level 
of confidence. The collected data can be used for 
statistical studies and to define the character of a car 
design. 
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Fig 7. Comparison of different car models 
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Abstract 

Purpose: 
This study explains the process of identifying a petroglyph detected in a rock for its 

subsequent analysis. As the petroglyph is practically invisible to the naked eye, photography 
and digital image processing is used to make its study possible. 

Method: 
Several bands generated from digital photographs captured in the region of the spectrum 

of the visible and NIR permit the digital analysis of the information as in remote sensing: the 
application of diverse algorithms, true colour composites, false colour NIR composites, filters 
and enhancements. 

Result: 
The best results obtained correspond with the true colour composite image filtered with a 

Gaussian filter 3x3 and enhanced with an adaptive enhancement. The inverse image also 
provides useful information for the analysis of the petroglyph. The highlighted features of the 
stone are, finally, digitalized. 

Discussion & Conclusion: 
The processing applied, allows emphasize the existence of a petroglyph. NIR image analysed 
has not contributed to provide notable information to the possible existence of rests of 
paintings or micro-vegetation.  

1 Introduction 
Petroglyphs are engraved features where rock has 

been scraped or pecked away in a subtractive process  
[1]. Some petroglyphs have deep cultural and religious 
significance extending over long periods of time. 

1.1 Traditional techniques of  identification  

Archaeology has traditionally used three methods to 
document rock art graphically: freehand drawing, rock 
rubbing and photography [2].  

One of the most common techniques involves taking 
an impression by means of tracing paper (fig. 1). To do 
this, it is necessary to superimpose the paper on the 
stone in question and rub it with a pencil or charcoal. In 
this way, it is possible to observe, quite precisely, the 
characteristics of the figure that forms the petroglyph. The 
edges that stand out from the stone, are those that are 
outlined by the tracing paper [3]. A problem with this 
method is that it can damage the stone when brushing it 
in such a way [4]. 

1.2 Current techniques of identification 

Recent studies show great potential for recording rock 
art [5] and current simple low-cost photogrammetric 
techniques to obtain 3D models demonstrate their 
potential for the study of petroglyphs [6, 7]. These 
techniques do not have any of the limitations associated 

with previous ones, which were limited in accuracy or 
were too time consuming.  

 

 

Fig. 1 Rock rubbing. Published in [18, fig. 85]  

Digital image processing is proposed for the recording 
of rock art [8]. The application of non-contact recording 
techniques to an elusive rock art motif is defined as a 
ground-based remote sensing survey [5].  Various survey 
analysis and interpretation techniques applied to 
archaeology are described in [9] and such techniques 



364

M. L. Gil et al. The detection of petroglyphs through digital image processing. 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

have been applied to detect carvings on the stones of the 
famous Stonehenge megalithic monument. Likewise, the 
possibility of visualising subtle, dissimilar behaviour of 
materials in near infrared (NIR) helps archaeologists to 
depict certain object features less apparent to the human 
eye. NIR imaging in archaeology has been used in the 
investigation and deciphering of documents, inspection of 
paintings, pottery study and aerial photography. NIR 
reflectance of particular pigments, dyes and materials, 
assists in their identification and analysis [10]. 

1.3 Objectives 

The present work is part of a study of rock art identified 
in the interior of the chapel of Saint Bartolomé do Burgo in 
Lugo (Spain) during its restoration (fig. 2). The study 
involves the 3D virtualisation of the stone and the digital 
treatment of the captured images, the latter digital 
treatment being the subject of the present work in an 
effort to make clearer the engraving in the petroglyph 
under study. 

 

Fig. 2 Identification of rock art by the arqueological team 

prior to restoration  

1.4 The location of the rock art 

The rock art decorates a stone (part of the original 
structure of the building) which is inside the chapel. This 
site is visited by thousands of pilgrims every year as it is 
located on the Camino of Santiago. The location on which 
the chapel was built included a rocky site formation which 
was considered sacred by the pilgrims on the route.  

2 Method 
Techniques and algorithms available in commercial 

processing software are used for the digital analysis of 
the identified petroglyph to make its study possible.  

2.1 Material and Data 

A digital Canon EOS 400D camera of 10 megapixels 
with a Canon EF 20 mm f/2,8 USM objective was used to 
take the photographs. It has a fixed focal length that is 
ultra angular. The infrared light filter used is the B+W 58 
093 IR-Filter which is commonly known as infrared black. 
It only allows luminous energy to pass within the range of 
the infrared electromagnetic spectrum. A conventional 
tripod is used to support the camera. 

2.1.1 The photography 

Two photographs are obtained, one in true colour and 
the other in NIR.  

Prior to the capture of the images, the dimensions of 
the stone are approximately measured so that its centre 
coincides with the optic axis of the camera when the 
photographs are taken. The camera distance is such that 
the entire stone image fits within the photograph. This is 
achieved with the camera focused to infinity and assures 
the exact centering of the image. It also allows for the 
maximization of the area to be photographed and in the 
best possible conditions (fig. 3).   

 

Fig. 3 Taking the images of the possible petroglyph 

In addition to using the aforementioned tools and 
methods to achieve the infrared photograph, the infrared 
filter is added to the objective of the camera. Given the 
special  characteristics in the interior of the chapel (limited 
illumination and cloudy conditions whilst taking the 
photographs) the exposure time of the camera together 
with the sensitivity of the sensor was increased to 
maximum. An hour long exposure time was required to 
take this photograph. 
    As can be noted in fig. 3, the stone is surrounded by 
some diana plates used in the photogrammetric process. 
These plates are used in the present study to correct the 
images. 

2.1.2 The obtaining of the four multispectral 
channels 

Adobe Photoshop CS3 Extended software was used to 
separate the three channels of the visible spectrum image 
in the true colour image. This program allows each 
generated channel to be passed to a grey scale [11].  

2.2 Digital processing of the images  

PCI Geomatics software [12, 13] is used for the 
application of all digital treatment which is described 
subsequently. The objective of the selected digital 
treatment is to highlight the spatial characteristics and 
lines of the image [14]. 

2.2.1 Preprocessing 

The NIR image has to be treated previously before 
introducing it into the same file as that of the visible image 
given the presence of noise which fundamentally exists as 
a result of lost pixels (they appear in white in the image). 
The application of the average low-pass filter with a filter 
size of 3x3 allows us to resolve this problem. Following 
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this, a Gaussian high-pass filter with a filter size 3x3 is 
employed to achieve greater clarity of the data. 

2.2.2 Correction and image adjustment 

The correction performed has been limited to achieving 
the precise superposition and adjustment between the 
true colour image and that obtained with the infrared filter. 
For this purpose, the coordinates obtained from the colour 
image are considered correct while the infrared image is 
modified in relation to it. 

A polynomial math model of first order, is used [15] 
and  coordinates and control points are pixel type. The 
true colour image is used to capture the control points 
identifying the same points in both photos: the corrected 
photo (true colour) and the one to be corrected (the NIR). 
The control points are distributed uniformly throughout the 
image and special attention is paid to the zone of the 
study of greater interest where the points have greater 
density. A RMSE (root mean square error) 1.72 pixels in 
X and 1.41 pixels in Y are obtained. It has not been 
possible to use rational functions employing a digital 
elevation model given that the software requires choosing 
the cartographic projection for this.  

It should be pointed out that given the horizontal 
camera axis when taking the photo and the flat surface of 
the rock, a product assimilating the properties of a 
document with metric quality can be obtained. This is 
proven on comparing the dimensions of the stone 
measured on the software with those obtained physically. 

2.2.3 Colour composites 

Once we have oriented the NIR with respect to visible 
channels, we proceed to performing colour composites. 
The correspondence of the channel number with the 
layers in our multispectral image is as follows: blue, 
green, red, NIR, with channels 1, 2, 3, and 4 respectively.  

The image is achieved in true colour by applying the 
colour canons R (Red), G (Green) and B (Blue) to the 
spectrum channels with which they correspond, that is 3, 
2, and 1 respectively. 

A common colour composite in remote sensing is the 
so-called colour infrared (4, 3, 2) which applies the R, G 
and B colour canons to the NIR, Red and Green 
Channels. This false colour composite allows us to detect 
possible traces of vegetation or pigmentation. 

2.2.4 IHS algorithm 

The IHS algorithm (Intensity, Hue, Saturation) is used 
to separate spectral from spatial information in the image. 
The spatial information will be registered in the Intensity 
channel. 

The algorithm used to convert RGB to IHS values uses 
the single-hexcone colour model obtained from [16, 17]. 

2.2.5 The filtering of the images 

The predefined filters of Geomatic software that best 
highlight the photographic zones, where we expect to 
identify rock art, are applied to the image in true colour 
and the generated intensity channel. In addition, custom 
filters are tested. 

2.2.6 Enhancements 

Provided enhancements in the Geomatic software are 
tested on images in order to better improve the contrast. 

2.2.7 Inverse image 

Various algorithms have been checked for their 
effectiveness in highlighting the relief of the stone object 
in question. One of the most appropriate is IMAGEINV 
(Arithmetic Inverse of Raster Data) which finds the inverse 
of the image by multiplying each pixel of the matrix which 
forms the photograph by 1/DN, the DN (Digital number) 
being the  numeric value associated with each pixel. In 
this way, a new image is created which is the inverse of 
the original in which the dark elements appear as clear 
and vice versa (fig. 4). This allows the engravings in the 
stone to be highlighted and thus the observation of the 
possible petroglyph. 

. 

Fig. 4 The inverse image with Adaptive enhance outlines the 

relieve of the stone 

2.2.8 Negative Image 

Another useful algorithm for the analysis of the image 
is IMAGENEG (Arithmetic Negation of Raster Data).This 
module multiplies the raster information by -1 thereby 
producing an arithmetic negation of the raster data. On 
multiplying each DN of each pixel in the photograph by -1 
the new image presents sign values that are different from 
the original photograph. 

3 Results 
 
The digital processing, that has proved to be more 

useful in relation to the objectives of this work, is 
described in the following sections. 

3.1 Colour composites 

The true colour image is one of the most useful images 
at the outset for further digital treatment. The NIR channel 
does not provide different data with that obtained from the 
three visible channels. This indicates that traces of micro-
vegetation or artificial pigments that could have passed 
unnoticed within the visible range of the spectrum are 
unobserved. 

3.2 IHS algorithm 

The Intensity channel is, of the three IHS artificial 
channels, the one that most highlights the line features of 
the image (fig.5). We can appreciate the relief of the stone 
reasonably well with this channel; the features appear 
sharply and the appearance is ideal for this analysis. This 
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channel, as a result, and in addition to the true colour 
image will be used to test the various digital treatments. 

 

Fig. 5 Interest areas on the intensity channel 

3.3 Filters 

The filtered images improve the visualisation of the 
features of the stone and those which provide the best 
results are: 
- Gaussian filter 3x3,  
- Average filter 3x3,  
- Edge Sharpening filter 9x9 and 11x11, 
- Custom filter. 

The custom filter which provided the best results is as 
indicated as follows with its corresponding kernel 
elements. 

0 0.5 0.1 

0 1 0 

0.1 0.5 0 

 
This is a high pass spatial filter which emphasizes 

edges and therefore sharpens  the image. 
Although the Edge Sharpening Filter highlights the 

relief detail, it is the Gaussian, Average and custom filters 
that provide improved visualisation. They are quite similar 
and the use of one or another depends on the channel or 
image used as the source filter. 

As such, the best results are obtained by applying the 
corresponding images to true colour and the intensity 
channel of the Gaussian filter 3x3 or the Edge Sharpening 
Filter 11x11. 

3.4 Enhancements 

The enhancement, which best contrasts the 
characteristics of the stone, is the Adaptive one and is 
therefore applied to the selected filtered images.  

3.5 Other algorithms 

Of the two algorithms selected for their effectiveness 
for this analysis, IMAGEINV (fig. 4) is the one that allows 
us to see the features of the stone with the best clarity: 
we see them in inverse form, that is, the grooves in the 
stone are perceived as elevated areas, while the raised 
areas  are perceived as grooves. This is particularly 
useful given that when we have doubts about relief in 
areas in the true image we can compare it with this image 
to contrast information. 

3.6 Selection of the image for its digitalization 

The image that has been selected as the most 
appropriate for the work of archaeologists is the actual 
colour image that has the Gaussian filter 3x3 applied with 
an Adaptive Enhancement (fig. 6). This image can, in 
addition, be used with the inverse image to complement 
the analysis of rock art. Fig. 7 shows a simplified diagram 
of the steps followed to achieve the final results. 

Fig. 6 The petroglyph Gaussian filter 3x3 and Adaptive 
enhance applied to the actual true colour image 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 7 Data processing workflow  

Figure 8 presents an example of where the motifs have 
been digitalized and highlighted through the digital 
treatment described. 
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Fig. 8 Example of a digitalization of an identified figure 

4 Conclusion 
The work carried out in this project has contributed to 

and facilitated the identification of the petroglyph. 
The restoration and cleaning work in the chapel has 

eliminated all traces of micro-vegetation and pigment on 
the stone which could have been analysed in the present 
study. 

The digital treatment employed: Gaussian 3x3 filtering, 
adaptive enhancement and inverse imaging has 
highlighted and verified the existence of a petroglyph 
represented on the stone subject of this study. Ground-
based remote sensing has proved itself to be an effective 
tool for petroglyph detection. 

The principal limitation of the software is that, having 
been designed for satellite imaging, it does not allow 
orthocorrection of terrestrial images therefore other 
software is required for this purpose. 
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Abstract 

Purpose: 
Industrial reverse engineering applications usually require reliable multi-view measurements 
of complex shapes obtained by full field techniques. One of the most challenging issues in 
this field is represented by the automatic computation of the best transformation parameters 
relating the different views into a common reference system. 

Method: 
A low cost optical tracking system has been developed with the aim at creating an automatic 
procedure to align 3D point clouds captured by a structured light system. The tracking system 
uses stereo images and retro-reflective infrared markers rigidly connected to the scanner. 
Markers are accurately tracked on the basis of automatic intensity-based analyses. Stereo 
correspondences are established by using epipolar and similarity constraints. 

Result: 
Experimental tests have been carried out in order to evaluate the capabilities of the 
developed system in the measurement process of nominal benchmarks and complex shapes. 

Discussion & Conclusion: 
The accuracy obtained in the automatic alignment of multiple views justifies the use of the 
proposed approach in the speed up of the measurement process for reverse engineering 
applications, especially when conventional high-end systems cannot be applied. 

1 Introduction 
Industrial reverse engineering applications require fast, 

robust and reliable 3D full measurements of complex 
shapes. However, most of the acquisition systems are 
limited to the reconstruction of partial views due to the 
presence of occlusions and limited working volumes. 
Many different views must then be collected by moving 
the acquisition device and/or the target object and aligned 
with reference to a common coordinate system. The 
major problem in combining multiple views is the 
automatic computation of the best transformation 
parameters (translation and rotation), which relate 
information in one view with information in other views [1]. 
The definition of the transformation parameters is usually 
referred as registration and constitutes the core of the 
alignment process. This task represents the main 
bottleneck in the model acquisition pipeline due to the 
amount of user interaction required. 

In this paper, a low-cost optical tracking system has 
been developed with the aim at creating a fully automatic 
alignment procedure of 3D point clouds captured by a full 
field technique. Point clouds are acquired by an active 
stereo vision system based on structured lighting and 
encoded pattern analysis. The optical tracking system 
uses binocular images and retro-reflective infrared (IR) 
markers. Passive markers, made by spheres, are rigidly 
connected to the scanner and are accurately tracked in 
real time by the stereo rig on the basis of automatic 2D 
intensity-based analyses. Stereo correspondences are 
established by using both epipolar and similarity 
constraints. 3D marker frames are then created for each 

pose of the scanner and used to align the point clouds 
through a dedicated calibration procedure. 

Experimental tests have been carried out in order to 
evaluate the performances of the spheres detection 
algorithm as well as the stereo correspondence matching. 
Nominal benchmarks and complex shapes have then 
been used to assess the feasibility of the developed multi-
view registration approach. The proposed methodology 
demonstrated to speed up the measurement process, 
making the automatic alignment of single point clouds 
more precise and robust. 

2 Motivation and background 
In recent years, technical literature has proposed 

various approaches, based on fully unmanned 
methodologies, to carry out the registration process. The 
most used methodologies can be classified in two main 
approaches: shape-based and tracking-based techniques. 

Shape-based techniques rely on the automatic 
detection of features existing on adjacent overlapping 
views. These features, invariant under rigid 
transformations, denote geometric and topological 
properties of 3D shapes and are extracted from each 
single view. Similar features are then used to compute 
correspondences between different views in order to 
match the raw data under some rigidity constraint. A 
survey of feature-based surface approached can be found 
in [2, 3]. However, no single algorithm has prevailed in the 
registration of arbitrary range scans since each approach 
assumes particular restrictions on the typologies of input 
data. The main drawback of these methods is due to the 
requirement of surface features in the overlapped areas. 
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Flat or uniform curvature geometries are not practically 
appropriate for shape-based alignments. Moreover, large 
percentage of computation time is usually required in pre-
processing activity, which includes extraction of invariant 
features and organisation of the extracted primitives. 

Tracking-based techniques are rather based on 
independent devices that track relative motions between 
target object and acquisition system. Mechanical tracking 
systems (such as turntables, robotic arms or coordinate 
measurement machines) can produce a good estimate of 
the roto-translation between consecutive views [4, 5]. 
These approaches enable fast scans of target objects, 
even with complex shapes. However, the accuracy of 
alignments depends on the resolution of tracking device. 
High precision translation/rotation controlled axes are not 
always affordable in economical terms and require an 
additional calibration with reference to the 3D vision 
system. Moreover, tracking systems can only support 
limited working volumes. 

A less expensive solution certainly involves non-
mechanical tracking approaches. Magnetic, acoustic, 
inertial or optical sensing can be used to track the 
scanning device over time [6]. However, among non-
mechanical tracking approaches, magnetic and acoustic 
techniques are not suitable for high accuracy applications 
in non-controlled environments while inertial approaches 
are characterized by low tracking autonomy due to drift. 
Magnetic trackers are based on the transmission and 
reception of electromagnetic signals and rely on 
measurements of the local magnetic field vector at the 
sensor. Even if they are not subjected to line of sight 
obstructions, ferromagnetic and conductive material in the 
environment can affect the magnetic field’s shape. 
Acoustic systems use the transmission and sensing of 
sound waves. The location of the tracked object is usually 
determined by computing the time-of-flight of a brief 
ultrasonic pulse. Unlike magnetic waves, acoustic signals 
require a line of sight between emitters and receivers and 
their accuracy can be affected by uncertainties in the 
speed of sound, which significantly depends on 
temperature, humidity, and air currents. Moreover, walls 
and objects surrounding the system can be acoustically 
reflective drastically varying the prediction of the 
receiver’s location. No line of sight requirements are 
needed for inertial sensing which is based on the use of 
gyroscopes and accelerometers to measure linear and 
angular accelerations relative to a fixed reference system. 
Absolute position and orientation are then computed by 
integration. Inertial tracking do not suffer from interfering 
electromagnetic fields or ambient noise. The real 
weakness that prevents inertial trackers from being the 
standard for accurate motion tracking is the drift 
phenomenon. Even if one of the accelerometers has a 
low bias error, the reported position output can greatly 
diverge from the true position after a few seconds. For 
this reason, inertial sensing is characterized by having a 
low tracking autonomy. 

In this context, optical systems has proved to be a 
valuable alternative for motion tracking because of their 
low cost, reduced sensitivity to noise and greater 
flexibility. Optical systems are based on the use of light 
sources and optical sensors and rely on measurements of 
reflected or emitted light. Typically, they can be divided 
into vision based methods and marker based methods [7]. 
Vision based methods work by matching high contrast 
passive features (i.e. corners, edges, gray-level patches) 
using advanced image processing techniques. Feature 
matching algorithms can be computationally expensive as 
they extract features or statistical information directly from 

raster images. Marker based methods rather rely on 
features artificially added to the scene, considerably 
simplifying image processing. These methods can be 
based on passive markers, such as coloured fiducials or 
retro-reflective targets, or active devices emitting light as 
light-emitting diodes (LEDs), lasers or simple light bulbs. A 
further characterization of optical tracking systems is the 
distinction between outside-looking-in (OLI) and inside-
looking-out (ILO) systems. When the sensors are fixed in 
the environment and the object is observed from outside, 
the system is referred to as outside-looking-in. Inside-
looking-out systems are rather characterized by mounting 
cameras on the object and calculating its pose by tracking 
visual landmarks attached in the scene. The primary 
disadvantage of all optical systems relies on the 
requirement of a clear line-of-sight between sources and 
sensors throughout the tracking process. However, this 
drawback can be readily handled by redundancy of 
tracked elements and/or optical sensors. 

In recent years, various optical tracking methodologies 
have been proposed as commercial systems [8-10], 
accommodating stable and constantly improving 
technologies. Nevertheless, they are very expensive and 
not free of drawbacks, thus limiting their application. For 
this reason, the research community has proposed a wide 
variety of applications based on custom approaches. In 
Virtual Reality (VR) and Augmented Reality (AR) systems, 
optical tracking can be used to trace objects in real time 
[7, 11, 12], or to capture full human body motion [13] for 
computer animation as well as gait analysis, sports 
performance evaluation or patient rehabilitation [14]. 
Moreover, in the surgical field, optical sensing can be 
used in the development of navigation systems for 
assisted surgery [15, 16]. Although, optical tracking has 
been used in several contexts, its application to align 3D 
point clouds generated by full field techniques has not 
been fully evidenced in technical literature, but only some 
industrial solutions have commercially been proposed 
[17]. 

In this paper, a marker-based optical tracking system 
has been developed with the aim at creating a low-cost 
automatic alignment procedure for 3D point clouds 
captured by a full-field technique. The system has been 
designed to be used in environments where conventional 
high-end tracking systems cannot be applied. Point clouds 
are acquired by an optical scanner, based on structured 
light projection and encoded pattern analysis, and are 
aligned by tracking retro-reflective markers illuminated by 
infrared (IR) sources. To achieve reliable results for an 
industrial context, the markers placement with respect to 
the optical scanner is accurately calibrated by a semi-
automatic image-based methodology which requires a 
minimal human interaction. Even if the set-up 
arrangement of the developed system is more time 
consuming with respect to the more conventional 
approach, based on the interactive selection of fiducial 
markers arranged on the measured surfaces, several 
advantages have been accomplished. Firstly, the 
automatic registration of any range image is obtained 
without requiring the presence of overlapping areas 
between consecutive scans. Thus, a completely free 
scanning pattern can be followed by the operator during 
the measurement process without requiring costly and 
cumbersome mechanical tracking systems. Moreover, the 
use of an external reference (i.e., the tracking system) 
ensures that registration errors are not accumulated 
during the scanning process. 
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3 Optical tracking system 
The proposed methodology relies on the combination 

of a 3D optical scanner, based on the projection of 
encoded light stripes, and an automatic multiple-view 
approach by an optical passive tracking technique. 

3.1 Single-view approach 

The optical scanner is based on a structured lighting 
approach, which uses binary patterns in order to capture 
three-dimensional shapes. The system (Fig. 2) is 
composed of a DLP projector (1024 × 768 pixels) to 
generate vertical and horizontal black and white striped 
light patterns and two monochrome digital CCD cameras 
(1280 × 960 pixels). 

The camera’s configuration is calibrated by evaluating 
the intrinsic (focal distances, co-ordinates of the principal 
points, radial and tangential distortions) and the extrinsic 
parameters [18]. The stripe projector is un-calibrated and 
not directly involved in measurement processes. 
In this work, a double binary encoded light stripe 
approach is used for 3D shape recovery [19]. In 
particular, a line correlation process is adopted by 
projecting a sequence of lines defined as crossing zones 
between white and black parallel stripes with periods 
progressively halved. Each pixel in the camera images is 
characterised by a light intensity that can be either bright 
or dark depending on its location in the respective plane 
image. A binary code (0,1 with n bit) is assigned to each 
pixel, where n is the number of stripe patterns, and the 
values 0 and 1 are associated to the intensity levels, i.e., 
0 = black and 1 = white. This encoding procedure provide 
l = 2n – 1 encoded lines by using n patterns. The stereo 
correspondence is solved by projecting both horizontally 
and vertically striped encoded patterns. A double code is 
assigned to the intersection points through the horizontal 
and vertical stripes. This yields an automatic and unique 
correspondence of conjugate points in the camera 
images. The resolution that can be obtained by the 
proposed procedure is lv ´ lh points, where lv and lh are 
the number of vertical and horizontal lines switched by the 
projector, respectively. The maximum resolution of the 
depth measurement is obtained by shifting one of the 
stripe images four times by the width of one pixel. Taking 
into account the resolution of the projector integrated to 
the stereo system, this method provides 784.641 encoded 
points (lv = 1023, lh = 767) by projecting 8 stripe patterns 
with periods progressively halved and three stripe 
patterns by shifting the finest stripes (the 8th stripe 
pattern). This approach allows the resolution of the 
projector to be exploited avoiding too finer stripes, which 
may typically produce poor accuracy in line extraction. 

The 3D coordinates of the scene points are then 
recovered by assuming the known image acquisition 
geometry and using the midpoint triangulation technique 
for conjugate points [20]. 

3.2 Automatic multi-view approach 

The complete shape recovery of a complex shape 
generally requires the acquisition of multiple range maps 
from different views, which have to be transformed into a 
common coordinate system. The alignment process is 
carried out by referring each range map to a frame of 
fiducial markers rigidly connected to the scanner structure 
and tracked by a stereo vision based approach. 
The method is composed of the following steps: 

1) spheres detection from grey level images captured by 
a stereo-rig, 

2) stereo correspondences determination by 
geometrical and similarity constraints, 

3) optical scanner pose estimation through a calibration 
process. 

The procedure is automatically and progressively 
applied to each acquisition, so that the operator is not 
constrained to follow a predetermined scanning strategy. 

3.2.1 The optical tracking system 

The proposed tracking methodology is based on the 
OLI approach and uses a calibrated stereo set-up 
cameras equipped with IR band pass filters. The tracked 
markers are retro-reflective spheres, rigidly connected to 
the optical scanner, illuminated by IR light sources. 
Markers detection on the camera image planes is 
performed by intensity-based analyses while stereo 
correspondences are established by exploiting both 
epipolar and similarity constraints. The 3D marker frames 
are then created by triangulation and used to align the 
point clouds through a dedicated marker calibration 
procedure. 

The hardware set-up consists of a stereo rig (Fig. 1-a) 
assembled using two digital cameras and an adjustable 
baseline which is fixed with respect to the object to be 
measured. IR light sources (940 nm wavelength) are 
mounted below the cameras (Fig. 1-b). The optical 
configuration is calibrated by evaluating the intrinsic and 
extrinsic parameters [18]. The two CMOS digital cameras 
have a resolution of 2048 × 1536 pixels and are sensitive 
to near infra-red (NIR) light. 12 mm focal length lenses, 
equipped with infrared filters having a cutting off 
wavelength at about 825 nm, have been used. 

 

 
a) 

 
b) 

Fig. 1 a) Optical tracking set-up, b) IR light source. 

Optical passive tracking systems using natural features 
are usually characterized by high computational costs and 
lack of robustness. For this reason, retro-reflective 
spheres (diameter 13 mm) have been used as artificial 
markers in order to speed up the tracking process. These 
markers are rigidly connected to the optical scanner (Fig. 
2) and are disposed at different relative distances 
between each pair of them. The adopted distribution, 
which can be easily varied, is motivated by occlusion 
problems and simplifies markers identification by the 
stereo vision arrangement. The use of retro-reflecting 
spheres and IR lighting, combined with short camera 
exposure times, solves any illumination problem thus 
simplifying image processing. 
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Since the scene is illuminated by IR sources located 
below the digital cameras, retro-reflective spheres reflect 
the IR light back into the cameras. By mounting IR filters 
in front of the lenses, the resulting images display white 
circles over a dark background, regardless of the viewing 
direction (Fig. 3-a). In this work, the coarse circle 
detection is performed by binarising the original image 
using a threshold value t (Fig. 3-b). The probability 
distribution of the grey intensity levels of the original 
images presents a substantial positive skeweness due to 
the preponderance of dark over bright pixels. For this 
reason, the threshold value t is obtained as the grey 
intensity value corresponding to 99% of the maximum 
value of the cumulative distribution function. 

 

 

Fig. 2 Optical scanner with retro-reflective markers 
illuminated by IR sources. 

All the connected components are then labelled (Fig. 
3-c) and a set of two attributes, area (A) and extent (ext, 
specifies the proportion of the pixels in the bounding box 

that are also within the connected region), are calculated 
in order to discard possible false positives caused by 
uneven reflections. Maximum and minimum threshold 
values for area have been defined on the basis of images 
resolution while the adopted range for the circle extent, 
which is theoretically expressed by p, takes into 
consideration the pixel discretisation and the border effect. 
2D coordinates of the circles are preliminarily evaluated 
as intensity centroids of the connected regions whose 
properties verify, at the same time, the two constraints 
above described. A refinement process is then applied 
over a window centred on each preliminary centroid, thus 
allowing a sub-pixel accuracy. 

In order to calculate the 3D coordinates of the spheres 
centers, the matching between conjugate points on the 
two camera image planes must be solved. In [21] a 
method to solve the stereo correspondence problem for 
un-calibrated cameras is proposed using the Scott and 
Longuette-Higgins algorithm [22]. Let I and J be two 
images (right and left) containing m features Ir (r = 1…m) 
and n features Il (l = 1…n), respectively, which have to be 
correlated. The method is based on the definition of a 
proximity matrix G where each element, Grl, represents 
the Gaussian weighted distance between two features Ir 
and Il: 

 
2 2/ 2rlr

rlG e
s- ×=  (1) 

where rrl = || Ir – Il || is their Euclidean distance if they 
were considered on the same image plane. 

 

 

  
(a)     (b) 

 

 
(c)     (d) 

Fig. 3 Spheres detection process: a) original image, b) binarised image, c) labeled image, d) centroids extraction. 
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The parameter σ controls the degree of interaction 
between the two sets of features: a small value of σ 
enforces local interactions, while greater values allow 
more global interactions. A Singular Value Decomposition 
(SVD), G = TDUT, is performed and the diagonal matrix 
D, containing the singular values along its diagonal 
elements, is converted to a new matrix E obtained by 
replacing singular values with 1. The product P = TEUT is 
then computed. This new matrix P reveals a direct one-to-
one mapping between features Ir and Il when Prl is the 
greatest element both in its row and in its column. 
In this paper, a robust stereo correspondence of markers 
is proposed by combining epipolar and similarity 
constraints. 

Once the stereo set-up has been calibrated, the 
epipolar constraint can be easily deduced by: 

 0T

r lm Fm =  (2) 

where mr and ml are the conjugated points on right and 
left images respectively while the matrix F, referred as the 
Fundamental Matrix, is the algebraic representation of the 
epipolar geometry [23]. Given a point on the right image, 
mr, its conjugate ml on the left image belongs to a line, the 
epipolar line, defined as intersection of the image plane 
with the plane defined by mR and the focuses of the two 
optical devices, i.e. the epipolar plane. Each candidate 
point mR in the right image can only correspond to such 
point in the left image that lies on the relative epipolar 
line. An algorithm of stereo point-pairs rectification [24] is 
used to reduce the correspondence search to one 
dimension (epipolar lines become parallel and conjugate 
points assume the same vertical coordinate, y). The 
epipolar geometry can then be considered in the proximity 
matrix G by: 

 
2 2/ 2r l epy yep

rlG e
s- - ×=  (3) 

where (xr ,yr) and (xl ,yl) are the rectified horizontal (x) and 
vertical (y) image coordinates of points Ir and Il and σep is 
a tuning parameter which reflect the expected error in the 
epipolar constraint (and therefore in the calibration of the 
optical stereo-rig). The use of the only epipolar constraint 
could cause improper matching when multiple different 
points are close to the same epipolar line. For this reason, 
a similarity constraint has been also introduced with the 
aim at enforcing the epipolar geometry constraint, 
similarly to [7]. A correlation between correspondent 
features can be established by analyzing their 
neighboring points, which should be distributed similarly 
(similarity constraint). This constraint is introduced into 
the proximity matrix G by: 

 
2 2( , ) / 2sim simd r lsim

rlG e
s- ×=  (4) 

where dsim(r,l) gives an estimate of the distribution of the 
rectified points within a circular region R around the 
considered features Ir and Il (Fig. 4): 

 2 2( , ) ( , ) ( , )sim x yd r l d r l d r l= +  (5) 
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σsim is a parameter reflecting the expected similarity error. 
The total proximity matrix G is then given by: 

 ep sim

rl rl rlG G G= ×  (8) 

The 3D coordinates of markers are then determined by 
a triangulation procedure given the conjugated 2D point 

pairs. The combination of the geometry constraints allows 
the matching problem to always have a unique solution. 

 

 

Fig. 4 Similarity constraint. 

3.2.2 The tracking calibration process 

In this work, the calibration phase can be described as 
a procedure having two different goals. The first one is the 
typical intent of z tracking calibration procedure and 
consists in the determination of the 3D structure of the 
markers connected to the scanner. In this phase, a 
calibrated 3D model graph, Q, is created. Each graph 
vertex represents a 3D marker while each edge 
represents the distance between two markers. An edge 
exists if the two markers can be simultaneously observed 
by the tracking system. The redundancy of the number of 
spheres has been designed in order to guarantee that, 
even in cases of partial occlusions, at least three of them 
where always visible by the stereo set-up arrangement. 
However, a further goal must be accomplished and relies 
on relating the markers model graph with respect to the 
optical scanner. The matching of correspondent 3D 
markers, relative to distinct scanner poses, must allow the 
automatic alignment of range maps captured by the 
optical scanner. This is possible only if each single range 
map can be referred to the calibrated model graph. 

The calibration process requires the use of points 
having known positions in the world reference system (Ow 
, Xw, Yw, Zw). In this work, a calibration board, composed 
of a printed pattern attached onto a planar glass surface, 
has been used. The calibration procedure is performed by 
placing the board in a position where the targets are 
visible by both the optical scanner and the stereo tracking 
system (Fig. 5). Since the two optical configurations are 
calibrated, triangulation processes allow 3D 
reconstructions of the chessboard corners in the scanner 
reference system (Os , Xs, Ys, Zs) and in the tracking 
reference system (Ot , Xt, Yt, Zt). The rigid body 
transformation (Rws , Tws) between the world reference 
system, integral to the chessboard, and the scanner 
reference system can then be determined by applying the 
SVD method [25] between the respective 3D point 
structures. Rotation and translation parameters (Rwt , Twt) 
between the world reference system and the tracking 
reference system can be similarly obtained. By composing 
the two rigid transformations it is possible to determine 
rotation and translation parameters (Rst , Tst) between the 
scanner and the tracking system. The 3D marker 
coordinates, measured by the stereo tracking system, can 
then be expressed in the scanner reference system by 
applying Rst and Tst. 

The procedure is repeated for different placements of 
the scanner, in front of the calibration board, in order to 
handle possible marker occlusions. The mean of the 
detected markers coordinates, transformed in the scanner 
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reference system, is then calculated to obtain the final 
calibrated 3D model graph Q. 
 

 

Fig. 5 Calibration process scheme. 

3.2.3 The optical scanner pose estimation 

The last step of the developed tracking approach 
consists of recognizing and matching correspondent 3D 
markers, detected for different range map acquisitions, 
with the aim at estimating the scanner pose. For each 
pose, markers are identified by computing the Euclidean 
distances between marker pairs and comparing these 
distances with those determined in the calibration 
process. The model graph Q encodes the topological 
relationship between all the spheres integral to the 
scanner. The pose estimation can then be efficiently 
reduced to a triangle-based matching process (Fig. 6) 
associating similar triangles between two data sets: the 
calibrated 3D model graph Q and the captured set P, 
constituted by Mq and Np markers respectively, with q, p ≥ 
3, can be searched. 

 

Fig. 6 Graph matching process. 

In particular, the algorithm can be structured in the 
following steps. 
1) The p × p symmetric adjacency matrix Dp is 

associated to the set P = {N1 … Np}; the elements of 
the matrix are composed by the Euclidean distances 

,

p

i j i jd N N= - . 

2) Analogously, the q × q symmetric adjacency matrix 
Dq is associated to the set Q = {M1, … Mq}, the 
elements of the matrix are composed by the 

Euclidean distances ,

q

k l k ld M M= - . 

3) Each column of the matrix Dp is compared to all the 
columns of the matrix Dq; in particular, the differences 
of the distance values are computed and compared 
to a fixed tolerance ε, as: 

 
, , , ,0, 0p q p q

i j k l i j k ld d d de- < ¹ ¹ with   (9) 

If relation (9) is satisfied, the couple k,l is stored into an 
array of pointers representing a list of possible pairs of 
points (Mk, Ml) corresponding to (Ni, Nj). The search is 
iterated until relation (9) is satisfied at least twice for the 
same column: two corresponding pairs and, consequently, 
three common markers have been identified between the 
data sets Q and P. The iterations are carried out varying 
the tolerance ε from a small value (ε = 0) to a fixed 
threshold (ε = 1 mm) by incremental steps of 0.05 mm. 

The equivalence among all the remaining distances 
defined by matched marker pairs is then verified, allowing 
the final detection of similar triangles. Possible 
geometrical ambiguities, such as collinear configurations, 
are avoided checking all the angles between the matched 
markers. Given the set C = {O1 … Oc} of markers matched 
at the previous step, the following constraint for the dot 
product: 

 1 1
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1 1
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 (10) 

ensures that exists at least one angle between 30° and 
150°. If none of the angles satisfy to this condition, the 
iteration continues until another pair of corresponding 
markers, if existent, has been detected. 

Once the correspondent pairs of fiducial markers have 
been identified and geometrically verified, the translation 
vector T and rotation matrix R, defining the rigid body 
transformation between two consecutive scanner poses, 
are directly determined by applying the singular value 
decomposition (SVD) method [25]. 

4 Results 
Preliminary tests have been carried out in order to 

assess the spheres detection algorithm and the stereo 
correspondence matching. Significant statistical values 
have been obtained by processing different images 
captured varying both the position of the scanner with 
respect to the tracking system and the distribution of the 
spheres with respect to the scanner. The high sphere’s 
detection rate obtained (95% over 400 visible markers) is 
owing to the use of IR lighting and relative filters. The 
stereo correspondence matching is subjected to three 
different tuning parameters: the expected error in the 
epipolar geometry, σep, the expected similarity error, σsim, 
and the radius R of the region used to search for similarity 
between points. While σep can be easily estimated since it 
depends on the calibration of the optical devices, σsim and 
R are rather affected by the placement of the spheres in 
the workspace. Their optimal values are then estimated 
through experimental tests accordingly to the application. 

The epipolar constraint can generate false matches 
when multiple points are close to the same epipolar line. 
This condition is hard to be simulated since it relies on the 
geometrical placement of the spheres with respect to the 
optical devices of the tracking system. For this reason, a 
methodology to rather assess the strength of the similarity 
constraint in the retrieval of false matches has been 
developed. For each pair of images, false matches 
deriving from the application of the epipolar constraint 
have been simulated by using pseudorandom scalar 
values, uniformly distributed on the unit interval, in the 
definition of the proximity matrix Gep (Fig. 7-a). Correct 
stereo correspondences have been grouped so to fill the 
main diagonal. 
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a) b)  

c)  

Fig. 7 a) Contribution of the random epipolar constraint, Gep, and b) of the similarity constraint, Gsim, to the total proximity 
matrix G (c) defined by their element-wise product. 

 
The contribution of the similarity constraint, Gsim (Fig. 

7-b), to the total proximity matrix G (Fig. 7-c) allows the 
retrieval of some of the false matches randomly created. 
The percentage of this retrieval gives an estimate of the 
strength of the similarity constraint as conceived. 

Fig. 8-a reports the influence of the parameter σsim on 
the percentage of stereo matches detected by using the 
only similarity constraint. Fig. 8-b outlines the capability of 
the similarity constraint (continuous red line) in the 
retrieval of false matches created by simulating random 
epipolar correspondences (dashed black line). The last 
plot evidences the influence of the radius R. In general, 
this parameter is closely related to the number of spheres 
that are used and, above all, to their disposition in the 
workspace. However, low values demonstrated to be not 
appropriate to identify similarities between points by 
analyzing their neighbouring regions. 

The developed stereo matching approach 
demonstrated a significant robustness in the 
determination of the three-dimensional spheres 
coordinates with respect to the tracking reference system. 
However, the accuracy of the final point cloud alignment 
process also depends on the tracking calibration process. 
For this reason, some experimental tests, based on 
nominal samples and complex shapes, have been carried 
out to assess the accuracy of the final alignment phase. 
The optical scanner has been configured for a working 
distance of 1000 mm with a measuring area of 300 × 200 
mm and accuracy, for a single acquisition, of 0.03 mm. A 
planar surface, represented by the calibration board 
shown in Fig. 2, has been measured by aligning different 
point clouds obtained moving the optical scanner through 
translations and rotations. The surface, measuring 1000 × 
800 mm, needs at least twelve different scans to be fully 
acquired. Three different tests have been carried out 
varying the number (6÷10) and the disposition of the 
spheres. For each test, a dedicated tracking calibration 
process has been performed in order to create the three-
dimensional model graph to be used in the alignment 
phase. Fig. 9 shows an example of the point cloud 
alignment as obtained for the planar surface by the 
proposed tracking methodology. Tab.1 reports the mean, 
μplane, and the standard deviation, σplane, of the residual 
errors of the plane best fitting the points acquired in three 
different measurements of the planar surface. 

 

 
a) 

 
b) 

Fig. 8 a) Stereo matches rate by using the similarity 
constraint with different σsim values (a) and R values (b). The 

latter case also reports the influence of simulated false 
epipolar correspondences. 

When the acquisition of real free-form complex shapes 
is involved, the quality assessment of multi-view 
approaches represents a difficult task since ground truth 
data are not always available. Fig. 10 shows the results 
obtained in the acquisition of a motorcycle component 
(Fig. 10-a) by aligning eight different scans using the 
proposed tracking methodology (Fig. 10-b). Even if a 
metric to evaluate the relative placement between 
overlapping areas should be used, a simple visual 
inspection can be sufficient to state the overall accuracy in 
the point cloud alignment. In general, the results obtained 
with the developed multi-view approach, also in the worst 
cases, have demonstrated to be accurate enough to 
represent a good starting point for global optimisation 
techniques based on the Iterative Closest Point (ICP) 
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algorithm. In this context, a good coarse matching is an 
essential prerequisite for a fast and successful ICP 
convergence, which involves an iterative solution aimed 
at minimising the mismatch between corresponding points 
in overlapping regions of adjacent point clouds. 

 

 

Fig. 9 Point clouds alignment of the target planar surface. 

 

 
μplane 
[mm] 

σplane 

[mm] 

1 -0.032 0.224 

2 -0.029 0.358 

3 0.239 0.946 

Tab. 1 Mean and standard deviation of the residual errors of 
the plane best fitting the points acquired in three different 

measurements of the planar surface. 

 
a) 

 
b) 

Fig. 10 a) Motorcycle component and b) eight different point 
clouds aligned by the proposed tracking methodology. 

5 Conclusion 
In this paper, a low-cost optical tracking system has 

been developed with the aim at measuring free form 
surfaces by automatically aligning 3D point clouds 
captured by an optical scanner. The system is based on 
the detection of passive infrared markers on stereo-pair 
images. 3D marker frames are then created establishing 
accurate stereo correspondences, by integrating epipolar 
and similarity constraints, and used to align the point 
clouds. An image based calibration phase, requiring a 
minimal human intervention, has been defined to 

determine the location of the 3D marker frames with 
respect to the optical scanner. 
Results have demonstrated a significant robustness of the 
system with respect to occlusions and illumination 
conditions. Moreover, the accuracy obtained in the 
automatic alignment of multiple point clouds legitimizes its 
use in the speed up of the measurement process of 
complex shapes for reverse engineering applications, 
especially when conventional high-end systems cannot be 
applied. 
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Abstract 

Purpose: 
The present paper deals with the development of self-identifying planar markers which are 
automatically detected, tracked and reconstructed in 3D in a stereo-vision system.  

Method: 
Firstly, for every acquired image, the connected domains are segmented and classified by 
applying an adaptive thresholding algorithm. Once visual markers are extracted, based on 
specific inner geometric rules, they are classified by using a planar homography and then 
matched with a marker library. Two commercial low-cost webcams, arranged in stereoscopic 
configuration, were adopted. Cameras are calibrated by using the Zhang’s planar calibration 
procedure. A fast and efficient implementation is proposed based on the automatic marker 
detection. Finally, 3D triangulation is performed on the pairs of captured images.  

Result: 
The proposed algorithms were compared with an open-source package for camera 
calibration. Results pointed-out a faster calibration procedure not influenced by manual user 
interaction, and a less sensitivity on the number of calibration points and images. The 
implemented GUI drives the user to easily perform camera calibration and marker tracking.    

Discussion & Conclusion: 
The adopted marker layout allows to recognise coded markers even in presence of high (till 
70°) projective angles. The proposed scheme for marker detection permits to easily edit and 
extend the marker library. More investigation is needed to improve the algorithm efficiency to 
make it more robust against illumination conditions and marker occlusions.  

1 Introduction 
Object tracking is an important task within the field of 

computer vision. It is referred to the ability to detect points 
in an image and follow them through a sequence of 
images. For some applications (see surveillance systems, 
for example) some objects need to be also localised and 
identified in real time in an environment. Usually, there 
are three key steps to be achieved: (I) automatic 
detection of moving points/objects of interest, (II) tracking 
those frame-by-frame, and (III) analysing their tracks to 
recognise their behaviour, in terms, for example, of 
kinematic motion and 3D path trajectories [1, 2]. 

When operating in 2D space, a single camera may do a 
good job; if 3D data have to be extracted from the scene, 
then two or more cameras (only one in a static condition) 
are needed arranged in stereoscopic configuration. 
Stereo vision is the process of combining multiple images 
of a scene to extract 3D geometric information. In 
particular, the aim is to determine depth from at least two 
images taken at the same time from slightly different 
viewpoints. Stereo-vision is widely used to guide robots in 
unknown environment where objects/obstacles need to 
be detected [3]. 

Stereo vision was also employed in agriculture field to 
locate fruits on trees for robotic harvesting [4, 5].  

The main idea behind stereo vision is to recognise one 
or more markers (coded or not) located in the scene and 
match them frame-by-frame. Matching consists in funding 

the correspondence of markers between two frames. For 
each marker, the associated 3D coordinates are known 
once it is identified. Instead of using markers, specific 
geometric features (usually points) caught in the scene 
can be used to reconstruct the three-dimensional scene. 
When higher accuracy is required coded targets are used. 
Coded targets are specifically designed to be easily 
recognised and matched with library entities. 

The present paper represents the first contribution to a 
more general research project, which aims to detect and 
study vibration occurring during the mechanical harvesting 
of olive trees by means of stereo vision. Vibration is 
transmitted to the trunk through a mechanical trunk 
shaker. This vibration is then transmitted to the branches, 
causing the fruit to detach [6]. While such vibrations are 
commonly measured by using dynamic signal analysers 
(see, for example accelerometers), recently optical 
systems are used to assist the previous ones or as 
alternative acquisition system [7]. The present research 
aims to measure those vibrations by detecting and 
monitoring coded markers, attached to the tree, through a 
stereo-vision camera device. 

Starting from this general idea, the present paper 
focuses on the development of a stereo-vision system 
able to (I) automatically detect and track coded markers 
moving in a generic scene, and (II) calculate their 3D 
representation starting from 2D images, captured from 
different positions and orientations of cameras in the 
same scene. 
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Several algorithms and numerical procedures have 
been developed over the past few decades to track 
objects in a video, and each has their own advantages 
and drawbacks. Over all, the Scale Invariant Feature 
Transform (SIFT) is a widely used algorithm in image 
matching applications. This algorithm essentially makes 
use of a gradient based descriptor for particular points, 
and matches these descriptors to corresponding points in 
a target image [8, 9, 10]. SIFT is invariant to image 
transformations (such as translation, scaling and rotation) 
and partially invariant to changes of illumination and affine 
or 3D projections. Despite of all these advantages, SIFT 
works pretty well only when many local features are 
available. This happens, for example, for real objects, 
where hundreds of small features can be easily detected. 
Moreover, this method is mainly an object-based classifier 
and is not adapt to do fine matching and tracking, where 
more accuracy is required. When managing markers, 
black-and-white coded and with a limited set of inner 
features, a more robust approach is then needed. 

In the augmented reality field, where virtual objects are 
super-imposed to real scenes, coded markers have to be 
detected into videos. Open-source packages (see, for 
example, ARToolkit®, ARTag® [11] and openCV® [12]), 
offer dedicated algorithms to perform marker detection 
and tracking.  

Camera calibration is another crucial and necessary 
step in computer vision allowing to extract internal 
parameters (focal distance, principal point coordinates 
and distortions, among others) and external camera 
parameters (3D location of camera) from 2D images. 
Photogrammetry community ([13, 14, 15] to cite a few) 
firstly, and computer vision community later ([16, 17, 18] 
to cite a few) have addressed their attention on that topic. 
The milestone into camera calibration field is the planar 
calibration method proposed by Zhang [19]. He 
suggested to capture a planar pattern with a camera from 
few (at least three) different orientations. Then, by solving 
a set of linear equations, camera parameters can be 
obtained.  

Starting from the Zhang's method many open-source 
implementations were proposed. Among them, the 
Caltech®'s toolbox [20], fully implemented in MatLAB®, is 
a widely used package able to do camera calibration. 
Despite the robustness of its algorithms, we experimented 
that final results may highly depend on user setting 
parameters and manual picking. For instance, once 
calibration images have been imported, initial calibration 
points have to be picked for every image, from which, by 
applying a corner detection algorithm, corners in each 
image are extracted. This task may become very tedious, 
especially when many images are managed, and final 
calibration results may be affected by user selections and 
guesses in the parameter setting. Moving from these 
critical issues we implemented a more robust and 
automatic procedure, mainly based on an automated 
marker detection algorithm and the Zhang's method 

Commercial software, such as PhotoModeler®, by Eos 
Systems Inc., and RhinoPhoto3D®, by Qualup SAS 
(integrated into Rhino3D CAD system), has dedicated 
tools able to automatically detect and classify circular 
coded markers and to do camera calibration. However, 
customising or adding specific user plug-ins is often not 
easy or even not permitted.  

The present paper describes a MatLAB®-based tool 
able to do camera calibration, stereo-vision tracking and 
3D reconstruction of coded markers. MatLAB®'s Image 
Toolbox® was used. User has to import synchronised 
videos, acquired from stereoscopic cameras, and to 

properly set thresholding values needed for marker 
detection. A GUI was developed to drive user during the 
whole stereo-reconstruction process, allowing to visualise 
videos and the 3D position of the markers. 

2 Methodology overview 
Fig. 1 depicts the general work-flow adopted in the 

present research. 
 

 

Fig. 1 General work-flow methodology 

First of all, a general algorithm allowing to automatically 
detect coded markers into any 2D image was developed. 
The input image is firstly converted into black-and-white 
(BW) format and, then, the connected domains are 
segmented by applying an adaptive thresholding 
algorithm. Once markers, based on specific geometric 
rules, are detected, they are classified by using a planar 
homography. 

A marker extraction routine was adopted to calculate 
camera parameters. Mainly based on the Zhang's method 
[19], a planar pattern with so-coded markers, is observed 
from different camera locations. Then, the markers are 
extracted from the acquired images and, by solving a set 
of linear equations, camera parameters are given. 

When camera parameters are known, the 
correspondence image points, taken from two cameras 
arranged into stereoscopic configuration, are triangulated 
to obtain their 3D representation. This operation is 
automatically repeated for every frame of a video for 
marker tracking. 

A MatLAB® GUI was implemented to easily manage 
input images/videos and to visualize 3D reconstructed 
points. 

3 Marker extraction 
The marker layout was partially inspired on [21], in 

which a numerical procedure was suggested to detect 
planar bar codes for mobile phone applications. Even in 
[22] a system for camera calibration based on fiducial 
markers, automatically detected, is proposed. 

The marker adopted in the present paper consists of the 
following elements (see fig. 2): four bars for determining 
the location of the marker, and the central area code with 
the actual code marker information.  

The marker is coded by 11x11 pixels. Each pixel 
position is defined with respect to the coordinate frame 
attached to the upper-left cornerstone. Local axes are 
directed as shown in fig. 2. 

The area code is made by 7x7 pixels. By adding or 
removing black pixels from that area several different 
markers can be generated. So, a customised marker 
library can be created. 

Marker detection 

Marker classification 

Marker extraction 

Internal parameters 

External parameters 

Marker tracking 

3D triangulation 

Camera calibration 

3D reconstruction 
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The following definitions are provided: 
- marker point (PM): any point defined into the marker 

coordinate frame; and, 
- image point (PI): any marker point projected onto the 

image. 
 

 

Fig. 2 Marker layout and marker coordinate frame 

Assuming that the marker is always planar, the 
relationship between any marker point, PM, and any 
image point, PI, can be stated as into eq. 1, where H is 
the squared 3x3 planar homography matrix (see [1] for 
additional theoretical details). 

 IM
PHP ×=  (1) 

Once H matrix is known, any point can be "mapped" 
from the marker frame to the image frame and vice-versa. 

The first stage of the recognition process regards the 
identification of the location bars. Then, the intersection 
point (here called "cornerstone point") among every pair 
of adjacent location bar is calculated. The four 
cornerstones of every potential marker are used to 
calculate the homography in order to remove the 
projective distortion. The homography matrix will then be 
adopted to achieve the marker classification. This task will 
be performed by matching the mapped marker with one 
belonging to the marker library. 

3.1 Marker detection 

The marker detection algorithm performs the following 
steps: 
- adaptive thresholding - BW conversion;  
- image segmentation; and, 
- identification of location bars.  

3.1.1 Adaptive thresholding - BW conversion 

Generally speaking, camera device allows to handle 
colour images (in RGB, for example) and greyscale 
images. They have to be pre-processed (BW conversion) 
in order to perform their segmentation [23]. 

Global thresholding techniques can be used to convert 
pixels in black or white colours using an assigned value. 
Adaptive (also known as local or variable) thresholding 
techniques, instead, are used to isolate the preferred 
domains from the background [23]. This method offers 
more accuracy for images with a strong illumination 
gradient, caused by lack of illumination or shadows 
occurring during the camera exposure. 

Over the years, many approaches have been proposed 
in the image processing community to do adaptive 
thresholding. In the present paper, as described in 
Gonzales et al. [24], the image being thresholded is firstly 
smoothed, by applying a gaussian kernel filter, and then 

the local thresholding value is calculated, accordingly. 
Fig. 3 shows the result of the method just described. 

Notice that the light noise in the original image is 
neutralised into the BW image, with no loss of geometric 
information (all four markers, generated from the marker 
library, appear into the BW image). 

 

  

 a - original image b - BW image 

Fig. 3 Effects of the adaptive thresholding method 

3.1.2 Image segmentation 

Starting from the BW image, the connected domains 
can now be extracted. For this purpose growing, 
procedures are usually evocated. Such methods operate 
by grouping adjacent pixels with the same value ("1" or 
"0"). The "bwconncomp" function by MatLAB®'s Image 
Toolbox® was here adopted. 

For every extracted domain the following geometric 
properties are calculated (see fig. 4): 
- area (Ω): number of detected pixels belonging to the 

domain; 
- centroid (C): geometric centroid of the domain; 
- bounding rectangle: smallest rectangle embedding 

the domain; 
- sizes (W and H) of the bounding rectangle; and, 
- orientation of the bounding rectangle: unit vector 

defining its orientation with respect to the image 
coordinate frame.  
 

 

Fig. 4 Geometric properties of a segmented domain 

The bounding rectangle is here calculated as suggested 
into [25], by using the PCA (Principal Component 
Analysis) method. PCA performs the eigenvector-
decomposition of the covariance matrix, calculated on the 
image points of the analysed domain. The eigenvector 
related to the smallest eigenvalue corresponds to the 
main orientation of the bounding rectangle. Let U be this 
direction. W is always the biggest size of the bounding 
rectangle. Looking at fig. 4, notice that the domain 
centroid may be different from the bounding box centroid. 
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3.1.3 Identification of location bars 

Location bars are used to locate the candidate markers 
into the image. 

Any domain is a candidate bar if the following criterion 
(here called "rectangle shape criterion") is satisfied: 
- Ω/(W·H) ratio must be greater than Δfill (0≤Δfill≤1): that 

is, the domain has a rectangular shape. Δfill becomes 
equal to 1 for the nominal marker layout.   

Let Di be the domain obeying the rectangle shape 
criterion. Now, we look for a domain Dj that satisfies the 
following four rules (here called "bar-pair criteria"): 
- rectangle shape criterion must be obeyed; 
- the distance between centroids Ci and Cj must be 

less than Δpos·L (Δpos>0 accounts for image 
distortion), where L is the maximum value between 
Wi and Wj; and, 

- the angle between Ui and Uj vectors must belong to 
[Δangle, 90°]. Δangle equals 90° for the nominal marker 
layout, with no distortion.  

 

 

 a - counter-clockwise loop b - clockwise loop 

Fig. 5 Two possible location loops 

 

Fig. 6 Application of the marker detection algorithm 

Finalised to marker mapping step (see Section 3.2.1) it 
is important to characterise the inner versus of the planar 
U vector loop.   
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Let Uip and Ujp be the two unit vectors defined as into eq. 
(2), where Pij is the intersection point between lines (Ui, 
Ci) and (Uj, Cj). By calculating the vector normal to Ui, one 
can write the rotation matrix as stated into eq. 3. The 
determinant sign of that matrix is the "pair-sign" (Uip,x and 
Uip,y are the x and y components). 

Let (D1, D2) be the first pair meeting the bar-pair criteria 
(see fig. 5). Here, we define the "marker-sign", msign, as 
the determinant sign of the rotation matrix, related to the 
first pair. 

The third and the fourth bars must be selected in such a 
way to form a coherent cyclic loop, as depicted into fig. 5. 
This can be stated saying that the pair-signs of pairs (D2, 
D3) and (D3, D4) are always equal to the "marker-sign", for 
that marker. Looking once again at fig. 5, notice a positive 
pair-sign for the counter-clockwise loop (a) and a negative 
value for the clockwise one (b). 

Four image key-points are finally available: P12, P23, P34, 
P41. Fig. 6 shows the results of the marker detection 
algorithm (cornerstones are depicted as square, circle, 
diamond and triangle dots).  

In the next Section, these points will be used to perform 
the marker classification. 

3.2 Marker classification 

The marker classification procedure aims to classify 
every detected marker, by matching it with the marker 
library (see fig. 7).  

 

   
 a - detected key-points b - mapped marker 

   
 c - down-sampling points d - reconstructed marker 

Fig. 7 Marker classification process 

This classification is based on two steps: 
- marker mapping; and, 
- marker matching. 

3.2.1 Marker mapping  

The first step of the marker classification procedure 
regards the calculation of the homography matrix, H, as 
stated into eq. (1). At least four not-aligned points are 
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required as demonstrated in [1]. By adopting the four key 
points derived from the marker detection process (see fig. 
7.a), it can be written: 

 ú
û

ù
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ë

é
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1111

PPPP
P 41342312

I
 (4) 

where PI is the 3x4 homogeneous matrix containing the 
image coordinate points. Marker points, PM, are known in 
the marker nominal layout coordinate frame. Looking 
once again at fig. 2, one can write those points as into eq. 
5. Points in PM are arranged counter-clockwise or 
clockwise, depending on the value of the marker-sign, 
msign. 

Once PI and PM are known, the H matrix can be 
calculated from eq. (1), by evaluating the null-space of a 
set of linear equations. For this purpose, the "cp2tform" 
function by MatLAB®'s Image Toolbox®, was here used. 
This operation is performed on the original image, not 
altered by the BW conversion. 
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From the homography matrix, any image point can be 
mapped from the image coordinate frame to the nominal 
marker layout (see fig. 7.b). At this stage, marker 
matching is quite easy to perform since image distortion 
has been removed. 

3.2.2 Marker matching  

The marker previously mapped is firstly down-sampled 
and then matched to the marker library. When a match is 
found, the detected marker is classified with a unique 
identifier, otherwise it is discarded. 

Generally speaking, the resolution of the input image is 
greater than the marker layout resolution (11x11 pixels). 
The down-sampling process is then needed to get, from 
the mapped image, only 11x11 pixels. To do this, a 
uniform grid was generated (see fig. 7.c) onto the mapped 
image. At every grid point a colour-based value is 
associated, averaging values on a 3x3 mask centred on 
that pixel (square masks into fig. 7.c).  

The thresholding procedure, described into Section 
3.1.1, can be now applied to the sampled image to 
convert it into BW format, from which the marker can be 
reconstructed (fig. 7.d). This procedure works with no 
matter about the printed size of the markers. 

This reconstructed marker is, finally, compared with 
ones in the marker library (assumed as "template" 
markers). The output of this template matching is a 
confidence factor [26]. If this factor is greater than a 
threshold (Δconf), a marker has been found. The 
confidence factor, Δconf, is defined as the number of 
unmatched pixels over the total number of pixels of the 
area code (for example, 2/49 means that when 
performing the correlation with the marker library, 
maximum 2 pixels, over the 7x7 pixels of the code area, 
may fail the matching). 

 

 

Fig. 8 Application of the marker extraction algorithm 

Two properties are associated to the classified marker: 
- marker identifier (mid);  and, 
- marker centroid point (mc): the geometric centroid of 

key-points, PI. 
The marker centroid point is calculated by averaging the 
image key-points, PI. Fig. 8 shows four recognised 
markers. 

Ultimately, the marker extraction algorithm can be 
summarised as follows: firstly, candidate bars are looked 
for; then, if they obey the rectangle shape criterion and 
the bar-pair criteria, a candidate marker is identified. Only 
when a match with the marker library is found-out, the 
candidate marker is classified as recognised marker. 

3.3 Marker tracking 

The proposed marker extraction procedure highly 
depends on the size and the content of the analysed 
image. More domains are present in the image, more 
"candidate bars" have to be examined. This task may 
become very time consuming when managing videos, 
with hundreds and hundreds of frame-images to be 
processed. 

 

  
 a - first frame b - second frame 

  
 c - third frame d - fourth frame 

Fig. 9 Application of the marker tracking approach 

Therefore, in order to decrease the computational effort 
in video applications, we do not scan all frames 
completely. Previous marker positions are used to locate 
markers in the next frames. Marker extraction procedure 
in only performed in those image regions containing 
markers in the previous frame. A frame is completely 
processed when some new markers may come in the field 
of view or other ones may disappear from the camera 
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view ("re-initialisation phase"). To make automatic this 
phase, the maximum number of markers (Δmarker) to be 
detected is manually assigned. When the number of 
extracted markers is less than Δmarker, then the re-
initialisation phase occurs and that frame-image is 
completely scanned.  

Fig. 9 summarises the adopted marker tracking 
approach. Four frames were captured. Markers were 
searched in the first frame. Here, a location rectangle, 
centred on the marker centroid, was drawn (dashed lines 
into fig. 9.a). The initial sizes of every rectangle are 
assigned by evaluating the sizes of the bounding 
rectangle embedding the four cornerstones, and are 
oriented along the image axes. To assure that this 
location rectangle contains again the related marker in the 
next frame, its sizes are increased of a scale factor (Δscale, 
user input). Then, in the next frame the search is focused 
only inside the location rectangles. Sizes and position of 
every rectangle are updated frame-by-frame, accordingly. 

The marker extraction procedure requires six user input 
parameters, four for the marker extraction (Δfill, Δpos, 
Δangle, Δconf) and two for the marker tracking (Δscale, 
Δmarker). How to properly choose the first group of 
parameters will be discussed later.  

4 Camera calibration 
The camera is modelled by using the classical pin-hole 

approach [13]. Let m and M be the image point, defined 
into the image coordinate frame and the 3D point, defined 
with respect to the world coordinate system, one can 
write: 

 [ ] MtRKm ××=  (6.a) 

where K is the 3x3 matrix containing internal camera 
parameters, while R and t are the rotation matrix and the 
translation vector, respectively, defining the orientation 
and the position of the camera with respect to the world 
coordinate system (external parameters). In a more 
general form, eq. 6.a can be written as: 

 MPPMm ×=  (6.b) 
where PPM is the perspective projection matrix. 

Neglecting the radial distortion of the camera lens, one 
can write: 

 

ú
ú
ú

û

ù

ê
ê
ê

ë

é

=

100

v0

uc

K
0

0

b
a

 (7) 

with (u0, v0) the coordinates of the principal point, α and β 
the scale factors in the image x-y axes, and c the 
parameter describing the skewness of the two image 
axes. 

The rotation matrix, R, is parameterised by a 3x1 vector, 
r, which is parallel to the rotation axis and whose 
magnitude is equal to the rotation angle. R and r are 
related by the Rodriques' formula [1]. 

 

 
a - first calibration image  

 
b - second calibration image 

 
c - third calibration image d - external parameters 

Fig. 10 Application of the camera calibration procedure 

The aim of camera calibration is determining such 
parameters. Based on the Zhang's method, internal and 
external camera parameters can be obtained by 
observing a planar pattern from different positions and 
orientations. At least three different images are needed. 
However, since numerical errors may arise in estimating 
image coordinate points, more than three images are 
often required. 

Once the correspondences among m and M points are 
known, camera parameters can be easily calculated, by 
solving for the null-space of a 2·nx6 rectangle matrix (with 
"n" equal to the number of calibration images). Zhang 
proposed to iteratively refine the numerical solution in 
order to minimise the back-projection error. In the present 
paper, we implemented the Zhang's method with no 
iterative refinement. How to automatically find-out those 
correspondences was also investigated.  

Image coordinate points are calculated by using the 
marker extraction procedure, described into Section 3. 
Moreover, world coordinate points, M, are automatically 
assigned once markers of the marker library are printed 
on a planar table. The correspondence among m and M 
points is then assured since they are univocally classified 
and identified. 

Fig. 10 shows a planar table with a pattern of 25 coded 
markers. Three different images were captured. Once 
marker centroids are calculated, camera parameters were 
obtained. Fig. 10.d depicts the location of the three 
reconstructed cameras (their position and orientation 
correspond to external camera parameters). World 
coordinate points are also shown as circle markers. 

5 3D reconstruction 
In the present research, two commercial low-cost 

webcams, calibrated according to the previous method, 
were adopted and arranged in stereoscopic configuration 
(fig. 11) to reconstruct the 3D coordinates of any point if 
its image projections (that is, the marker centroid points) 
are given. 

Cameras were mounted on a tripod, at a maximum 
baseline of 420 mm, with a spherical joint-fixture. 
Cameras were synchronised by using the VCAPG2 open-
library [27]. 

How to numerically calculate the 3D position 
("triangulation" phase), starting from the PPM matrices of 
the two cameras and the related image points, is well-
known into computer vision community [1]. 
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Model Microsoft® LifeCam Cinema 

Sensor resolution HD 720p 
Frame rate 30 Hz 

Output image size 720 x 1280 
Output image color RGB 

Auto-focusing Switchable  
Interface USB 

Fig. 11 "Home-made" stereoscopic device 

Generally speaking, triangulation methods may be 
classified as linear and non-linear. The first ones minimise 
an algebraic error. The non-linear approaches, instead, 
minimise a non-linear cost function with an iterative 
solver. Despite the non-linear algorithms can give more 
accurate results, they may become instable due to 
numerical convergence errors. On the other hand, the 
linear approaches are faster and stable, but less 
accurate. In the present paper we implemented the 
"Linear-Eigen" method as originally described in [1].  

6 Case studies 
The proposed marker extraction algorithm was tested 

both on computer simulated data and real data. 

6.1 Computer simulations 

Computer simulations were adopted to study the 
sensitivity of the marker extraction parameters (Δfill, Δpos, 
Δangle and Δconf) on camera orientation. 

The simulated camera had the following properties: 
α=900, β=900, c=0, u0=620, v0=877. 

 
Parameters Levels (1, 2, 3) 

rx (°) 0.0 10.0 70.0 

ry (°) 0.0 10.0 70.0 

rz (°) 0.0 45.0 90.0 

Δfill 0.4 0.6 0.8 

Δangle (°) 10.0 30.0 60.0 

Δpos 0.9 1.2 1.6 

Tab. 1 Parameters and their levels 

To study the sensitivity of those parameters a factorial 
design approach was used [28]. Tab. 1 reports variation 
levels for every parameter. The confidence factor, Δconf, 
was assumed equal to zero to avoid any false marker 
detection. Camera orientation was parameterised by 
using rotation angles (rx, ry and rz) defined around the 
world coordinate axes (z axis is intended as perpendicular 
to the image plane). Camera position was constant and 
equal to t = [0, 0, 1400]. 

 

   
 a - r = [10, 70, 90]° b - r = [70, 10, 0]° 

   
 c - r = [70, 0, 0]° d - r = [0, 10, 45]° 

Fig. 12 Some 2x2 patterns for sensitivity analysis 

Adopting a full factorial analysis, 729 (=36) combinations 
were generated. For every combination, firstly, the 
simulated projective images (see fig. 12) have been 
calculated by applying the pin-hole camera model (as 
stated into eq. 6.b); then, the marker extraction procedure 
has been accomplished and the number of detected 
markers has been stored.  

It is of interest evaluating the mean effects of every 
parameter. Looking a fig. 13.a, notice that the rotation 
around z axis slightly influences the number of extracted 
markers. On the contrary, rotations around x and y axes 
show a high incidence on the number of detected 
markers. This is especially true when moving to level 3 
("70°"). This demonstrates that the marker extraction 
algorithm is insensible to rotations of the same marker 
around its normal axis, but it strongly depends on 
"oblique" camera orientations. 

 

 

Fig. 13.a Mean effects for marker extraction 

Considering both Δfill and Δpos parameters it seems that 
when adopting too low thresholding values ("0.4" and 
"0.9", respectively) the marker extraction algorithm 
exhibits a low efficiency. Moreover, Δangle parameter plays 
a poor role on marker extraction. 

Based on these preliminary findings, we are now aimed 
to evaluate the maximum rotation angle, over that the 
marker extraction procedure reduces its efficiency (the 
efficiency is here the number of extracted markers over 
the number of available markers). A new simulation was 
performed by setting ry=0°, rz=0°, Δfill=0.7, Δangle=15°, 
Δpos=1.4. rx was assumed to vary into the range [0, 80]°. A 
5x5 pattern was simulated. Fig. 13.b shows the results. 
We observed that the marker extraction procedure is quite 
stable until 70°. Then, it decreases its efficiency, which 
goes toward zero, for a rotation angle of 80°.    
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Fig. 13.b Rotation angle vs efficiency 

6.2 Calibration on real data 

The proposed marker extraction procedure was used to 
calibrate the Microsoft® LifeCam Cinema camera (image 
resolution 1280x720). A comparative analysis was 
performed with results coming-out from the Caltech®'s 
camera calibration toolbox. 

Figure 14 depicts the adopted calibration patterns. Both 
patterns were attached on a planar surface and then the 
camera was moved around, capturing both patterns at the 
same time. Six sets of calibration images (5, 7, 10, 15, 20, 
25 images) were captured and for each of them the 
calibration was performed. Fig. 15 shows the results of 
the calibration. Tab. 2 reports mean and standard 
deviation variations, calculated over the number of sets of 
images. Notice that Caltech's calibration results exhibit 
significant standard deviation values, meaning that the 
number of calibration images highly influence calibration 
results. On the contrary, our approach appears to be 
more stable (low standard deviations). 

 

   

 a - our pattern b - Caltech's pattern 

Fig. 14 Calibration patterns 

 

a - Caltech's calibration results 

 

b - Results of our calibration approach 

Fig. 15 Caltech approach vs our approach  

 
Caltech approach Our approach 

mean std mean std 

α 1014.15 20.00 989.58 2.71 

β 1028.03 14.47 986.01 2.53 

u0 616.12 9.99 647.85 0.82 

v0 431.98 18.09 379.94 1.64 

  Tab. 2 Caltech approach vs our approach  

For sure, better results, for both methods, can be 
reached by separately taking photos with the highest 
image coverage for each pattern. In the previous case 
study, instead, to operate in the same camera conditions, 
we took photos looking at both patterns at the same time. 

The proposed calibration method was also tested to 
study the sensitivity of calibration results for different 
calibration patterns, that is made of different marker 
configuration. As shown into fig. 16, calibration data, 
based on ten calibration images, are slightly affected by 
the pattern (for instance, 5x5, 5x4, 5x3, 5x2, 3x3, 3x2 and 
2x2 patterns were tested). This means that the calibration 
process can be done also with a simple 2x2 calibration 
pattern, but more markers are suggested for more 
accurate results. 
 

 

Fig. 16 Sensitivity of the number of calibration points 

6.3 Video reconstruction 

Two synchronised videos were captured by the same 
calibrated cameras described before. Fig. 17 depicts 
some frames extracted from videos of left and right 
camera. 
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 a - frame 5 (left) b - frame 5 (right) 

   
 c - frame 20 (left) d - frame 20 (right) 

   
 e - frame 35 (left) f - frame 35 (right) 

Fig. 17 Some extracted frames 

Two toy-cars, on which two coded markers were 
previously attached (marker #4 and marker #6), were 
manually pushed on the relative tracks. In particular, the 
car with marker #4 was moved on the outer-track; 
instead, the other car with marker #6 on the inner-track. 
Fig. 18 shows the result of the object tracking procedure, 
by triangulating the centroid points of the recognised 
markers. 
 

  

Fig. 18 3D reconstruction of a trajectory 

7 Implementation 
All algorithms described in the present paper were 

implemented into a friendly advanced GUI, fully 
developed in MatLAB®. 

Fig. 19.a shows the calibration interface. After importing 
the calibration images, markers are automatically 
extracted and the correspondences between calibration 
points are calculated. A fast previewing of camera 
locations is also available. 

The 3D stereo-tracking is driven by the 3D-stereo GUI 
(fig. 19.b). User has to import synchronised "LEFT" and 
"RIGHT" videos and the related calibration data. PPM 
matrices are automatically calculated and the location of 
cameras is shown into the "Post-Processing GUI". 

 

 

Fig. 19.a Calibration GUI 

 

Fig. 19.b GUI for marker tracking and 3D visualisation 

The marker tracking is initialised by picking the 
"INITIALIZE" button. Then, the "STEREO 3D" button 
performs the marker tracking as discussed into Section 
3.3. 3D reconstructed points can be exported into "ASCII" 
format and, then, post-processed into any CAD 
environment. 

8 Conclusion 
It was illustrated a general algorithm for marker 

detection to classify and track object points from videos. 
Mainly based on a planar homography, the proposed 
automated procedure requires only six input parameters: 
four for marker detection and classification, and two for 

marker #4 trajectory 

marker #6 trajectory 
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marker tracking. We investigated the sensitivity of some 
of these parameters on marker detection efficiency. 
Results showed that the proposed algorithm is quite 
stable to small variations of such parameters. 
Furthermore, markers can be recognised to almost 70° 
from the marker normal. 

The algorithm of marker detection was also adopted to 
perform camera calibration. Numerical experiments were 
done to understand the sensitivity on the estimation of 
camera parameters. A comparison with a well-
documented calibration tool, mainly based on a corner-
extraction routine, was accomplished. Results pointed-out 
that our method is less influenced by the number of 
calibration images as well as the number of calibration 
points. 

However, further analyses are required to understand 
the sensitivity of the proposed method when changing 
illumination and when marker occlusion occurs. In fact, 
lack of illumination or shadows may influence the 
recognition process. Moreover, if the visual marker code 
is partially occluded, there is no guarantee, at the 
moment, to recognise it and to rightly match with the 
marker library. 

The proposed scheme for marker detection allows to 
easily extend the marker library by editing or adding more 
marker layout (with reference to the area code), as well 
as to consider an inner higher resolution.  

The classification process is actually performed by a 
correlation criterion. Since this method is thresholding-
based, false markers may be classified. More 
investigations are then required to improve the efficiency 
of this algorithm. 

Finally, in order to provide a more versatile and flexible 
tool, not-planar markers should be also accounted. 
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Abstract 

Ceramic tiles offer a technical and aesthetical solution very attractive for the covering of any 
kind of floor, regardless size, employment and environmental constraints. The designs of the 
decorated surface of the product have varied enormously since the beginning of the 
employment of the ceramic tiles in construction, both in considering the creative phase and 
the printing technology. In this work we relate the evolution of these two factors, their 
relationship through time and the last tendencies of the sector, where digital image 
processing and inkjet printing are gaining importance. 

1 Introduction 
The ceramic tile sector faces a very competitive 

market, with a very demanding final user. Researchers 
and enterprises have put their efforts in the improvement 
of the ceramic materials, and the diversification of the 
designs of the decorated surface. 

With regard to the decorative design, creative staff 
offer new proposals every year. Traditional motifs are 
combined with innovative aesthetics, such as the imitation 
of wood, metal, natural stone, or the employment of 
reliefs and landscapes as inspiration. 

This work relates the historic evolution of these factors, 
their relationship along time and the last tendencies of the 
sector, where digital image processing is gaining 
importance. 

2 Traditional decortion techniques and 
motifs 

First evidences of ceramic tiles in the Iberian Peninsula 
belong to the expansion of the Neolithic [1]. Ceramic 
materials have notably evolved through these centuries, 
and with respect to their decoration, vitrification has 
widely improved and the color pallete has been extended. 
Until the XV century, ceramic tiles were manually 
decorated. A white enamel was first applied, and then a 
raw glaze. 

Finally, manual decoration took place[2]. In the XVIII 
century, the color palet had been considerably extended, 
since iron (oranges) and antimony (yellows) are used 
together with cupper, manganese and cobalt [3].  

Four different traditional techniques were used: tiled, 
dry string, basin and edge and the pictorial, characteristic 
of the flat tile.  

Tiled is a mosaic of vitrified ceramic parts (“aliceres”); 
dry string is an ornamental motif delimited by some lines 
traced with a mixture of manganese oxide and grease; nd 

basin is the technique where ornamental motifs are 
separated by a series of cavities created with a stamp [4]. 

By means of these techniques, Aragonese 
monochrome tiles of the XIV can be found, which include 
white, green and black vitrified parts [5], Seville tiles with 
reliefs of the XV century, dry string and basin tiles with 
diverse motifs (female faces, flowers and vegetables, 
towers and tracery drawings); and Valencian tiles of the 
XV century [6]. 

Delft tiles also had a large recognition. They gathered 
the influence of the Chinese porcelain and its imitations, 
spred out through Europe from the Netherlands. This 
decoration kind of decoration, based on independent 
topics executed with fine brush, is imitated the Iberian 
Peninsula since the XVII century [7]. 

3 Current ceramic design and 
decoration 

These days, the available equipment for the ceramic 
decoration are mostly gravure rolls and silk screen. 

By means of both technologies, the decoration of the 
tiles is produced by the sequential deposition of the 
different inks. If a design is made of three different colors, 
the part should undergo three gravure rolls or three silk 
screens to received the definitive decoration. 

This decoration process could be suitable for simple 
decoration, whose colors are obtained by the combination 
of a reduced number of inks. Nevertheless, these 
technologies are not adequate for more complex motives 
or textures, where intermediate colors are required, and 
the accuracy and resolution of the result must be high. 

Moreover, these traditional systems have al high 
variability (undesired color differences between tiles), 
which causes nonconforming products and additional 
production costs [8]. They also are systems with high 
production inertia, and therefore should be used with large 
lots (something more and more old-fashioned in today’s 
industry). 
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The design process has changed very Little itself. 
Many companies have integrated CAD (Computer Aided 
Design) tools in their creative departments, but its usage 
still is very artisanal. In most cases, images directly 
acquired by the company or bought from some other 
company are edited with commercial software to get 
particular effects and adapt the image to the decoration 
technology. 

The combination of these two factors (design and 
decoration technology) has result in the slow and rigid 
ceramic design process. All this causes unnecessary 
launch costs, longer development and manufacturing 
cycles, and unaffordable stocks. Such waste of time and 
money is inadmissible in such competitive industry, and it 
is also constraints the creating and organizational 
possibilities of the companies. 

4 New inkjet decoration for ceramic 
products 

The decoration of surfaces using inkjet also known as 
inkjet decoration, allows the printing of multicolor complex 
motifs at high quality standards. With this technology, final 
colors are generated by the close deposition of drops of 
the different inks, typically cyan, magenta, yellow and 
black ( the so called CMYK color space). The human eye 
perceives this fine screening of droplets as an 
homogeneous surface, whose color is the mixture of the 
basic ones. In this way, it is possible to print any kind of 
motifs and textures at high resolution, without the 
technical limits of the traditional technologies. 

Inkjet printing has been widely used in the field of the 
Fine Arts since the 90s. However, its entry in the ceramic 
tile has been more recent. This retard has been due to 
the need of special inks, which were able to have a 
proper response during the firing process. 

There are several companies offering ceramic inkjet 
printers with similar characteristics. They are specially 
focused in ceramic tiles, but some machines are able to 
décor special parts as well. Currently, the decoration of 
ceramic tiles with inkjet printers is extending their 
presence in the ceramic tile sector, since it could cover 
the shortages of the traditional methods [9]. But despite 
the effort done by the ceramic tile companies in buying 
this new technology, the actual employment of the inkjet 
printers has been relegated to the manufacturing of parts 
whose decoration is impossible to be recreated by the 
traditional methods [10]. 

Once implemented, the inkjet technology should be 
exploited in all its magnitude. To do this, it is necessary to 
reshape the design process by means of computer 
assisted mechanisms. 

5 Employment of digital image 
processing the in ceramic 
manufacturing 

Digital image processing is a barely used technique in 
the manufacturing of ceramic tiles. Essentially, it has 
been used the classification phase for the detection of 
superficial defects and undesired color changes. 

The most relevant works in the field of the automatic 
classification have been developed at Asian University of 
Bangladesh, the University of New South Wales, 
University of Science and Technology (Korea) and the 
University of Surrey (United Kingdom) [11] [12] [13] [14].  

In the field of the color prediction, the most relevant 
studies have taken place at the Universidad Politécnica 

de Valencia, Università di Modena e Reggio Emilia (Italy), 
University of Joensuu (Finlandia) and University of Derby 
(United Kingdom) [15] [16] [17] [18] 

With regard to the design of the decorated surface, 
image processing has been used only a few times. Some 
researchers have tried to offer tools for the improvement 
of the management of the design process itself [19] [20] 
[21]. 

The employment of the image processing for the 
adaptation of the design process to the inkjet printing is a 
new research field. As it has been already commented, 
most companies are integrating inkjet in their production 
lines, adapting their current designs with commercial 
tools. Nevertheless, these tools only permit simple 
automatic transformations. The production of adapted 
images, ready to be printed, with the required size, 
resolution, texture and color still relays in the artisanal 
expertise of the designer. 
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Abstract 

Purpose: 
The manufacturing of large yacht hulls is a complex process in the shipbuilding industry. The 
traditional approach is based on the pre-fabrication of large steel panels that are welded 
together to form 3D superstructure assemblies. One of the most relevant aspects of a yacht is 
its visual impact. For this reason, a finishing phase is usually carried out in order to obtain a 
final target surface with smooth curvature. Current methodologies mainly rely on manual 
processes thus requiring a great amount of time and well-experienced workers. 

Method: 
This paper introduces an innovative methodology representing the basis for the automation of 
the finishing phase of large yacht hulls. The proposed approach is based on the 
measurement of the as-built hull surface through the integration of an active stereo vision 
system and a complex mechanical tracking system. A procedure to define the target surface 
has been developed by integrating information deriving from both the design and the as-built 
shapes. 

Result: 
The developed methodology has been tested on a broadside region of the hull of a 59 metres 
yacht assembled within a shipyard. A target surface, differing as little as possible from the 
design surface, has been modelled in order to obtain a uniform curvature shape. A finishing 
phase has then been carried out by applying a layer of filler and by milling the hull’s surface. 

Discussion & Conclusion: 
Results obtained have demonstrated the feasibility of the proposed approach, speeding up 
the whole process and guaranteeing fair reflection line patterns on the manufactured surface. 

1 Introduction 
Commercial shipbuilding and ship repair is a strategic 

high-tech industry sector for Europe. It develops 
advanced technologies, provides essential means of 
transport for international trade and supplies modern 
navies with modern vessels. In the field of shipbuilding 
industry, the construction of large pleasure crafts (from 18 
to 60 metres) has become, in recent years, a 
considerable resource. In Europe there exists a dense 
network of shipyards and other advanced technologies 
providers which have seen their productivity increasing 
more than fourfold over the last two decades. Highly-
specialised European shipbuilding industry seems to be 
competitive and well equipped to face the future with 
confidence. However, recent large increases in global 
shipbuilding capacity, mainly in Asia, are likely to make 
the trading environment for European yards even more 
challenging in the near future [1]. Shipbuilders operate in, 
and depend on, high-tech market niches, and one of the 
key elements to strengthen world-wide competitiveness 
certainly relies on increasing research, development and 
innovation (RDI) investments. New yachts are 
sophisticated products and the most percentage of the 
RDI activity concentrates on designing and building 
prototypes tailor-made to the client’s specific 
requirements. In this context, a significant part of the 
innovation activities is related to innovative design vessel 

concepts and optimization of the production process itself. 
The adoption of specific innovative solutions during the 
concept design phase or the manufacturing process can 
establish crucial advantages when competing with 
shipbuilders offering “off the shelf” solutions. The 
production of large steel yachts should be performed in 
the shortest time with the lowest costs. This process 
implies a significant industrial and technological effort for 
the shipyard. Although shipbuilding remains a 
comparatively labour intensive and highly skilled 
enterprise, the automation of some processes, in 
particular at early stages of production, could greatly 
reduce the number of man-hours required. Moreover, the 
removal of less efficient production capacity could be 
used to free resources for new investments. 

The traditional approach to the shipbuilding process 
can be seen as divided into two parts: the prefabrication 
and assembly of the steel yacht external structure and the 
installation of the equipments and fittings into the craft. 
These two phases can be undertaken sequentially or, as 
far as possible, in parallel to improve efficiency. 

In particular, the manufacturing of external hulls used 
for large steel yacht production is a complex process and 
can be summarized in four main steps: 1) welding of steel 
panels, 2) filler application, 3) milling and 4) final painting. 
One of the most relevant aspects for a pleasure craft is its 
visual impact. A large part of this impact can be attributed 
to the appearance of the external hull surface finishing. 
Nevertheless, at the end of the welding stage, the shape 
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of the hull is far away from the designed solution, 
resulting with a poor surface quality characterized by 
raised welding joints, surface waviness and scratching 
defects. For this reason, a finishing phase is usually 
carried out by applying a layer of filler, and by milling the 
hull’s surface in order to obtain a target surface with 
smooth curvature. Current methodologies mainly rely on 
manual processes thus requiring a great amount of time 
and well-experienced workers. The need of higher 
productivity and international competitiveness demands 
for innovative design and optimised manufacturing 
technologies, as computer aided design/computer aided 
manufacturing (CAD/CAM) and computer numerical 
controlled (CNC) machining systems [2]. 

This paper introduces an innovative methodology 
which represents the basis for the automation of both filler 
application and milling process for large yacht hulls. A 
procedure to define the target surface has been created 
by using the original CAD model surface and the existing 
as-built hull shape. The acquisition process of the hull 
shape has been developed by integrating a complex 
robotic system, a full-field 3D stereo vision system and an 
industrial laser station. The robotic system is composed of 
an anthropomorphic arm and two linear guides, vertical 
and horizontal, which allow the placement of the arm in 
different stations along the hull length. An optical scanner, 
based on structured lighting, is mounted on the arm as 
end-effector and is used to acquire single range maps. 
The acquired data are transmitted through a wireless 
connection and stored on an off-line computer. For each 
placement of the arm over the guides, the individual 
scans are aligned on the basis of an optical calibration 
procedure that accurately identifies the pose of the 
scanner with respect to the arm end-effector. The laser 
station is then used to align data measured in 
correspondence of different placements of the arm over 
the guides. The acquired data are used to obtain a target 
surface which is provided as input to a CAM system. 
Finally the CAM system guides the filling and milling tools 
mounted as end-effectors on the same robotic arm. 

2 State of the art 
The hull is the core body of water going vessels and is 

designed to be seaworthy, comfortable and efficient. The 
design of the hull shape is a complex process involving 
important decisions about shape, structure, materials and 
processes in order to optimise performances and 
reliability, minimising, at the same time, costs and weight. 
The hulls of the vast majority of large pleasure crafts are 
constructed from steel. The basic unit of hull’s structure is 
a steel panel, obtained from a plate, to which steel bars 
are welded to give adequate stiffness. Panels can be flat 
or curved, in two or three dimensions, to provide shape 
curvature. These panels, cut to a predetermined shape 
prior the hull’s manufacturing process, are then welded 
together to form three-dimensional steel assemblies [3]. 
The outfit equipment and fittings are then incorporated 
into the fabricated hulls as much as possible at this stage. 

When producing mega-yachts, high quality for their 
surface finish is required. One of the most relevant 
elements for assessing the hull and its superstructure 
final coating relies on its visual appearance. 
Nevertheless, at the end of the welding stage, the 
assembled hull is far away from the expected surface 
finish. Moreover, the high shipbuilding tolerances as well 
as the welded joints cause substantial surface deviations 
from the designed shape. A finishing phase is then 
carried out by applying a layer of filler and by milling the 

hull’s surface in order to obtain a uniform target surface 
with smooth curvature. A seawater-resistant lacquer 
coating is finally applied on the obtained surface. 

Although some processes, especially at early stages of 
production, have been automated, shipbuilding still 
remains a relative highly skilled enterprise. In particular, 
one of the key bottlenecks in the whole process, greatly 
affecting the production cycle time, concerns with the 
filling and coating phases. These labour intensive 
processes, usually subcontracted to specialist companies, 
are largely manual and rely on the expertise of individual 
workers, resulting in surfaces that are generally different 
from the expected ones. When as-built data are not 
available, the geometry of the hull is usually measured by 
means of simple testing instrumentation (rulers). The 
filling phase is performed by empirical and manual fairing 
techniques through various laths and templates used as 
references (fig. 1). The hull surface is divided into different 
regions and the filling phase is performed one-by-one. 
Transition boundaries between adjacent regions represent 
critical areas and must be usually re-worked to assure 
curvature continuity. For this reason, the finishing phase 
covers a great percentage (at least 30%) of the whole 
mega-yachts production process (2÷3 years) and is 
subjected to a great material waste. Humidity and 
temperature variations can cause non homogeneous 
conditions in the filling coating. Moreover, geometrical 
asymmetries can lead to uneven distribution of 
mechanical stresses. Quality control approaches are 
rarely implemented by shipyards so that the real 
discrepancy between the designed CAD surface and the 
final hull shape is not fully evaluated. This situation, 
together with the demand of a greater productivity and 
competitiveness, is driving shipbuilders to improve the 
hull’s production process with the introduction of new 
design and manufacturing technologies. The challenge is 
twofold: the reduction of both cost and time of the 
production cycle and the assessment of the quality of the 
final hull’s shape and surface finishing. 

 

 

Fig. 1 Filler application by handmade process. 

In recent years, technical literature has documented 
the combined use of automatic non-contact reverse 
engineering methodologies and CAD/CAM systems in the 
shipbuilding and ship repair fields. Photogrammetric 
techniques can be used to measure the hull surface with 
the aim of defining dimensional and accuracy control 
systems. In [4] a close-range photogrammetric technique, 
using coded targets and scale bars, has been used in the 
measurement of decks in recreational crafts. The 
combination of CAD information with automated digital 
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close-range photogrammetry has been used also in [5] to 
automatically analyse, through 3D edge detection 
techniques, the plate burning quality and its impact in the 
downstream stages of shipbuilding. These 
photogrammetric approaches use coded targets on the 
surface to be measured thus reducing the automation 
efficiency. The AMORES project [6] has been focused on 
developing ship repair and conversion processes through 
photogrammetric techniques and CAD/CAM technologies. 
Digital photogrammetry, based on the detection of 
textured points in digital images, has been used to 
automatically measure ship hulls and generate as-built 
models of the ship surfaces. This approach demonstrated 
to significantly reduce the measuring time. However, even 
if not depending on any marker point attached to the 
surface, results of full-scale tests have showed a certain 
dependence on the lighting conditions. 

To improve the robustness of the measurement phase, 
active devices can be used. In [7], the use of coherent 
laser radar for the measurement of a composite ship hull 
is described. Dimensional measurements have then been 
obtained and compared to the CAD design model for 
conformance validation. In [8], a terrestrial laser scanner, 
based on the phase shifts measurement of constant 
waves with varying length projected by an infrared source 
and reflected back by the object, has been used. 3D 
models of the hull and the deck of a ship have been 
obtained in order to determine possible asymmetries and 
calculating the volume of the underbody. In [9] a 3D laser 
scanner has rather been used to measure the external 
surface of mega-yachts with the aim at defining the 
amount of filler to be applied before the coating phase. 3D 
laser scanner systems provide good results when the 
element to be modelled has a complex shape and a 
considerable size. However, when sub-millimetre 
accuracy is required, their use is not as effective and their 
cost substantially increases.  

In this paper, a methodology for the automation of both 
filler application and milling process for large yacht hulls is 
presented. The proposed approach is based on the 
measurement of the as-built hull shape through the use of 
an active stereo vision system based on a structured light 
technique. Structured light systems are suitable for the 
reconstruction of objects having complex but small shape 
when full-field, non contact and accurate measurements 
are required. In order to extend the use of a similar 
approach to the measurement of large objects as mega-
yacht hulls, a complex robotic system has been 
assembled. 

3 Proposed approach 
The aim of the filler application and milling process, 

within the hull shipbuilding process, is the creation of a 
final surface (target surface) having good aesthetics 
properties. The quality of visual appearance is ultimately 
dictated by the uniformity and smoothness of the surface 
that is observed.  

In this paper, two different methodologies, differing for 
both the amount of information used and user interaction 
required, have been developed to model the target 
surface. The starting point of the whole procedure relies 
on the accurate measurement of the as-built hull shape 
after the panels welding stage. The acquisition process 
has been developed by integrating a robotic system, a 
full-field 3D optical scanner and an industrial laser station. 
The purpose of the measurement process is the creation 
of a polygonal mesh representing the as-built hull surface. 
Commercial CAD software has been used to approximate 

the measured as-built shape with a NURBS surface 
having the required visual impact. A further methodology 
has then been developed in order to create a fully 
automatic surface modelling procedure by using the 
shape information contained in the design CAD model. 
The capabilities of the two methodologies have been 
exploited in the modelling of a region of the broadside of a 
yacht hull assembled within a shipyard. The presented 
approach represents the basis for the automation of both 
filler application and milling process. 

3.1 Hardware architecture 

The robotic system is composed of an 
anthropomorphic arm, and two linear guides, horizontal 
(12 metres long) and vertical (3 metres long), which allow 
the free placement of the arm in front of the hull surface. 
The whole system can be moved by an air bearing guide 
system that slides over the floor of the shipyard (fig. 2). 
The anthropomorphic arm is a commercial six-axis robotic 
arm ABB IRB 6640 Foundry Plus having position 
repeatability of 0.07 mm and path repeatability, at 1 m/s, 
of 0.7 mm. The arm effector can hold, in turn, the optical 
scanner, the nozzle and the milling tool as end-effectors. 
A dedicated software can read and memorize the 
coordinates of the end-effector (in the robot reference 
system) related to each operating position. 

 

 

Fig. 2 Hardware architecture. 

The optical scanner is based on a structured light 
approach, which uses binary patterns in order to capture 
three-dimensional shapes with high resolution [10]. The 
system configuration is composed of a standard DLP 
video projector (1024 × 768 pixels) to generate both 
vertical and horizontal black and white striped light 
patterns and two monochrome digital CCD cameras (1600 
× 1200 pixels) to acquire images of the surface under 
structured lighting (fig. 3-a). The stereo vision system, 
composed of the pair of CCD sensors, is calibrated by 
evaluating the intrinsic and extrinsic parameters of the 
digital cameras [11], while the projector is un-calibrated 
and not directly involved in the measurement process. 
The scanner is capable of measuring about 800,000 
points and has been configured for a working distance of 
2000 mm, an acquisition field of 1200 mm × 900 mm 
(spatial resolution of 1.2 mm) and an overall accuracy of 
0.07 mm. The optical devices are placed within a cover 
that guarantees a protection rating IP54 against the 
intrusion of dust and splashing water (fig. 3-b). The cover, 
made in fibreglass, also contains an embedded PC, 
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handling the scanning process, and an antenna for the 
data wireless transmission. 

 

 
a) 

 
b) 

Fig. 3 a) Optical scanner configuration and b) its placement 
as arm end effector. 

3.2 The 3D measurement process 

The optical scanner is mounted on the arm as end-
effector and is used to acquire single point clouds which 
are stored by wireless transmission. To create a complete 
3D model of the hull, multiple partially overlapping point 
clouds, acquired at different sensor locations, have to be 
re-aligned with respect to a common reference system. 
Moreover, in order to use the acquired information in a 
reliable way for the filling and milling processes, the point 
clouds must be expressed in the Robot Reference 
System (RRS). Since the optical scanner provides data in 
the Camera Reference System (CRS), a calibration 
procedure is needed to refer the CRS to the RRS. In 
order to refer the point clouds into the RRS, the 
transformation describing the geometric relationship 
between the robot End-effector Reference System (ERS) 
and the CRS must be evaluated. In the present work, this 
information has been obtained through a 
photogrammetric calibration methodology using a 
reference target composed of a black and white squares 
pattern attached onto a planar glass surface. A certain 
number of points on the reference target are captured by 
the optical scanner from different viewing directions, 
without moving the target itself (through known 
displacements of the robot end-effector). Since the optical 
scanner is rigidly connected to the anthropomorphic arm, 
the CRS doesn’t change its position and orientation with 
respect to the ERS. The measured points can then be 
expressed in the ERS through roto-translation parameters 
describing the unknown geometry of the problem. An 
iterative process, by a least square method, can then be 

used to estimate the unknowns [12]. This approach allows 
the automatic point clouds alignment in the RRS without 
any use of external constraints, such as fiducial markers 
or similar. 

However, the robotic system must be moved by an air 
bearing guide-way system to cover the whole hull’s 
length. The hull surface is thus divided into different 
blocks, corresponding to different placements of the 
robotic system, in order to be completely scanned (fig. 4). 
Single scan blocks, obtained with respect to the RRS, 
have then to be aligned with respect to a fixed World 
Reference System (WRS). In this paper, an industrial 
laser total station Leica TDA 5005, having a measurement 
range of 500 metres, has been used to track the RRS 
around the hull. Three targets Corner Cube Reflectors 
(CCR) composed of three perpendicular mirrors mounted 
on a spherical support (1.5” diameter), have been rigidly 
connected to the robotic system basis and tracked by the 
laser station with an angular accuracy of 0.5” and a 
distance accuracy of ± 0.2mm (for distances < 120 m). It 
is thus possible to align the various blocks containing the 
single point clouds. All the single scans are then merged 
together to form a unique point cloud representing the as-
built hull surface. The overall complexity of such data set 
is reduced by removing outliers and performing proper 
sampling algorithms which eliminate redundant 
information, leaving more samples in regions of higher 
curvature [13]. The point representation lacks topological 
information. This has been recovered through a standard 
triangulation process that creates a triangular mesh 
representation. The mesh can be edited, if required, to 
handle possible imperfections such as holes occurring 
when missing data are present. 

 

 

Fig. 4 Acquisition scheme of the ship hull. 

3.3 Design of the target surface 

The as-built measured surface (reference surface) 
represents the basis for the design of the final target 
surface. The target surface cannot be a simple offset of 
the reference one since it must represent a trade off 
between different requirements: 
1) the distance should be within a narrow range (~ 2÷16 

mm) in order to minimize the thickness of the layer of 
filler to be applied, 

2) the curvature should be as uniform as possible 
allowing a good visual appearance, 

3) the shape should differ as little as possible from the 
original CAD model surface (design surface). 

Quality of visual appearance can be attributed to the 
uniformity and smoothness of the surface that is observed 
since it is a function of both long wavelength (orange peel 
effect) and short wavelength (micro-waviness) waviness 
[14]. In the shipbuilding field, there is a long tradition to 
judge the surface quality by inspecting reflection lines on 
the surface itself. However, at present time, a good 
surface yacht finishing is usually defined as whatever the 
customer is willing to accept or the yard is able to 
produce, within cost and time budgets of the project. Only 
in recent times, attempts to define ISO standards have 
been made [15]. These international standards are mainly 
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focused on defining appropriate terms and definitions. 
Surface quality requirements are described in terms of 
cosmetic attributes as gloss, colour and fairness with the 
purpose of meeting customers’ expectations. Neither 
geometric information on the shape to be accomplished 
nor measurement tools to analyse deviations from the 
expected surface are proposed. 

In this paper, two different approaches for the definition 
of an appropriate target surface are described. The two 
approaches differ for the amount of information that is 
used and the user interaction that is required. Once the 
target surface has been created, it is uniformly sampled 
and deviations from the reference surface are evaluated 
in correspondence of the sampling points. These 
deviations are used by the filling process since the 
amount of required fairing material is proportional to the 
distance from the reference surface. 

3.3.1 Target surface modelling by CAD software 

The polygonal mesh of the measured data, expressed 
in the WRS, is used to create the target surface with the 
commercial package software UGS NX 6. The reference 
surface is approximated using a NURBS representation. 
The procedure can be detailed in the following steps: 
1) a grid of points is determined by intersecting the 

mesh with uniformly spaced horizontal and vertical 
planes, 

2) a grid of B-spline curves is created interpolating the 
extracted points in a least-squares sense, 

3) the curves are then used to create a parametric 
surface composed of NURBS (Non-Uniform Rational 
B-Spline) surface patches (fig. 5), 

4) control points are moved in order to modify the shape 
of the surface both preserving curvature smoothness 
(fig. 6-a) and minimizing the deviations from the 
reference surface. The inspection of reflection lines is 
a standard way to check the quality of free form 
surfaces [16]. For this reason, reflection patterns, 
simulated and mapped as texture by the CAD 
software, can be used to control the modelling 
process (fig. 6-b), 

5) the target surface is finally created by offsetting the 
modelled surface. The extent of this operation is 
determined by the reference surface that must be 
completely embodied by the target surface. 

3.3.2 Target surface modelling based on the 
design information 

The above described methodology, even if effective, is 
subjected to a considerable amount of user interaction. 
Moreover, information regarding the original hull design 
shape is not fully exploited. 

In this paper, a methodology to exploit the information 
contained in the original design surface has been 
developed. The basic idea relies on the use of the design 
shape, rather than the measured data, as a starting point 
for the definition of the target surface. The design surface 
is slightly deformed in order to obtain a final shape similar 
to the original one but sufficiently close to the reference 
surface. The whole process is composed of the following 
three transformations of the design surface:  
1) rigid displacement, 
2) deformation by minimizing an appropriate cost 

functional, 
3) offset of the obtained surface. 

Both the design and the reference surface have been 
discretized taking N node points equally spaced (~ 10 
mm). The design surface is placed close to the reference 
surface through a rigid-body transformation. At first, a 
coarse alignment is performed using common reference 
points. Then an iterative process is carried out by slightly 
moving the design surface and minimizing the mismatch 
between the two point data sets. The process is 
formulated as an optimization problem whose objective 
function is given as follows: 

( ) 2

1

N

i i
i

Y R X T
=

F = - × +å    (1) 

where Yi and Xi are the closest points on the reference 
and the design surface respectively and R and T 
represent the rotation matrix and the translation vector. 

 

 

 

Fig. 5 NURBS surface patch with control points evidenced. 

 
a)      b) 

Fig. 6 a) Mean curvature map and b) reflection lines pattern of a surface patch modelled by the approach described in section 
3.3.1. 

 
The deformation stage has been mathematically 

formulated by defining an appropriate cost functional 
which represents a reasonable trade-off between design 

and reference shapes. The target, design and reference 
surfaces, z, z and Z, are represented as the graph of a 
function in a rectangular domain W: 
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( , )tz f x y= , ( , )df x yz = , ( , )rZ f x y=  (2) 

The difference u = z-z, which can be seen as the 
deformation of the design shape, is taken as the unknown 
function of the minimization problem. Displacements in x 
and y directions are not considered. The cost functional is 
expressed as a linear combination (with weights a, b) of 
two quadratic functionals: one based on the distance, h, 
between ft and fr and the other based on the difference 
between the mean curvatures (c and g) of ft and fd : 

( )22F h c dAa b g
W

é ù= + -ë ûò   (3) 

where dA is the area element: 
2 21 x ydA z z dxdy= + +    (4) 

The distance h, normal to the target surface ft, can be 
expressed as: 

( )
2 21

1

x y

x x y y

z z
h Z z

Z z Z z

+ +
= -

+ +
  (5) 

The mean curvatures of the target and design surfaces 
can be written as: 

( ) ( )
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Since Z-z << 1/g, the cost functional has been 
linearized with respect to u. A finite difference method has 
been used to provide a numerical solution. 

4 Results 
The feasibility of the developed methodology has been 

finally tested on the hull of a 59 meters yacht assembled 
within a shipyard (fig. 2). Preliminary tests have been 
performed on the broadside of the hull. A wide region (25 
× 5 metres) has been measured by aligning more than 
200 single scans. The capability of adjusting the projector 
light intensity, in order to handle the varying illumination 
conditions existing in the shipyard, has guaranteed a 
significant robustness during the acquisition process. Fig. 
7-a shows the scans relative to a single block (~ 100 
different scans), while fig. 7-b reports the alignment of 
three different blocks performed by the laser station. A 
visual inspection of the measured data can assess the 
accuracy of the point cloud alignment phase even in 
absence of a proper metric tool. The overall distance 
between overlapping areas of different scans turned out to 
be of the same order of magnitude regardless of the multi-
view registration method adopted (robotic system or total 
station). This has allowed the creation of a manifold 
representation of the measured surface (fig. 7-c). 

A portion (20 × 1.5 metres, fig. 8) of the measured 
region has been modelled following the two 
methodologies described in section 3.3. 

 
 
 
 
 
 
 
 

 
a) 

 
b) 

 
c) 

Fig. 7 a) Aligned point clouds relative to a single scan block, b) three different scan blocks aligned by the laser total station, c) 
polygonal mesh (StL) of the measured data. 
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Fig. 8 Modelled region with respect to the whole reference 
surface. 

Fig. 9-a reports the distance map between the 
modelled surface, as obtained by the approach described 
in section 3.3.1, and the reference surface while fig. 9-b 
shows the mean curvature map. 

   
a) 

 
b) 

Fig. 9 a) Distance map between the surface modelled by the 
approach described in section 3.3.1 and the reference 

surface and b) mean curvature values. 

Fig. 10-a shows the distance h between the reference 
surface and the modelled surface as obtained by the 

approach described in section 3.3.2. The maximum 
positive distance value gives an indication about the offset 
to which the modelled surface must be subjected in order 
to create the final target surface. The overall distance 
range gives an estimate of the amount of material that 
would be used in the filling process. Fig. 10-b reports the 
mean curvature difference map (c-g) between the 
modelled and the design surfaces. Fig. 11 shows the 
mean curvature values of the modelled surface (fig. 11-a) 
and the design surface (fig. 11-b). 

Varying the ratio a/b from 0 to infinity, the target 
surface varies continuously from the design surface to the 
reference surface. Since the shape requirements have not 
been quantified, the ratio has been chosen so as to satisfy 
the distance range requirement (~ 2÷16 mm) while 
keeping the variation of the mean curvatures as little as 
possible. The surface obtained with a/b = 4·1010 mm4 
demonstrated to be within the same distance range as the 
one obtained with CAD software modelling (fig. 9-a, fig. 
10-a) clearly showing, at the same time, a better visual 
appearance (fig. 9-b, fig. 11-a). The low mean curvature 
variation (fig. 10-b) has thus guaranteed the compliance 
of the expected surface visual impact. 

Information derived from the obtained target surface 
have been provided to the CAM system. The surface 
finishing process has been finally automated by supplying 
the anthropomorphic arm with filling and milling tools. Fig. 
12 shows the final surface finish obtained after the 
application of a seawater-resistant lacquer coating. 

 
 

 
a)       b) 
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Fig. 10 a) Distance between the surface modelled by the approach described in section 3.3.2 and the reference surface and b) 
mean curvature difference between the modelled and the design surfaces. 

 
a)       (b) 

Fig. 11 a) Mean curvature values of the surface modelled by the approach described in section 3.3.2 and b) of the design 
surface. 

This is a standard empirical way to check the surface 
finishing quality of large yachts by the customer. 

 

 

Fig. 12 Final surface after the painting process. The angle 
used to acquire the image enhances the reflection 

properties of the surface which mirrors the equipments 
contained within the shipyard. 

5 Conclusion 
In this paper, an innovative methodology for the 

automation of the surface finishing process for large yacht 
hulls has been presented. The procedure is based on the 
modelling of a target shape, having an appropriate visual 
appearance, by exploiting the information deriving from 
both the original CAD model and the existing as-built 
shape. The as-built surface has been acquired through 
the integration of an optical scanner and a complex 
robotic system. The robotic system, composed of an 

anthropomorphic arm and two linear guides, has been 
used to move the optical measurement device allowing an 
automatic multi-view data registration approach. 

Preliminary results, obtained on the hull of a 59 metres 
yacht assembled within a shipyard, have shown the 
capabilities of the proposed methodology. The accuracy 
obtained in the alignment of multiple point clouds has 
allowed the creation of a proper reference surface to be 
used in the modelling process. Moreover, the use of the 
design shape information has enabled the preservation of 
curvature continuity in the target surface. Tests carried out 
on the broadside of a large yacht hull have led to 
remarkable results in terms of visual appearance of the 
finishing surface both reducing manufacturing time and 
filler material waste. 
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Abstract 

Purpose: 
For some years now, our research group has been developing a new methodology for 
automatic tolerance inspection starting from an acquired high-density 3D model. In this paper, 
with a view to grouping together all the information recognisable in a scanned object, a new 
data structure, called Recognised Geometric Model (RGM), is proposed. Based on this data 
structure, the evaluation of the non-idealities of the acquired object (form, orientation and 
location non-idealities) can be automatically carried out. 

Method: 
RGM is the result of an approach founded on the concepts of non-ideal feature and intrinsic 
nominal reference. The object to be inspected is segmented into a set of non-ideal features 
and, for each of them, one or more intrinsic nominal references are identified. An Intrinsic 
Nominal Reference is detected when a geometric property has been recognised to be 
common to a set of adjacent points in the 3D data set representing the acquired object. The 
recognition of these references from a scanned object is carried out based on some rules 
which, therefore, play a leading role in the definition of the domain of the representable 
entities within RGM.  

Result: 
New and old categories of form non-idealities are here defined and some procedures are 
proposed for a more robust process of verification of traditional tolerance categories (such as 
the straightness of a cylinder generatrix).  

Discussion & Conclusion: 
When using the RGM, tolerances can be specified according to the set of available and 
recognisable intrinsic nominal references. This allows for the automatic geometric inspection 
of the workpiece. However, the approach here proposed does not rule out the possibility of 
querying the RGM data structure by explicit geometric product specifications, in order to 
gather some quantitative information concerning special intrinsic geometric parameters 
and/or non-idealities.  

1 Introduction 

For the last few years the development of reliable, 
effective, and automated geometric inspection systems 
has been arousing great interest. This is due, on the one 
hand, to the increase in geometric complexity and product 
variety, and, on the other hand, to the ever higher 
demands for geometric accuracy.  
The design geometric requirements can be expressed by 
using the geometric product specifications defined by the 
International Organization for Standardization (ISO) or by 
the ANSI/ASME. Some years ago, the ISO proposed a 
new language, usually acronymed GPS (Geometric 
Product Specification), aiming at expressing the 
geometric product specifications. GPS, as any other 
language intended for tolerance specification, is strictly 
linked to the instruments available for geometric 
inspection. The GPS norms are mainly based on the 
inspection capabilities of CMM (Coordinates 
Measurement Machine), gauges, dial gauges, etc. The 
concepts of tolerance and dimension also depend on the 
scheme of representation adopted to specify the 
geometric entities. Currently, according to the GPS 

standards, these concepts refer to a 2D representation 
obtained by projecting the objects orthogonally onto a 
plane. Nowadays, with the advent of high-resolution 
optical digitisers, new prospects are offered for real 
automatic geometric inspection [1] and, by extension, for 
tolerance specification [2]. The measurement process 
carried out by these digitisers allows of a 3D acquisition of 
the real object. The acquired points identify the surfaces 
of the object so it is possible to recognise from them the 
geometric properties from which to detect references for 
the evaluation of non-idealities. Thanks to the high-
resolution digitisers new categories of nominal reference 
and tolerance can be conceived, which improves the 
signs of the traditional languages for geometric tolerance 
specification. Moreover, new procedures can be proposed 
in order to verify traditional tolerance categories. 
For some years now, our research group has been 
developing a new methodology for automatic tolerance 
inspection starting from an acquired high-density 3D 
model. With a view to grouping together all the information 
recognisable in a scanned object, this paper presents a 
new data structure, called Recognised Geometric Model 
(RGM). This geometric reference model is the result of an 
approach founded on the concepts of non-ideal feature 
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and intrinsic nominal reference. The object to be 
inspected is segmented into a set of non-ideal features 
and, for each of them, one or more intrinsic nominal 
references are identified. The recognition of the intrinsic 
nominal references from a scanned object is carried out 
based on some rules which, therefore, play a leading role 
in the definition of the domain of the representable entities 
within RGM. Based on these considerations, new 
categories for form non-idealities are introduced. 
However, this approach does not rule out the possibility of 
querying the RGM data structure by explicit geometric 
product specifications, in order to gather some 
quantitative information concerning special intrinsic 
geometric parameters and/or non-idealities.  
The new approach has been implemented in original 
software and tested for a real test case.  

2 Literature review 
Recent efforts have been made to develop methods 
which apply non-contact digitising techniques to 
geometric inspection. A great number of the 
methodologies proposed in literature require the 
knowledge of the CAD model of the workpiece under 
inspection. This model provides the nominal references in 
the form of analytical surfaces describing the geometric 
model ([1], [3], [4], [5], [6]). Since tolerance specifications 
usually refer to some features of the workpiece, the 
mapping between one surface (or feature) of the CAD 
model and the corresponding scanned point sub–cloud 
needs to be performed. Tolerance specifications can be 
either included in the CAD model as textual information, 
or interactively defined by the user. No standard language 
capable of specifying tolerances and suited to automatic 
verification has yet been defined, though. Prieto et al. in 
[3] propose and implement a methodology for the 
automated inspection of manufactured parts. Their 
methodology first registers the experimental point cloud 
with the corresponding CAD model of the workpiece by 
using the Iterative Closest Point (ICP) algorithm, and then 
segments the 3D point cloud by associating the points 
matching the same local geometric properties with the 
nearest CAD surface. This methodology is capable of 
verifying both dimensional and geometric tolerances. A 
similar approach is proposed by Li and Gu ([4], [5] and 
[6]). Gao in [1] develops an automated geometric 
inspection system within commercial RE software. The 
authors define a Nominal Inspection Frame (NIF) for a 
CAD model or a digitised reference model (Master Model) 
where every dimensional and geometric tolerance 
specification may be defined and interactively specified by 
the user. The GD&T items, which can be defined by the 
NIF, have to do with: 

· flatness; 
· datum (point, line, axis or plane); 
· parallelism; 
· perpendicularity; 
· true position. 

Once the NIF is created, the scanned data are then 
aligned with the nominal model; GD&T items on the 
measured parts are automatically computed and 
extracted from the NIF previously defined by means of the 
software functions and macro programs. 
All these approaches evaluate the form non-idealities in 
the same way as the “profile tolerance of a surface” does 
[7] (the tolerance zone is limited by two CAD surfaces 
placed up and down the CAD reference surface at a 
distance t/2 from it), without taking into account specific 

geometric properties of the surface (for example, axially – 
symmetric surface, extruded surface, etc.). Some specific 
properties of the surface can actually play an important 
functional role in the object. For this purpose, ISO 1101 
and ASME 14.5Y consider form tolerances, such as 
straightness, circularity, etc., which may be applied to 
derived or extracted features from the surface (axis, 
planar section of the surface, etc.). The approaches 
presented in literature which use a CAD model as an 
analytical reference show some limitations if compared 
with the traditional approach to tolerance inspection. In 
other words, the specification “language” based on these 
methods is poorer than that traditionally used by ISO or 
ANSI/ASME. Furthermore, these approaches do not take 
advantage of the specific way to inspect the real object or 
the numerical devices that can be used to evaluate the 
acquired point cloud. Based on these specific 
characteristics, new categories of form non-ideality can be 
introduced in accordance with the duality principle 
reported in GPS standards [8]. 

3 The RGM 
RGM is an idealised geometric representation of a 
measured object deriving from the recognition of some 
ideal properties of the object. Figure 1 shows the 
flowchart for the process according to which the RGM is 
derived and queried. This representation is drawn from a 
high-density point cloud, which reproduces the real object 
being acquired. The recognition of these properties (form, 
orientation and location) is carried out based on some 
rules, which play a leading role in the RGM construction.  

3.1 The RGM data structure 

RGM is an idealised representation derived from an 
acquired real object. This geometric representation can be 
described by means of a hypergraph structure denoted by 
RGM(V, e), where V is the finite set of nodes vi of the 
hypergraph. Each node is associated with a non-ideal 
feature of the measured object. Some labels are assigned 
to each node of the hypergraph, which describe the non-
ideal feature attributes (such as the type of ideal feature). 
In RGM(V, e), e is a family of two sub-sets of V (e = íVA, 
VGRý) which are known as hyper-edges and which 
respectively represent the sets of non-ideal features for 
which adjacency relationships and mutual geometric 
properties are respectively recognised.  

3.2 The non-ideal feature segmentation 

At a first phase a complex segmentation process is 
directed toward the identification of non-ideal features and 
the associated category of recognisable ideal properties. 
We define a non-ideal feature as a set of adjacent points 
that are recognised to be smooth, of the same type (flat, 
umbilical, ruled and generic) and to pertain to a unique 
regular surface. The type of point is deduced by 
evaluating some differential geometric properties. In this 
paper, the segmentation process follows a surface hybrid 
approach based on fuzzy logic [9]. The set of non-ideal 
features represents the object with the exception of its 
non–regular parts (ridges and singularities). These non–
regular parts do not follow a recognisable rule and are 
therefore excluded from further elaborations [10]. 
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3.3 The ideal feature recognition 

This recognition process is carried out based on some 
rules (here referred to as recognition rules) involving the 
evaluation of some local and global differential properties 
of the segmented model. The present work classifies the 
ideal features into two main categories: analytical and 
non-analytical features. Analytical features are those 
recognised to pertain to an analytical geometric surface 
(plane, sphere, cylinder, cone, etc.). For these ideal 
features, an analytical type of geometric surface is 
automatically recognised and associated with the non-
ideal feature. Those ideal features which are not 
analytical are defined to be non-analytical features. Non-
analytical features also include surfaces characterised by 
some specific and recognisable geometric properties. 
Based on the recurrence of specific differential geometric 
properties among the points pertaining to the non-ideal 

feature, they can be classified as: generic extruded, 
generic cone, generic axially-symmetric. Henceforth we 
will be referring to them as generic ruled (GR) and generic 
axially–symmetric (GA). The non-analytical features which 
cannot be included within any of the previous categories 
are free form features. In any case, for any non-analytical 
feature a parameterised equation can be associated with 
a CAD model by a registration process. In the RGM data 
structure the concept of ideal feature has to do with the 
qualitative property (or attribute) of a corresponding non-
ideal feature: its geometric type (analytical, GA, GR, free 
form). The ideal feature itself does not identify quantitative 
elements, although some measurable (dimensionable) 
intrinsic characteristics (diameter, apex angle, etc.) and 
situation features (centre, axis, etc.) can be identified. 
Quantitative elements are identified during the querying 
phase of the RGM. 

 
Fig 1: Flowchart for the process of derivation and query of the RGM 

3.4 Intrinsic Nominal Reference Association 

The RGM final aim is the evaluation of the non-idealities 
(form, orientation and location non-idealities) of the 
acquired object. This operation is performed by means of 
a query to the RGM. Non–ideality evaluation always 
requires the knowledge of a nominal (or ideal) reference. 
In a previous work [12] we classified the nominal 
references into two main categories: explicit and intrinsic. 
The explicit reference can be provided by a specification, 
also by using a CAD model through a registration process 
([1], [3]). The Intrinsic references are nominal entities that 
are recognised in non-ideal features of the measured 
object. They can be classified as: 

- Intrinsic Shape Reference (ISR); 
- Intrinsic Derived References (IDR); 
- Intrinsic Local References (ILR); 
- Intrinsic Orientation References (IOR); 
- Intrinsic Location References (ILoR). 

3.4.1 The ISR association 

An ISR is recognised in those points of the acquired 
workpiece which can be considered to be lying on an 
analytical surface (for example, plane, sphere, cylinder, 
cone, torus, etc.). The recognition of this type of reference 
requires the identification of an analytical surface, which 
approximates the points belonging to the tessellated 
surface. The ISRs are recognised by means of some rules 
(here referred to as association rules) which play a 
leading role in their definition. At present, GPS standards 
do not define these rules univocally. In literature several 
association rules are proposed. The most used of these 
aims at determining the nominal reference S (the ideal 
feature) best-fitting the related point cloud pi (non-ideal 
feature) by the Lα – norm: 
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where 0<α<¥, N is the total number of data points and 
d(S, pi) is the shortest distance (or equivalently, the 
residual error) between pi and S. Based on the a value, 
several association rules are possible: the most used are 
summarised in table 1.  
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Tab. 1 The most used association rules for ISR association 

Depending on the type of ISR, some dimensionable 
intrinsic geometric parameters, referred to as Intrinsic 
Characteristics, can be identified. Table 2 lists the 
Intrinsic Characteristics of the ISRs which can be 
recognised by the methods implemented in the present 
work.  
 

Type of ISRs Intrinsic Characteristics 
Plane none 
Sphere diameter 
Cylinder diameter 
Cone apex angle 

Tab. 2 The Intrinsic Characteristics of the ISRs 

For a non-analytical feature the ISR must be given 
explicitly.  

3.4.2 The IDR association 

An IDR is an analytically-known geometric entity deriving 
from the evaluation of some geometric properties of a 
feature. Generally speaking, these entities are not 
physical; for this reason, they are not directly measurable 
in the object, but can nevertheless be derived from the 

measured surface. Examples of IDRs are the axis and the 
circular sections of axially–symmetric surfaces. Whereas 
the circular sections are physical entities, the axis is not. 
In many cases these references are the situation features 
of the non-ideal features, since they serve as references 
for feature location and/or orientation. The situation 
features, for each type of non-ideal feature here 
considered, are reported in table 3. They are ideal 
features of the following types: point (Ã), straight line (r) 

or plane (Π). 
 

Type of non-ideal feature Situation features 
Plane the plane Π; 
Sphere the centre Ã ; 
Cylinder the axis r; 
Cone the axis r; 

the apex Ã ; 
Generic axially-symmetric the axis r; 
Generic extruded the extrusion direction r; 
Generic cone the apex Ã ; 
Free form ----------------------- 

Tab. 3 The situation features for each type of non-ideal 
feature considered 

Other IDRs could be defined based on functional or 
manufacturing properties of the acquired object. For the 
gears shown in figure 2, the base cylinder (figure 2 a) or 
the cone (figure 2 b) could represent the IDRs of the 
object and their axes could represent the situation feature 
of the gear. A further example could be the symmetry 
plane of a free-form mirrored surface (figure 2 c). The 
implementation of these IDRs in the RGM requires the 
introduction of specific recognition rules. The derived 
references are estimated by approximating the point cloud 
associated with a non-ideal feature by one or more 
association operations. Depending on the association rule 
which is used, different intrinsic references can be 
estimated. 

 
Fig 2: Examples of IDRs 

3.4.3 The ILR association 

ILR is an original type of nominal reference since it is not 
considered in the current tolerancing standards. It deals 
with the uniformity of some intrinsic differential geometric 
properties, such as: regularity, curvature recurrences, and 
so on. These references do not pertain to the global 
analytical properties of a surface, but rather to properties 
which locally characterise it. In what follows, two ILRs are 
introduced.  

Profile Regularity 
Roughly speaking, a regular profile is assimilable to a 
differentiable curve and any imperfection is associated 
with a deviation from it. This work takes the best local 
approximation of the data point with a regular curve as 
the nominal reference for profile regularity evaluation. The 
rules to identify the nominal reference include: the type of 
regular curve (polynomial curve, exponential curve, etc.) 
and the method to locally approximate the profile. In the 

approach herein proposed, the reference curve is 
evaluated, at each point of the profile, as the 
approximating curve of its neighbourhood. It is a quadric 
or a cubic polynomial, calculated by the weighted L2-norm 
rule. The weights of the approximation rule are assumed 
to be the values of a Gaussian function having the mean 
located at the analysed point and a properly selected 
value for the standard deviation s (figure 3). This 
weighting approach aims at defining a regular profile by 
filtering the local irregularities. The width of this filter is 
conventionally assumed to be l = 6s of the Gaussian 
function. The l value is assumed to be the maximum 
value between the expected maximum size of the profile 
imperfection and the mesh dimension. The profile 
regularity error, at each point analysed, is defined as the 
distance between the point and the related approximating 
curve. 
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Surface Regularity 
Surface regularity is a generalisation (three – dimensional 
extension) of the profile regularity concept. A non-ideal 
feature consists of adjacent mesh vertices having some 
uniform differential geometric properties. Surface 
regularity measures locally the membership of each point 
to a regular surface which locally approximates its 
neighbourhood. Similarly to profile regularity, the rules to 
identify the nominal reference include: the type of regular 
surface and the method to locally approximate the 
surface. For each non-ideal feature recognised, the 
reference surface is evaluated at each vertex as the 
approximating surface by means of the weighted L2-norm 
rule. Surface regularity is not related to a specific shape 
of surface; it rather refers to the differentiability, which is a 
local property. Thus, in this work, the quadric paraboloid 
is used as a reference; it is the typical analytical regular 
surface used to evaluate the differential geometric 
properties. The weights of the approximation rule are 
assumed to be the values of a two – dimensional 
symmetric Gaussian function having the mean located at 
the analysed point and a properly selected value for the 
standard deviation (figure 4). In this case, the l value is 
conventionally assumed to be equal to three times the 
maximum dimension of the mesh. The surface regularity 
error, at each point analysed, is defined as the distance 
between the point and the related approximating surface. 

 
Fig. 3. The weighting approach to define profile regularity 

Ruledness 
This Intrinsic Local Reference has to do with the 
confirmation of the ruled property of the acquired surface. 
It assumes an important role in generic ruled surfaces for 
which a reference of the type ISR cannot be identified. 
For this type of surfaces an Intrinsic Derived Reference is 
typically used. It is a straight line representing a surface 
generatrix and the related tolerance is the straightness 
tolerance [13]. This tolerance is adequate to the nominal 
concept of ruled surface, but is difficult to verify 
practically. 
The rule to evaluate the related intrinsic reference, herein 
being proposed, is based on a typical growth algorithm. 
The intrinsic reference is an analytical ruled paraboloid 
whose form is expressed in the coordinate system (x, y, 
z) as follows: 
 
 ζ=c·ψ

2+d·ξ+e·ψ+f (2) 
 
Its parameters (c, d, e and f) are obtained by best fitting 
the point cloud around its vertex generatrix. For this 
purpose, a weighted approximation rule is used; the 

weight factors are the values of a Gaussian function 
having the mean located in the vertex generatrix and a 
value for the standard deviation chosen according to the 
mesh dimensions (σ = max mesh dimension). Since the 
generatrix direction is unknown, it must be sought by a 
growing algorithm from a seed point (figure 5).  

 
Fig. 4 The weighting approach to define surface regularity 

 
Fig. 5. The ruledness evaluation algorithm 

The value of L0 must be included in the tolerance 
specification. Seed points are chosen so as to lie on the 
unique directrix curve of the surface. The ruledness error 
is evaluated as the distance between the last estimation 
of Γruled and ps and the set of nearest points pj. More 
details are available in [12]. 

3.4.4 The IOR association 

The Intrinsic Orientation Reference (IOR) refers to the 
mutual geometric properties of parallelism and 
perpendicularity and to some angular values which are 
recognised to be very close to values frequently occurring 
in mechanical workpieces, such as 30°, 45° and 60°. 
These properties are recognisable between non ideal 
features whose situation features include a spatial 
direction, such as plane, cylinder, cone, GA and generic 
extruded. For the recognition of these properties it seems 

Let ps be the seed point; 

Let RS be the ruled surface; 

Let NGHs be the 1-ring neighbourhood of ps; 

Let Llim be the specified limited length; 

Let Lj be the generatrix length at the j-th 

    step; 

Let Γruled be the ruled paraboloid locally 

    approximating the mesh and expressed 

    by equation (2); 

Let x2 be the estimated principal direction 

    related to the null curvature; 

Let pj be the nearest point pj from the 

    generatrix along x2 at the j-th step; 

Let jS  be the set of points to approximate: 

{ } { }, 1,...... , 1,......j s i iNGH i j NGH i jS = È = È =p  

initialise j=0; 

initialise L0=0; 

 

identification of ps Î  RS; 

construction of NGHs; 
Loop until (Lj< Llim) { 

 j=j+1; 

 calculation of Γruled; 

 Re-evaluation of x2 at ps; 

 Identification of pj; 

 Construction of jS ; 

 Evaluation of Lj} 

Ruledness evaluation 
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more suitable to classify the features into planar features 
(henceforth referred to as P – feature) and features 
whose situation feature is an axis or an extrusion direction 
(henceforth referred to as R – feature). 
In the RGM a set of N parallel features of the same type 
constitutes a system of homogeneous parallel entities 
(Sh//). Two types of systems can be identified: the system 
including R – features, which is denoted by S//R, and that 
including P – features, which is denoted by S//P. These 
systems can be automatically detected by analysing the 
Mutual Parallelism Relationship Graph for R – features 
G//R = (V//R, E//R) and the Mutual Parallelism Relationship 
Graph for P – features G//P = (V//P, E//P), respectively. G//R 

(G//P) is a graph where each node represents an R – 
feature (P – feature) and each edge represents a mutual 
parallelism property recognised between R – features (P – 
features). In G//R (G//P) there are as many components (i.e. 
maximal connected sub-graphs [15]) as spatial directions 
for which a parallelism property has been recognised. A 
component of G//R (G//P), characterised by N nodes, is a 
system of homogeneous parallel entities S//R (S//P) if the 
degree of each node is equal to N-1. For example, for the 
object shown in figure 6a, five Sh// systems are recognised 
(figure 6b). Each Sh// in G//P or G//R is associated with a 
reference spatial direction. 

 
Fig. 6. An example of the recognition of orientation properties and related graphs 

In order to recognise an intrinsic orientation property 
between non-ideal features, some rules must be defined 
first. In this work, the rules to recognise these properties 
are based on the evaluation of the dot product between 
the spatial directions of the ideal features. These rules 
vary depending on whether the features are of the same 
type (P – features or R – features) or of a different type 
(see table 4). Due to the non-ideality of real objects, the 
dot product never exactly matches the ideal value. 
Consequently, the recognition of the orientation property 
cannot be deduced from the mathematical verification of 
equality. In this paper, however, the values are 
considered to ‘match’ if the dot product value falls within a 
properly given tolerated range around the ideal value 
(reported in table 4 for the various properties). A further 
control consists in verifying the coherence of the 
parallelism relationships when these are recognised in 
pairs between N features (N ³ 3) of the same type (R – 
features or P – features). 
The transitive property, in practical cases, cannot be 
verified and ambiguities arise due to errors of type I and 
errors of type II. An error of type I occurs when the 
orientation property is true but nonetheless fails to be 
recognised. An error of type II originates when an 
orientation property is recognised between features, but is 
not true. This incoherence must be solved. For this 

purpose, a first approach consists in applying the missing 
parallelism conditions so that the transitive property is 
verified. A second approach consists in splitting the 
incoherent set of parallel entities into two or more systems 
of homogeneous parallel entities. The first approach may 
give rise to errors of type II, whereas the second one may 
generate errors of type I. These criteria, which are to be 
adopted to solve the above-mentioned incoherence, are 
part of the parallelism recognition rule. In either case the 
criterion adopted produces uncertainties. 

The Mutual Orientation Relationship Graph (MORG) 
The concept of system of homogeneous parallel entities is 
functional to build the Mutual Orientation Relationship 
Graph MORG = (VOR, EOR). The nodes of MORG (VOR) 
are systems of homogeneous parallel entities Sh// or single 
features which do not belong to any Sh//. The arcs (EOR) 
identify mutual orientation properties between connected 
nodes. A label is assigned to each edge which specifies 
the type of recognised orientation (parallelism, 
perpendicularity, 30°, 45° and 60°). The MORG in Figure 
6c refers to the object shown in figure 6a.  
Thanks to the concept of system of homogeneous parallel 
entities, if an orientation property is recognised between 
one feature of a system Sh//1 and one feature of a system 
Sh//2, then it is possible to deduce the satisfaction of this 
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property between each feature of Sh//1 and each feature of 
Sh//2. 
 

dot product value 
Intrinsic Orientation 

Property Features of 
the same type 

Features of a 
different type 

0 1 perpendicularity 

±0.5 ±
2

3  
angular orientation of 60°, 

-60°, 120° and 240° 

±
2

2  ±
2

2  
angular orientation of 45°, 

-45°, 135° and 225° 

±
2

3  ±0.5 
angular orientation of 30°, 

-30°, 150° and 210° 

±1 0 parallelism 
Tab. 4 The rules for intrinsic orientation property recognition 

3.4.5 The Intrinsic Location Reference 
association 

The Intrinsic Location Reference (ILoR) includes special 
types of location relationships. They are: concentricity, 
coaxiality and coincidence. The recognition of these 
intrinsic mutual location relationships requires that a 
localised situation feature should be identified for each 
non-ideal feature. A situation feature is said to be 
localised if it is possible to unequivocally identify its 
location within an arbitrarily given reference frame. For 
example, the axis of a GA localises the surface to a plane 
which is orthogonal to the axis. On the contrary, the 
extrusion direction, that is to say, the situation feature 
recognised for a generic extruded surface, is not a 
localised situation feature.  
Table 5 shows the intrinsic location properties which have 
been recognised. In order to detect them some 
recognition rules must be defined first. 
Coaxiality is the property of two ideal axially-symmetric 
features having the same axis. The rule which is here 
being followed involves first the parallelism recognition 

and then the evaluation of the related distance between 
the axes of the features. Coaxiality is recognised if the 
distance value (estimated by approximating the axially-
symmetric features by the L2-rule) falls within a properly 
given tolerated range around 0. 
In the GPS standards, the concept of concentricity is 
defined between features projected onto a plane [7]. In 
this work this concept is extended to include 3D features. 
Concentricity is then the property of two spherical ideal 
features having the same centre. As far as the rule for the 
recognition of this property is concerned, it should be 
based on the comparison of the distance between the 
centres of the two spheres (analytically identified by the 
L2-rule) with a properly given tolerated value.  
Coincidence is the property of two features which are one 
in the continuation of the other. Some recognition rules 
are also defined in order to detect this property between 
some analytical features (plane, cone, cylinder, sphere). 
These rules vary depending on the non-ideal feature type. 
For analytical axially – symmetric features (cone and 
cylinder) the rule involves first the coaxiality-property 
recognition and then the evaluation of the difference 
between the corresponding intrinsic characteristics 
(estimated by approximating the features by the L2-rule). If 
said difference value falls within a properly given tolerated 
range around 0, the features can be recognised to be 
coincident with each other. An analogous recognition rule 
can be defined for spherical features. In this case, the pre-
emptive recognition of the concentricity property, rather 
than the coaxiality property, is required. For planar 
features the recognition rule involves first the parallelism 
detection and then the evaluation of the corresponding 
intrinsic location characteristic (representing the distance 
between the planar features). If this value (estimated by 
approximating the features by the L2-rule) falls within a 
properly given tolerated range around 0, the coincidence 
property is recognised (table 6). 

 

Feature type Plane Sphere Cylinder Cone Generic Axially – symmetric (GA) 
Plane Coincidence     

Sphere - 
Concentricity 
Coincidence 

- -  

Cylinder - - 
Coaxiality 

Coincidence 
Coaxiality Coaxiality 

Cone - - Coaxiality 
Coaxiality 

Coincidence 
Coaxiality 

Generic Axially – 
symmetric (GA)   Coaxiality Coaxiality Coaxiality 

Tab. 5 The intrinsic location properties recognised for the several feature types 

Type of analytical 
features 

Required mutual geometric 
relationship 

Further condition to be verified 

Plane Parallelism Distance between planar features 
Sphere Concentricity Difference between diameters 

Cylinder Coaxiality Difference between diameters 
Cone Coaxiality Difference between apex angles 

Tab. 6 The coincidence property recognition 

When intrinsic location properties of a specific type 
(concentricity, coaxiality or coincidence) are recognised in 
pairs between N features (N ³ 3), the transitive property 
must be verified. Any set of N features for which 

( )
1

N

i

N i
=

-å  location properties are recognised in pairs is 

said to automatically satisfy the coherence imposed by 
the transitive property. This set of features is referred to 
as system of coherent localised entities (SLo). 

The Mutual Location Relationship Graph (MLRG) 
In order to represent intrinsic location properties and 
identify the different types of system of coherent localised 

entities, a specific graph is defined. The mutual location 
relationship graph MLRG = (VLR, ELR) is a graph where 
each node identifies mutual location properties between 
connected nodes. Each edge is assigned a label which 
reports the type of location recognised (coaxiality, 
concentricity and coincidence). 
The systems of coherent localised entities can be 
automatically detected starting from this graph. In MLRG 
there are as many components as non-ideal features for 
which an intrinsic location property has been recognised. 
A component, characterised by N nodes, represents a 
system of coherent localised entities SLo (for a specific 
type of location property) if the degree of each node is 
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equal to N-1. If the degree of any nodes of the component 
is less than N-1, the coherence verification, imposed by 
the need to satisfy the transitive property, cannot be 
possibly carried out. The subsequent incoherence could 
be solved either by imposing the missing location 
conditions or by splitting the component into two or more 
systems of coherent localised entities SLo. The first 
approach could give rise to errors of type II, whereas the 
second one could generate errors of type I.  
A reference situation feature is associated with each SLo. 
This turns out to be useful during the phase of RGM 
query whenever the user asks for the evaluation of the 
intrinsic situation characteristics between two non-ideal 
features. If one or both non-ideal features belong to a 
system of coherent localised entities SLo, it is possible to 
consider the reference situation feature (associated with 
SLo) rather than the situation feature of the single feature. 
This allows us to obtain a value for the situation 
characteristic which is coherent with satisfying the 
transitive property. 

3.4.6 Dimensionable intrinsic parameters’ 
evaluation  

RGM includes several dimensionable geometric 
parameters. They are both the intrinsic characteristics 
and the intrinsic situation characteristics. According to the 
definition given by the GPS standards, situation 
parameters describe “the relative situation (location or 

orientation) between two situation features” [16]. They 
can be further divided into location parameters and 
orientation parameters. The former are expressed by 
length (distance) values; the latter are expressed by 
angular values. In RGM an intrinsic location characteristic 
is automatically associated whenever a parallelism 
property is recognised between two localised situation 
features. The dimensionability of the parallelism is 
therefore an intrinsic reference. This dimensionable 
characteristic does not identify an intrinsic reference value 
for the dimension, but a reference dimension can 
nevertheless be specified for it. This operation is here 
referred to as dimensional registration (figure 1). 
The intrinsic location characteristic represents the 
distance between two parallel ideal entities approximating 
the two situation features recognised to be parallel to 
each other. In an ideal model, the coherence between the 
distances of three or more situation features must be 
verified in order to satisfy the non-contradiction principle 
so that: dA-B + dB-C = dA-C. On the contrary, in an acquired 
object in which the features are recognised to be parallel 
despite the fact that they are not really parallel to each 
other, every dimension can be evaluated independently 
from the others. For this reason, dA-B + dB-C ≠ dA-C and the 
representation of the three distances are not really a 
redundancy. 
In the RGM query, several values for the Intrinsic 
Location parameter can be obtained depending on the 
association rule used for approximating the two non-ideal 
features (for example, the least squares fitting L2, the 
upper or inner envelope fitting, etc.). 

Intrinsic Location Parameters Graph (ILPG) 
In order to represent the intrinsic location characteristics 
in the RGM, a specific graph is built which is referred to 
as Intrinsic Location Parameters Graph (ILPG). Thanks to 
the concept of system of coherent localised entities, this 
graph can be efficiently defined. The nodes of ILPG are 
systems of coherent localised entities SLo or single 
features which do not belong to any SLo. In either case 

the features can be planar or axially-symmetric since the 
intrinsic location characteristic can only be defined for 
these types. The arcs of ILPG represent the intrinsic 
location parameters identified between the connected 
nodes. According to the concept of system of coherent 
localised entities, if an intrinsic location parameter is 
recognised to exist between one feature of a system SLo1 
and one feature of a system SLo2, an unequivocally 
identified dimensional parameter can be associated 
between each feature of SLo1 and each feature of SLo. The 
identification of this single intrinsic location parameter is 
coherent with satisfying the transitive property. 

3.5 Non-Ideality evaluation 

The final phase of the methodology herein being 
proposed is error evaluation. For each type of non-ideal 
feature (see table 4), specific categories of form non-
idealities can be identified. These are the categories that 
can be automatically evaluated as deviations from the 
recognisable intrinsic references. Table 7 does not show 
the curve or the surface profile tolerances, which rather 
require an explicit nominal reference should be specified. 
All the form non-idealities can be expressed both as the 
maximum (Max) and as the standard deviation (σ) of the 
point cloud distances from the corresponding intrinsic 
reference. A probabilistic evaluation of non-idealities can 
be more significant than the maximum deviation measure. 
The point cloud acquisition process is affected by singular 
errors which can be ascribed to the typical measuring 
errors affecting the optical scanner devices. The σ value 
performs a probabilistic estimation of the location of the 
acquired point with respect to the intrinsic nominal 
reference. This way to specify non-idealities is possible 
thanks to the large set of points acquired for each non-
ideal feature. More details are reported in [12]. 

4 Application example 

The methodology described in the previous sections has 
been implemented in original software, coded in C++, by 
using a library dedicated to the processing of tessellated 
geometric models, which has been developed at the 
University of L’Aquila. In order to verify the reliability of the 
proposed methodology, a specific test case has been 
analysed which refers to a real object whose acquisition 
has been carried out by means of an optical scanner 
(www.scansystems.it). Figure 7a shows the results for the 
features identification and their respective labels. The 
areas coloured black are recognised to be non–regular 
and are therefore automatically excluded from the non-
ideality evaluation. The situation features are all evaluated 
by using the L2-rule [12]. Figure 7b shows the results 
obtained for the Sh// recognition for the test case 
considered by using the software here implemented. In 
particular, the features belonging to each S//p and S//R are 
respectively listed with the corresponding reference 
spatial direction. Figures 7c and 7d display the graphs 
resulting from the recognition of orientation (figure 6c) and 
location (figure 7d) properties for the test case being 
considered. Finally figure 6e displays the report of the 
form error analysis. The results reported confirm the 
important role that the rules used to estimate the intrinsic 
references play in error evaluation. 

5 Conclusion 

This paper proposes the idealised geometric 
representation called RGM (Recognised Geometric 
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Model) of an acquired high-density workpiece. RGM 
construction involves a complex segmentation process 
directed toward the identification of the non-ideal features 
and the associated category of recognisable ideal 
properties. The object to be inspected is segmented into a 
set of non-ideal features and, for each of them, one or 
more intrinsic nominal references are identified. The 
recognition of these references is carried out based on 
some rules, which play a leading role in the definition of 
the domain of the representable entities within RGM. 
Based on these considerations, new and old categories of 
form non-idealities are here defined and some procedures 
are proposed for a more robust process of verification of 

traditional tolerance categories (such as the straightness 
of a cylinder generatrix). When using the RGM, tolerances 
can be specified according to the set of available and 
recognisable intrinsic nominal references. This allows for 
the automatic geometric inspection of the workpiece. 
However, the approach being proposed does not rule out 
the possibility of querying the RGM data structure by 
explicit geometric product specifications, in order to gather 
some quantitative information concerning special intrinsic 
geometric parameters and/or non-idealities. Future work 
should address how to specify the tolerated errors in 
accordance with the RGM data structure and how to 
measure the non–idealities of the object. 
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plane sphere cylinder cone 
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-- -- X X -- X X -- 

Tab. 7 Types of non-ideal feature and related errors 
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Fig. 7. The results of RGM construction for the test case under examination: a) features identification and their respective 

labels, b) Sh// recognition, c) MORG resulting, d) MLRG resulting, e) report of the form error analysis. 
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Abstract 

Stereo vision is a well-known technique which relies on a pair of cameras in order to 
reconstruct  the shape and position of a generic object, without any additional geometrical 
and/or parametric information. The central issue in the set-up of a stereo vision system is 
two-fold: as first, removing the geometrical distortion caused by camera lens from images, 
then, make cameras aware of their own relative position in space. This paper is aimed to test 
the influence of different components of a calibration routine. In particular the goal is to 
compare the performance of several optimization algorithms and a number of alternative 
implementations of the pin-hole model. A main difference between this work and other tests 
present in literature is that the calibration performance is evaluated with respect to the 
measurement accuracy of the system, rather than by means of estimated reconstruction 
errors. In such a way, we get rid of theoretical errors, which do not represent any real 
application case, and we evaluate the accuracy on-the-field, facing with real-world issues. 
The obtained results show that, even though very complex equations can be used in order to 
represent cameras, usually, simpler pin-hole models remain competitive and robust, while 
refinements can be attained by using more powerful operational research algorithms. 
 

1 Introduction 
Stereo vision is a well-known technique which relies on 

a pair of cameras in order to reconstruct the shape and 
position of a generic object, without any additional 
geometrical and/or parametric information. Such a 
technique is used in several industrial applications 
involving, among others,  reverse engineering. 

The central issue in the set-up of a stereo vision 
system is two-fold: as first, removing the geometrical 
distortion caused by camera lens from images, then, 
make cameras' aware of their own relative position in 
space. In order to solve this set of problems, cameras are 
usually represented by means of so named pin-hole 
models.  

Such models are usually tuned by means of two 
operational research algorithms: the first one employed to 
estimate models' optical parameters, the second used to 
estimate pin-holes (i.e. the cameras) relative position. The 
goal of the first algorithm is to obtain a parametric 
representation of lens distortion, which can be employed 
to undistort camera images. The second algorithm 
provides a rotation matrix and a translation vector, which 
act as mapping function between the cameras' reference 
systems. 

This paper is aimed to test the influence of different 
components of a calibration routine. The goal is to 
compare the performance of several optimization 
algorithms and a number of alternative implementations 
of the pin-hole model. In order to attain such a goal, 
several pin-hole implementations are calibrated against 
the same dataset by means of different algorithms. Later, 
calibrated models are used for the reconstruction of real-
life objects' shapesby means of a stereo-triangulation 
technique. With the aim of validating the accuracy of the 
calibration models, a comparison between the obtained 

3D models and the ones obtained by using 3D 
commercial acquisition devices is performed.Tested 
routines have been ranked by means of synthetic 
descriptors derived from descriptive statistics. 

A main difference between this work and other tests 
present in literature is that the calibration performance is 
evaluated with respect to the measurement accuracy of 
the system, rather than by means of estimated 
reconstruction errors1. In such a way, we get rid of 
theoretical errors, which do not represent any real 
application case, and we evaluate the accuracy on-the-
field, facing with real-world issues. 

The study has been limited to state-of-the-art mid-cost 
equipment and the stereo vision system has been 
assembled minding about possible constraints derived by 
industrial needs (as instance the dimension of the vision 
system itself), with the aim to provide useful hints for other 
machine vision application in industry. 

The remainder of this paper is organized as follow. 
Section 2 recalls the main calibration equations for both 
the mono and stereo problems and describes the general 
optimization procedure required to estimate stereo-vision 
parameters.  

Section 3 describes the different distortion models and 
optimization algorithms analysed in this paper.  

Section 4 concerns with experimental datasets and 
results.  

Finally, section 5 proposes some considerations and 
conclusions as well as further work. 

                                                 
1 It is quite common to calibrate a system with a chessboard 
image set and validate it by counter distorting another set of 
chessboard images. This procedure, even though correct, do not 
produce any direct measurement of on-the-field accuracy. In our 
experience it is also an optimistic estimation of real life errors 
induced by different objects and shapes.  
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2 The stereo calibration problem 
Camera calibration problems can be roughly divided in 

to two cases: single camera calibration (mono-vision) and 
multiple camera calibration (multi-vision). In the first case 
only one camera has to be calibrated, that is, only lens 
distortions have to be compensated. No 3D 
reconstruction is possible in mono-vision2. In the second 
case many cameras are employed in order to obtain N 
simultaneous points of views from which derive 
geometrical information. By using those points of view a 
3D reconstruction isconceivable. Stereo-vision is a 
special case of multi-vision, where N=2.  

From an algorithmic stand point, stereo-vision 
calibration (shortly stereo-calibration) is a two-step 
process: first, cameras are calibrated independently3 in 
order to solve the mono-vision problem associated with 
each of them; later cameras’ relative position in space 
has to be estimated. 

Several calibration algorithms have been developed in 
the past in order to cope with the mono-vision problem. 
Two main families can be defined: self-calibration 
methods and photogrammetric methods [1]. The former 
group tries to estimate camera parameters referring to 
some unknown items which can be observed from 
different points of view in space. No metric information 
about such objects is required. The latter group estimates 
camera parameters by using a geometrically defined 
object, commonly referred as pattern. Patterns can be 1D, 
2D or 3D objects, whose geometry is fixed. This paper 
focuses on 2D photogrammetric calibration, 
providingliterature the evidence that this method is more 
accurate and dependablewhen high precision 
measurements are required (as in reverse engineering). 

2.1 Pin-hole model with distortions 

In order to calibrate cameras a mathematical 
representation of the hardware is required. Commonly a 
so called pin-hole model is employed in order to represent 
cameras, while lens distortions are modelled by means of 
an auxiliary equation (fig.1). 

 

 

Fig. 1 The pin-hole model. 

 Therefore solving the mono-vision problem implies the 
resolution of two simultaneous equations (the pin-hole 
and the distortion). No effective closed form solution is 

                                                 
2Actually, 3D reconstruction is possible for an object of known 
geometry such as a calibration pattern (more in next section). 
3Actually, the same set of simultaneously acquired pictures is 
commonly employed in practice. 

available for the calibration problem, as a consequence, 
numerical methods are employed in order to iteratively 
solve it. In [1], wide room is dedicated to the description 
and interpretation of the equation set, therefore the 
authors invite the novel reader to refer to [1] for any 
further detail. 

We shortly recall here the concept of intrinsic and 
extrinsic parameters and their relation to mono-vision 
calibration. 

Given a 2D object of known geometry, defined by 
means of a set P of points in space (i.e., described by a 
set of 3D vectors) and a fixed reference system, an 
homographic transformation H: is an invertible 
function which projects the given pattern into a 2D 
domain, namely, a plane parallel to an image plane  [1]. 
H comprises a rotation matrix and a translation vector 
commonly referred as extrinsic parameters of a camera. 

A pin-hole model C(f,c):  is described by the 
so-named intrinsic parameters: the lens focal length 
vector4f and the principal point c, that is, the projection of 
the CCD centre on the image plane . Both f and c are 2D 
vectors. Once an homographic transform has been 
applied to a patternP, The role of the pin-hole model is to 
predict the projection P’ of P on . 

The symmetric part of D(r,t)evaluates the distortion 
caused by the applied lens, while the non-symmetric one 
accounts for tangential distortions induced by possible 
misalignmentsin the camera-lens coupling. Given P’, the 
role of the distortion equation is to apply a nonlinear 
mapping in order to predict the exact position P’’ of P on 
the final image.   

 

Fig. 2Iso-distortion curves of D(r, t). 

The camera is thus representable by a model 
M(C(f,c),D(r,t))=M(f,c,r,t): . Given an estimation of 

 of M and  ofH, it is therefore possible to 
approximatethe positionP’’of Pin a picture, and, 
theoretically5, reconstruct the original set Pgiven P’’as 

                                                 
4 Even though lens have a uniquefocal, the pin-hole model 
represents it as a 2x1 vector, whose values are the estimated 
focal length expressed in terms of horizontal and vertical CCD 
cells sizes – which can differ. 
5 Actually M is non-invertible, therefore numerical approximations 
are required.  
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. Where the -1 superscript stays for the 
inverse function. 

2.2 Stereo-vision and epipolar geometry 

In order to understand stereo-vision it is important to 
recall that the re-projection in space of a single point v’ 

 generates a line connecting the principal point c and 
v’.  Such a line can intercept more than one vertex in 
space. In other terms, a set  of vertexes adequately 
oriented in space can collapse into a single projected 
point. This implies that the projection point itself is not 
enough to reconstruct the actual position of a vertex v . 
Therefore, a single mapping function  can reconstruct a 
point in space only if the cardinality of  is 1 (and if an 
associated homography is present).  

In case an unknown object O is projected on an image 
plane, it is not possible to predict if each projected point 
Pis associated to a set with cardinality 1 and, also, there 
is no homography to map the point back in space (fig.3).  

As a consequence, as widely known, two or more 
points of view are required. 

 

 

Fig. 3 projection of aligned orthogonal edges. 

Given an estimation of camera models ,with i=1,2 in 
the stereo-vision case, and the relative position of  
w.r.t. , it is possible to reconstruct a vertexv , from 
itsdistorted projections vi’’on images planes .The 
relative position of a camera w.r.t. the other is described 
by the augmented matrix Ra=[R|T], where R is a 3x3 
rotation matrix and T a 3D translation vector. Ra can be 
computed as the composed homographyRa=H1H2

-1which 
moves from one camera plane to the pattern plane 
(inverse homography H2

-1), and, hence, projects back to 
the second camera plane (homography H1). 

An estimation  of Ra is required as camerasare not 
aware of their own position in an external inertial 
reference system, as a consequence, object projections 
cannot be referenced one to each other.Let SUbe the 
orthonormal matrix describing the inertial system with 

coordinates (x,y,z), the cameras lying in the space 
mapped by SU. If the cameras position is unknown, that is, 
if the equations of and areunknown in SU, it is not 
possible to reference the projection planes and, therefore, 
to understand on which planes O has been projected.  

A straightforward definition of SUcan beobtained by 
fixingthe origin of the system on a camera principal point6, 
settingz coincident to the optical axis and (x,y)parallel to 
the image plane and oriented according to camera CCD. 
In other terms, fixing  as the reference camera for the 
sake of simplicity, c1=(0,0,0) in SU and 

.In such a way it is possible to switch from a camera 
point of view to the other by applying .  

Indeed,being the pattern known, it is possible to: 
estimate the homographic transforms of both cameras 
w.r.t. the pattern, move from one camera plane to the 
pattern plane, and, hence, re-project to the second 
camera. 

As instance, it is possible to map O2’’ in  by applying 
the following chain of operators: 

 

 

 
where 2,1’’ is the estimated projection of O on image 

plane obtained by: re-projecting O2’’ in space; roto-
traslating it in SU and projecting itagain on . is a visual 
shorthand for the roto-translation operator. 

 

 

Fig. 4Epipolar geometry. 

Let v1’’ and v2’’ be respectively the distorted projections 
of a vertex v on  and , the following steps have to 
be followed in order to reconstruct the position of v in 

space. As first, it is necessary to apply the mapping  
to v,i’’: in such a way the distorted i-th projection is 
undistorted and re-projected in space. Each re-projection 
describes a line ri. The mapping is applied to r2 leading 
to 2,Su= r2. According to the common geometry of a 
stereo vision system, 2,Su and r1 intersect in space in a 
unique point: such point is and estimation  of v. 

In real applications, more than a projected point is 
present on image planes. Therefore, in order to 
reconstruct a shape,it is important to detect which 
projected point vk,1’’ is associatedto which point vk,2’’. In 
order to cope to this problem the epipolar line [2] can be 
computed. 

                                                 
6 We consider only the case of non-moving vision systems. 
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2.3 The estimation process 

The goal of a stereo calibration routine is to iteratively 
solve both the mono- and stereo- problems by means of 
optimization algorithms. As stated above, a first iterative 
round is performed in order to solve the mono-vision 
problem, that is, in order to obtain an optimal estimation 
of the parameters vector , which minimizes, 
in the least square sense, the root square error: 

 

 

 
Where: jis the number of vertexes present on a 2D 

calibration pattern;vj’’ is the projection of the j-th vertex on 
the distorted picture and j’’(k) is an estimation ofvj’’, 
obtained during the k-th optimization step, by means of a 
tentative vector (and associated tentative homography). 

Once an optimal estimation  has been obtained 
for both camera 1 and 2, the second iterative round can 
be performed in order to obtain and optimal 

estimation of Ra. Again, such an estimation is 
optimal in the least square sense and is obtained by 
minimizing aroot square error,a widely7 used 
formulationfor itbeing: 

 

 

 
Where: i is the camera number and all other items 

preserve the meaning of eq. (2). It is worth the trouble to 
point out that, accordingly to the previous notation, 

 represents the distorted projection of the j-th 
vertex on .In case i=1, it simply indicates the projected 
point of the j-th vertex on the camera plane, otherwise is it 
the estimated position obtainedby applying eq. (1)during 
the k-th step, by using a tentative augmented matrix. An 
alternative version of eq.(3) can be written by omitting 
camera 1, that is, accounting only for camera 2 projected 
points. 

3 Investigated models and methods 
 
According to the underlying theory recalled in section 

2, the following items have been investigated in the 
present work: 

1. a number of optimization routines for the 
mono and stereo problems; 

2. an alternative formulation of the error 
functions; 

3. camera vectors m with simplified 
representations coupled with a number of 
formulations of D(r,t). 

 
The following paragraphs dedicate room to the 

description of the selected choices. 

3.1 Optimization routines 

The iterative procedures commonly employed for the 
resolution of eq. (2) and (3) belongs to the family of so-
called non-linear least square solvers [3]. Among the 
many algorithms available for this kind of problems, we 
have limited our investigations to those implemented in 

                                                 
7 This is basically the formulation implemented in the well-known 
Camera Calibration Toolbox for Matlab by Jean-Yves Bouguet. 

the Matlab® programming environment, being it a 
dependable and commontool in research and providing it 
a wide set of state of the art solvers. Namely three 
methods have been analysed here: the gradient descent 
(as baseline), the Levenberg-Marquardt algorithm [5][6] 
and the Trust Region method [7]. 

The gradient descent (GD) is one of the most known 
methods for function minimization. It dates back to Gauss 
and searches for local minima8 by updating an initial 
vector at each step k, according to the formula: 

 
  (4)

 
Where x is the vector of free variables, J(xk) is the 

gradient of the error function (as instance of eq. (2) or (3)) 
and  is a scaling factor. Usually, the scaling factor 
is updated at each step k in order to face with the nature 
of the gradient function. At the beginning a small value of 
α is used in order to cope with possible irregularities along 
the gradient direction, while increasing values are used 
when the research goes closer to the local point. This 
assures for a faster convergence when the search method 
impacts on a local minimum, which, commonly, is located 
in a relatively flat region. 

The  Levenberg-Marquardt algorithm (LMA) is one of 
the mostly employed methods for minimization. It is 
preferred over (4) due to its robustness against local 
minima, granting an higher probability of convergence in a 
global point. According to LMA, the free variables are 
update by an increment δk obtained by solving the 
following equation: 

 
 

 
 
Where e(xk) is the error function and all other items 

preserve the meaning of eq. (4). 
The Trusted Region method (TRM) involves a two-step 

procedure at each iteration k: as first the objective 
function e(x) is approximated by a simpler one (usually by 
an xk-centred 2nd order Taylor series of the function), then 
such a function is minimized into a neighbourhood D of xk. 
Let be se(x) the simplified objective function, that is: 

 
 

 
Where S(x) is the hessian matrix of the error function. 

The goal is to find a point xk+δkin Dsuch that: se(xk+δk) is 
minimized and e(xk+δk)<e(xk). The most challenging part 
of the problem is the definition of the size of the 
neighbourhood as well as the find out of a fast way for 
solving the trust region minimization. For a primer on the 
topic we remind to [7]. 

3.2 Error functions 

Among the different error formulations, an empirical 
alternative has been investigated with the aim to increase 
the impact of errors on the optimization routine and attain, 
if possible, a globally lowered error. In order to increase 
the impact of each error in eq. (2) and (3), the following 
modification has been investigated: 

 

 

 

                                                 
8 None of the proposed methods can assure for global 
convergence. 
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And the associated stereo version: 
 

 

 
Where the root square error has been replaced by a 

logarithmic cost. The adoption of such a cost is motivated 
by the fact that a log-cost of this kind presents a steepest 
curve if compared to the classical squared error. Due to 
this, local errors should increase their relative weight in 
the cost function. In such a way, even a single error on 
one patter point, should acquire more relevance in the 
overall optimization routine, leading to more strict results. 

3.3 Camera vectors 

Among the different camera vectors m, two simplified 
alternatives have been investigated. The first one, named 
mf=1, is motivated by the fact that almost all CCD have 
squared cell sizes, this means that the focal vector f could 
be forced to collapse into one simple scalar.  

The second one, named mc=fix, is related to the fact 
that mid-quality industrial camera assemblies (camera 
body + lens) usually show a quite good alignment 
between the optical axis of the lens and the versor of the 
CCD plane9. In other terms the principal point is expected 
to rely on a very small neighbourhood of the image 
centre. This leads to a simplified camera representation 
which do not include the principal point as a free variable, 
being it fixed to c=(w/2,h/2), where w and h define the 
camera resolution in pixels. 

For what concerns the distortion model, a number of 
different polynomial functions have been 
investigated.Being radial distortion usually the most 
relevant aberration component, we have focused our 
investigation on it. One of the most common models for 
lens distortion is the fourth order radial distortion model 
with even powers, defined as: 

 
 

Where ρ is the radial distance of a projected point, 
computed w.r.t to c. In order to investigate the fitting 
capability of different polynomial formulas, we have varied 
the order of polynomials introducing both even/odd and 
full forms. For the sake of briefness, we identify such 
formulas by the term Di,type, where i is the order of the 
polynomial and type can be one among even, odd or 
fulldepending on the employed powers. 

4 Experimental datasets and results 
 
The experimental data set has been retrieved by using 

a prototype developed for the measurement of car wheel 
alignment. Such a prototype concerns the development of 
an innovative artificial vision system capable to perform 
the measurement of camber and toe angles of vehicle 
wheels. The vision system acquires the 4 wheels of the 
vehicle in order to carry out a three-dimensional 
reconstruction of the scene, thus allowing a non-intrusive 
and real-time measurement of the toe and the camber 
angles [9]. The output of a measurement is, therefore, a 

                                                 
9This is confirmed, also, by the commonly small values assumed 
by the tangential distortion. 

pair of values representing toe and camber in centesimal 
degrees. 

4.1 Equipment and data 

The acquisition system is composed by 2 grey scale 
industrial cameras (c-mount) with a resolution of 
1024x768. 3.5’ lens have been mounted on both cameras. 
The angle between cameras is 20° and images have been 
acquired by using ultraviolet light sources and filtered by a 
band pass filter mounted in front of the camera lens. Lens 
type, system angle and illuminators have been 
constrained by the application design, thus, they 
represent possible limitations induced by real cases.  

Calibration images have been kept by using a 
chessboard as 2D calibration pattern. The squares of the 
chessboard measure a size of 3 cm and the chessboard 
is composed by 29 rows of 19 squares. 16 images have 
been simultaneously acquired with the two cameras and 
processed for both mono and stereo calibration. 

50 validation images have been acquired by using the 
equipment in a real test, thus, neither known geometry is 
available nor constrains about shape and position of 
objects can be defined. During the test, the car wheels 
have been oriented in different positions, causing the 
system to face with different configurations of the 
observed objects.  The specificity of the validation set is 
that the observed objects cover the 90% of the image 
plane, thus they also rely on peripheral areas of the 
images, being subject to really high distortions. 

 

 

Fig. 5examples of calibration and validation images. 

The calibration software has been obtained by hacking 
the well-known Camera Calibration Toolbox for Matlab by 
Jean-Yves Bouguet [10]. Therefore some of the 
algorithms come from this well-tested application, while 
specific modifications have been plugged in on demand 
for this paper. 

4.2 Methods  

As stated above, theforemost difference between the 
present work and other testsdescribed in literature is that 
the calibration performance is evaluated with respect to 
the measurement accuracy of the system, rather than by 
means of estimated reconstruction errors. As a 
consequencewe get rid of theoretical errors, which do not 
represent any real application case, and we evaluate the 
accuracy on-the-field. 

In order to evaluate the accuracy of obtained 
measures, the output of the system is compared with a 
state of the art measurement system in use in the 
automotive industry. Such system being certified for 
accuracies of ±0.03°. 

In order to rank each calibration, some statistics have 
been computed on validation images. Being the real value 
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of both camber and toe known, for each validation images 
an error has been computed as follows: 

 
 

Where xvisionis the measure obtained by the vision 
system, while xref is the one obtained by the reference 
system. 

In order to evaluate the accuracy of the system, the 
expected error along with its confidence interval has to be 
computed. The assumption is that the error distribution 
can be modeled by a normal distribution N(µ,σ). Being 
both µ and σ unknown, the expected value of the error 
and its related confidence interval can be computed by 
means of: 

 

  

Where  and  are the unbiased estimators of the 
mean and standard deviation of error e, M is the number 
of error measurements, t(M-1,0.99) is the t-student 
distribution for the mean estimation at aconfidence level 
of 99%. 

Being eq. (8) fixed for each calibration and varying only 
the unbiased estimators, a simplified scoring rule has 
been defined as: 

 
   

It can be easily shown that when eq. (9) increases, eq. 
(8) provides an higher uncertainty and/or an higher 
average error, thus, eq. (9) can be considered as a 
synthetic estimator of system bias. 

Every measurement set provides two scores: one for 
toe estimation stoe, and one for camber scamber. In order to 
get a single index of calibrationcorrectness, a total score 
stot has also been computed as sum of toe and camber 
scores. 

Each investigated system will be identified by a set of 
four items(mx;Di,type; {RSE,LE}; {GD,MLA,TRM}) which 
uniquely identifies the kind of camera vector and the 
related radial distortion model along with the objective 
function (eq. (1) and (2)or(5) and (6) ) and the employed 
optimization method. 

4.3 Results and discussion 

As first, a baseline system (mstock;D4,even;RSE;GD)has 
been evaluated, where mstock is the classical vector 
described in section 2. Later, the systems reported in 
table 1 have been analyzed. Table 1 does not report all 
the possible combinations of vectors, distortion equations 
and optimization objectives/methods. The set of reported 
systems has been obtained by selecting those results 
which appeared to provide any relevant evidence in 
support or in contrast to a certain hypothesis. In bold the 
structural differences w.r.t the baseline system. 

 

Name m D obj Method Score %w.r.t base 
Baseline mstock D4,even RSE GD 3.40 0.00 

Sys1  mstock D4,even RSE LMA 3.24 -4.70 
Sys2 mstock D4,even RSE TRM 3.10 -8.82 
Sys3 mstock D4,even LE TRM 3.38 -0.58 
Sys4 mc=fix D4,even RSE TRM 5.15 51.47 
Sys5 mf=1 D4,even RSE TRM 2.92 -14.11 
Sys6 mf=1 D2,even RSE TRM 10.69 214.41 
Sys7 mf=1 D6,even RSE TRM 5.92 74.11 
Sys8 mf=1 D2,full RSE TRM 3.64 7.05 
Sys9 mf=1 D3,full RSE TRM 4.26 25.29 
Sys10 mf=1 D3,odd RSE TRM 2.94 -13.52 

Tab. 1analysed systems along with resulted scores. 

 
The very first consideration is that both sys5 and sys10 

seems to be the winner in this comparison.More in depth, 
by comparing the first four systems it is pointed out that 
the selection of an adequate optimization routine can 
completely redefine the accuracy of a numerical model. 
Indeed, a reduction of the inaccuracy score of almost a 
9% is obtained without modifying any internal component 
of the baseline system. 

By looking at sys4 and sys5 it is pointed out that even if 
a really accurate coupling can be attained with mid-quality 
industrial equipment, the principal point estimation is 
mandatory, nonetheless, a simplified focal length 
representation can boost the final accuracy up to -14% 
(with an additional improvement w.r.t to sys2 of 56%!). 

Finally, among the different shapes of the radial 
distortion equation it seems that a relatively low order 
polynomial can attain a very good estimation of the actual 
aberration, confirming what obtained in [8]. What seems 
new and unpredicted is that even an odd formulation can 
adequately estimate the lens distortion, even though 
classical photogrammetric models historically relies only 
on evenpowers. 

For what concerns the objective function, it seems that 
the maximum likelihood estimation obtained by means of 
the RSE still holds w.r.t to other alternatives, even though 
the LE alone still doesn’t full fit the needs of an exhaustive 

analysis.  

5 Conclusion 
The obtained results show that, even though very 

complex equations can be used in order to represent 
cameras, usually, simpler pin-hole models remain 
competitive and robust, while refinements can be attained 
by using more powerful operational research algorithms. 

Namely, the level of modern mid-quality industrial 
equipment seems to not require any specific computation 
of 2D focal vectors. At the same time, actual assemblies 
seems to be affected by misalignments which induces 
neglectable tangential distortions but still affect the 
centering of the image plan in a relevant manner. 

For what concerns lens distortion, it is known that the 
number of experimental data grows with the complexity of 
models in a more that linear manner, nonetheless there is 
no evidence that the provided dataset was too limited in 
order to tune complex polynomials.  

This leads to consider the fact that, actually, small 
polynomials have modeled relevant levels of distortion 
without any issue, overcoming more sophisticated 
solutions. Therefore, it can be derived that, even if applied 
lens show a relevant aberration, quite simple models 
seems good enough to cope with the problem in industrial 
applications. 
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Eventually, it is worth the trouble to mind about the 
numerical methods employed for the calibration, being 
algorithms responsible of relevant levels of refinement. As 
far as common methods are involved, the TRM is 
recommended here. 

Wide room has to be dedicated to objective functions, 
instead. The bare minimum test conducted in this study 
do not support the idea that a different objective function 
can induce benefits to the calibration routines, 
nonetheless, other alternative cost functions should be 
elaborated in order to cope with the problem. An 
additional direction of study is the analysis of non-
deterministic methods such as genetic algorithms or 
simulated annealing procedures. Eventually, further work 
should be dedicated to non-polynomial families of 
aberration functions, in order to assess the benefit 
induced industrial applications by these unconventional 
models. 
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Abstract 

Purpose: 
In the mechanical field agile production requires rapid and flexible shop-floor control 
techniques in order to verify the manufacturing operations effectiveness. To accomplish this 
goal, 3D scanning systems are evermore used for quality control purposes. Generally, 3D 
CAD (Computer Aided Design) product models can be used as reference in order to manage 
the verification process. The geometrical information represented in the 3D CAD model can 
be used in order to virtually plan, simulate and pilot the inspection process. Even if many 
methods have been developed to support view planning from known 3D CAD models, it is still 
necessary to study strategies and tools to improve the verification process performance.  

Method: 
The present work targets the development of view planning algorithms in order to support the 
automatic inspection of 3D shapes, including dimensional and geometrical tolerances. 

Result: 
Algorithms have been implemented in a prototypal software system that has been 
experimented as off-line application to provide inputs to a multi-axis Degree of Freedom 
(DoF) robot arm mounting an optical 3D scanner. 

Discussion & Conclusion: 
Two test cases from automotive and die casting fields are presented. They show the 
computation of acquisition poses in a suitable sequence and correspondence to the 
experimental data.  

1 Introduction 
In the mechanical field, companies are asked to 

manufacture components with specific constraints in 
terms of shape and dimensions requirements. 
Geometrical Dimensioning and Tolerances (GD&T) [1] 
regulate the acceptable errors that can be made during 
the manufacturing process. They affect functions, 
assemblability and cost of a product. Decisions about 
tolerances are mostly made by product designers that 
usually not are experts in manufacturing and control. In 
[2] a method is proposed for providing designers with 
effective tools in order to simulate the whole verification 
process. Such approach finds an interesting application in 
the emerging field of automatic parts inspection by optical 
digitizers mounted on articulated robot arms. 

Nowadays, 3D optical shape acquisition systems, laser 
scanners and fringe projection-based, have evolved in 
terms of accuracy, resolution and measurement time and 
they can be successfully applied in quality control. Many 
classes of mechanical components are compatible with 
the achievable accuracy. It refers to foundry casted 
components, injection moulded plastics, bent sheet 
metals. In these cases, geometry usually varies much 
more than scanner accuracy due to shrinkage, spring 
back or die imperfections. In [3] and [4] system 

architectures are proposed for industry shop floor 
application. In these cases a first off-line software module 
allows identifying tolerance prescription and geometries 
from the 3D CAD product model. Then, acquisition poses 
are elaborated and sensor path optimized. Control cell 
behaviour is also simulated. A second on-line software 
module manages the hardware tools (3D scanner and 
robot) and performs the virtual inspection by comparing 
the acquired cloud of points and the 3D CAD geometry. 

In this context the off-line view planning stage is 
crucial. Even if several solutions have been proposed in 
literature, it is not possible to consider the problem 
completely solved. In fact, the application in the industrial 
mechanical field requires coping with peculiar aspects: 
- geometries are generally defined by NURBS surfaces 

rather than tessellated representations and tolerance 
attributes are normally referred to such entities; 

- several geometries are recurrent such as holes, slots, 
cylinders, ribs, etc… and require specific acquisition 
rules in order to assess assigned dimensional and 
geometrical tolerances; 

- toleranced surfaces and datums (see terminology in 
[1]) should be covered as much as possible since the 
inspection results could be unreliable if entities are 
partially measured; 
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- global shape recovery with a minimum number of 
views is not necessarily the main goal, unless 
required for a correct views alignment; 

- view sequence and alignment must be carefully 
assessed in order to guarantee the best global 
process accuracy performance; 

- object to be acquired must be localized and referred  
to the robot coordinate system since it is usually 
simply placed on a working plane by operators; 

- acquisition strategy based on reflective markers may 
be employed for aligning view when the Iterative 
Closest Point (ICP) algorithm fails (for instance 
surfaces with scarce curvature). Such alignment is 
usually known as Reference Point Matching (RPM). 

 
In this context, after a brief review of the state of art on 

inspection planning approaches, the paper investigates 
new acquisition strategies based on view planning 
methods in order to take into account the cited aspects. 
Algorithms are proposed in order to automatically plan 
and refine views on the basis of typical mechanical 
shapes and tolerances prescriptions. The elaborated 
solutions have been implemented in a software system 
that can provide data for piloting a robotic inspection cell. 
Examples from automotive fields are reported to show 
functionalities and performance. 

2 Related Work 
CAD-based tolerance inspection has been extended 

from Coordinate Measuring Machine (CMM) [5] to 6 DOF 
(Degree Of Freedom) robotic arms coupled with 3D 
optical scanners. A comprehensive literature review of 
methodologies, techniques, metrological issues and 
systems can be found in [6-9]. Through the use of optical 
3D digitizing systems it is possible to inspect complex 
shapes in a short time. One of the main critical stages is 
how to determine the sensor position in order to achieve 
the best measurement accuracy by adopting a small 
number of views. The challenge of automatic viewpoint 
determination has been widely studied in robotics, 
computer vision and photogrammetry. Proposed methods 
can be classified in two main categories: model-based 
methods (or based on Known objects) and non-model 
based methods (or based on Unknown objects). 

Most view planning methods are non-model based and 
are formulated as the search of the Next Best View (NBV) 
given previous scans of the object [10]. They have been 
carried out by many researchers and examples are 
reported in [11-15]. Non model-based methods 
applications range from robotic environment exploration 
[16-17] to large indoor-outdoor sites [18] and cultural 
heritage artefacts acquisition and reconstruction [19]. 

However, since the focus of this paper is on the 
tolerance inspection process of mechanical products, the 
3D CAD model is given and can be used for automating 
the determination of sensor localizations. 

From the very beginning, Tarbox et al [20] propose 
three algorithms to plan poses on a fixed sphere cantered 
on the object. Trucco et al. [21], Cowan and Kovesi [22], 
Xi and Shu [23] propose similar approaches based on the 
satisfaction of sensor pose requirements. Sometimes, an 
initial off-line phase is followed by an on-line poses 
refinement to augment the coverage ratio. 

Prieto et al. [24] show a more robust framework that 
takes in account the inspection automation starting from 
the CAD model. More recently another model-based 
method application in the industrial context is reported in 

[25]. A volumetric model implemented through a 3D voxel 
map is generated from the object CAD model and used to 
define a sensing plan composed of a set of viewpoints 
and the respective scanning trajectories. Ellenrieder and 
Komoto [26] determine the necessary number of camera 
position given a certain inspection task and object model. 
In [27] an automatic 3D digitizing system for inspection 
purposes is reported. Using an approach based on the 
Minkovsky operations to calculate the visibility of the 
different faces of the part B-Rep model, the minimum set 
of directions required to entirely digitize the part is 
computed. Finally, Shi et al. [3] use a two-stages 
approach. Firstly an off-line planning is performed then on 
line feedback of scanning process is analyzed. Areas not 
acquired during the first phase due to reflection and 
shadows drive the second acquisition.  

The wide range of applications, the variety of object 
features being inspected and the differences among 
numerous contact and non contact sensors and 
positioning systems, make hard the identification of which 
approach better overcome view planning problem. The 
main outcome of the state of the art analysis is the 
necessity of developing application context specific 
approaches in order to optimize algorithms and result on 
the basis of the system goals. 

3 3D views planning algorithms 
In the proposed approach, the component inspection 

task is split in an off-line stage carried out in the design 
department and an on-line one performed in the 
production shop floor. Figure 1 shows the main steps of 
process, highlighting several aspects to be considered. 
 

 

Fig. 1 General steps of inspection process by optical 

systems for industrial applications 

The input to the off-line stage is the toleranced 
(dimensions, shape, orientation) 3D CAD model of the 
part that is conveniently located in a reproducible 
coordinate system. Its shape, dimensions and GD&T 
attributes are analyzed [28] and generate a set of 
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acquisition poses. Data acquired from such viewpoints set 
is simulated. In particular, the coverage ratio, i.e. the ratio 
between the acquired portion area and the whole face 
area, is assessed for each toleranced face or datum. 
Then, if necessary, uncovered zones drive the definition 
of additional poses. Specific tolerance feature-based 
strategies are used to identify additional viewpoints. The 
process is iterated until the set of positions is satisfactory. 
A path, i.e. an ordered sequence of poses, is computed 
assessing robot head reachability, collisions and 
feasibility of registration/matching process in the desired 
sequence. 

The depicted process can be subsequently repeated 
changing object orientation in order to view additional 
portions of interest. Simulation results are merged with 
the previous one in order to assess the whole object 
coverage. The set of paths for each side is the input to 
the on-line phase. Object to be inspected is laid on the 
inspection plane and located. Acquisitions are registered 
and merged thanks to robot head positioning matrix and 
ICP method. Also toleranced model is registered in the 
same coordinate system. The acquired cloud of points is 
segmented on the basis of the toleranced features to be 
checked. Each sub cloud is finally evaluated towards the 
respective nominal geometry (3D CAD model) in order to 
verify the prescribed tolerances. 

3.1 Model geometry representation and 
physical localization 

CAD geometry is likely to be a Boundary 
Representation (B-Rep) of NURBS faces [29]. In the 
proposed view planning approach, volumetric shells are 
exploded in distinct boundary faces, taken as the basic 
geometric unit used for views computation. Model must 
guarantee consistent face positive orientation with the 
actual external side of the object.  

The choice of NURBS representation is motivated by 
the fact that standard mechanical prescriptions target 
faces. Additionally, they can be differently marked as 
normal, priority or fixture. Normal and priority express two 
different levels of importance of scanned surfaces. Priority 
is usually given to toleranced faces or datums. The 
distinction avoids useless efforts in acquiring non 
significant details. Fixture surfaces are taken into account 
for occlusions and may include scanning plane where 
object is laid or any equipment to hold it. 

A triangulated mesh of each face is computed and 
used in the pose simulation step. Each mesh facet 
represents the unit for the computation of visibility 
properties. Finally, a volumetric voxel model is used to 
assess collisions between model and sensor. 

3.2 View planning approach 

Figure 1 outlines a general workflow that has emerged 
from previous works review. In particular, this paper 
focuses on the Views Planning phase. Figure 2 reports a 
flowchart highlighting the main sub-steps adopted to 
compute acquisition viewpoints on the basis of an input 
geometry and features to be inspected. 

The proposed approach is based on six main steps 
that are here outlined.  

At first, a cloud of sampled points is defined for driving 
poses computation. Specific sampling rules have been 
defined according to the typology of features being 
inspected. The choice of basing view planning on a set of 
sampled points is motivated by: 
 

- An harmonization of the approach among the set of 
possible inspection tasks described hereafter; 

- The possibility of computing global surfaces visibility  
properties from the combination of those of each 
sampled point. 

 
Sampled clouds are clustered on the basis of relative 

points distance and surface normal orientations. This 
guarantees that obtained clusters are likely to be acquired 
from a single point of view. 
 

  

Fig. 2 Flow chart of main steps of pose set elaboration. 

The cluster with the higher number of points provides 
input to compute a pose. Viewing direction and target 
point on inspected object are separately determined. 

Computed pose validity is checked against possible 
collisions and spatial reachability.  

Then, acquisition process is simulated to verify cluster 
points actual coverage. Remaining uncovered points are 
merged with the initial excluded set, clustered again and 
iteration goes on. The process is repeated until it is not 
possible to add more poses.  

A termination condition is necessary to prevent from 
infinite iterations. If a point fails more than three times in 
generating a pose, it is excluded from clustering. A point 
fails if it belongs to a cluster that cannot produce a valid 
pose or if the point cannot be acquired from the calculated 
pose. 

The analysis of typical mechanical inspection 
procedures has revealed several situations that lead to 
different choices for the algorithms employed for the steps 
being described. Table 1 provides an outlook on possible 
inputs, point sampling strategies and adopted pose 
planning algorithms. 

In a previous work inspected objects are split in two 
main categories [28]. The first one contains those whose 
volume is roughly contained in the scanner field of view. 
In this case sensor approximately moves on a spherical 
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surface cantered in the object. The second class contains 
objects whose extension is wider than scanning volume. 
Rather than moving around the part, the scanner follows 
its shape and covers the surface like painting. This 
strategy is referred as Sweep Positioning (SP). 

 
Inspected 

Feature 

Points sampling 

rule 

Pose computing 

approach 

GD&T Surface sampling Iterative pose adding 
Sweep positioning 

Trims Border sampling Normal positioning 

Large multi-faces 
surfaces  

Surface sampling Sweep positioning 

Global coverage Global sampling Iterative pose adding 

Specific target 
points 

Manual points 
definition 

Iterative pose adding 

Tab. 1 Possible inspected features and relative approach for 
points sampling and pose computing. 

Due to the variety of possible mechanical inspection 
tasks, a wider classification has emerged and view 
planning algorithms must be chosen accordingly: 
 
- Standard GD&T inspection (planarity, parallelism, 

perpendicularity,…): the focus is on target faces 
(usually planes, cylinders, cones…) that require 
complete coverage. Points sampling must cover the 
face and poses are generated iteratively to maximize 
coverage (see Fig 5 in the next section). In case of 
freeform shape control of large surfaces, SP is 
adopted; 

- Trims and cutouts in sheet metal parts: the aim is the 
evaluation of the border profile (Fig.3). Pose direction 
is determined as perfectly aligned to surface mean 
normal. This allows reaching higher quality results by 
the combination of 3D acquisition with border 
detection algorithms from the 2D camera image; 

- Large multi-faces surfaces, refers to large object 
portions characterized by scarce curvature and many 
NURBS patches (see Fig 4 in the next section). In 
this case a SP strategy based on a interpolated 
surface is adopted; 

- Global coverage is employed to maximize surface 
scanned area. Is based on a global shape sampling 
and in iterative pose adding; 

- Specific target points are manually defined in order to 
verify their localization. They are clustered and poses 
iteratively added to maximize coverage (Fig.3). 

 

    

Fig. 3 Example of cutout border (left) and of specific target 

point (red arrow, on the right). 

In the following sections adopted algorithms are 
presented in more detail. 

3.3 Sampled points clustering 

Surface Sampling rule is composed of two steps. At 
first a face is subdivided in portions that are contained in 
the scanner field of view and whose normal directions 
variation is limited. Portions can be reduced in order to 
allow a suitable overlapping area between adjacent 
patches. To this aim, surface is analyzed and split along 
isocurves. Then, for each subdivision samples are chosen 
as surface Greville points that are contained in non-
trimmed portions. Each subdivision provides a point 
cluster and then a possible viewpoint. 

This sampling rule is based on the consideration that 
control vertices basically determine shape and differential 
properties of NURBS. In case of very simple geometries 
like cylinders or planes, the low number of samples is 
increased to a minimum amount. Six-eight samples for 
each of the two parameters have been experimented as 
sufficient while normals variation is bound to 
approximately 90°. 

In case of Global Sampling previous approach may 
lead to an excessive number of points. Starting from the 
set given by the sampled points for each face, decimation 
is accomplished considering both points distance and 
normal orientation. That leads to a curvature based 
adaptive sampling. 

When objects extension is much wider than scanning 
volume, surfaces must be treated as a whole, since no 
feasible path can be drawn considering each face a time 
(large multi-faces surfaces, Fig.4). Object surface is firstly 
segmented in faces subsets that contain homogeneous 
normals orientation under a certain angular tolerance. A 
NURBS interpolating patch is then projected to the faces 
along the clustering direction. Angular tolerance should be 
less than 90 degrees, so faces do not overlap during 
projection. Interpolating patch is defined with a sufficiently 
dense control vertices number. Interpolation is obtained 
projecting CVs to the face cluster. The patch is then 
trimmed eliminating unused external and internal portions. 
This process leads to a smooth surface that is suitable to 
drive scanner sweeping as in Surface Sampling rule. 
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Fig. 4 Sweeping strategy: a NURBS patch is interpolated to 

the object faces in order to drive acquisition along its 

simplified parameterization. 

3.4  Pose computation 

Views computation moves from sampled point clusters. 
In its trivial form, it is drawn from a cluster mean point Pm 
and a cluster mean normal Nm: 
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where Pi is the i-th sampled point, Ni surface normal at Pi 
and S the number of cluster points. Scanner position is 
the point along Nm at focal distance from Pm. Such 
approach is used only in the Normal Positioning to 
guarantee perfect alignment between camera plane and 
surface and combine 3D point cloud data with 2D edge 
detection output. 

However, experience shows that by using optical 
scanners, 30-50° tilted position are preferred in order to 
maintain good quality on the read coordinates and add 
information from adjacent faces in order to correctly 
perform ICP alignment. 

Visibility Map (VM) is then used to determine tilted 
occlusion-free directions [2]. VM is calculated for each 
cluster point by projecting the inspected faces onto a unit 
sphere cantered at the point (Fig.5). The unit sphere is 
then sampled at constant azimuth / elevation intervals (5°) 
and the Boolean information whether something has been 
projected or not on the sphere is transcribed into a matrix 
which forms the VM itself. The great advantage of the VM 
is that it needs to be calculated only once and then the 
availability of scan directions for a certain point is stored 
in terms of azimuth / elevation couples. 
 

 

Fig. 5 Determination of the Visibility Map. For a generic 

point, occlusion produced by other surfaces is evaluated in 

the cone corresponding to the max glacing angle. 

VM computation is efficiently performed using graphic 
card. Viewing camera is located in the point of interest 
and pointed as the normal to the surface. Depth buffer 
coordinates are transformed in global spherical 
coordinates. For the entire point cluster, VM are 
overlapped producing a grey levels image referred as 
Combined Visibility Map (CVM). Each pixel contains the 
number of sampled points that are visible for the selected 
azimuth/elevation couple. Such procedure is based on the 
assumption that the distance of a certain viewpoint is 
sufficiently larger than surface dimensions [26]. 

Scanner optimal viewing direction is searched in the 
portions with higher ranking in order to maximize cluster 
coverage (Fig.6). Such point is chosen as the one 
minimizing the angular distance from the cluster mean 
normal Nm. A second point for the projector location is 
searched at a fixed angular distance determined by 
sensor hardware. Among possibilities, the one forming the 
smaller absolute angle with the horizontal one is 
preferred. In this way camera and projector directions are 
determined maximizing visible surface portions and 
maintaining the best perpendicularity to the surface. 

To determine actual scanner position a target point is 
finally needed. Pm is a valid choice that can be improved 
by considering other points or markers that are sufficiently 
close to it. Markers and sampled points that have normals 
compatible with the viewing direction are sorted out. Then, 
they are ordered by distance. In case original point cloud 
extension is smaller than scanner field of view, target 
point is translated in order to include additional points or 
markers. In any case such displacement should cause 
original cluster points to fall outside scanner field of view.
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Fig. 6 Example of Combined Visibility Map obtained from the 

intersection of tree sampled points. The red dot represents 

the mean surface normal while the different tones of gray 

show the regions with different level of occlusion. Scanner 

orientation is searched in the white area. 

3.5 Pose simulation and path elaboration 

The simulation algorithm works on the triangulated 
mesh, which approximates the NURBS surfaces to be 
digitised. Each facet must fulfil several [2-4]: inclusion in 
the sensor field of view, value of camera glacing angle, 
value of projector glacing angle, visibility from the camera, 
visibility from the projector, absence of laser or projected 
pattern reflections towards the camera. Significant 
performance in computing is reached taking advantage of 
the Graphics Processing Unit (GPU) of 3D computers 
cards. In particular GPU Z-Buffer is useful to quickly 
detect occluded areas. 

Simulation mainly supports the verification of the actual 
cluster points digitalization from a compute viewpoint. 
Due to previous assumptions, CVM and selected target 
point do not guarantee all cluster points coverage. For 
this reason view planning is iterative, and at each step 
process moves from uncovered points. 

Poses are sorted on the basis of the number of points 
that are covered in addition to previously computed 
poses. If a pose at the end of such list does not add any 
new covered point is discarded. For any iteration this 
operation is repeated. Poses list is continuously optimised 
as more efficient poses are added and useless ones 
removed. 

In order to correctly perform the registration process a 
valid sequence of the selected positions must be 
established. In case of using reflective markers, their 
identification leads to straightforward alignment in a global 
reference system by RPM. Otherwise, it is necessary to 
analyse couples of adjacent simulated point clouds in 
order to assess if ICP method can be performed. Two 
aspects are assessed: the extension of overlap area and 
the quality of the overlap in terms of the absence of 
directions with low curvature which could cause sliding 
and incorrect position during alignment [4]. Finally, 
starting from RPM alignable poses, the shortest path 
connecting 3D viewpoints is sorted out. 

4 Tolerance inspection system 
The proposed tolerance inspection system architecture 

has been illustrated in other papers [4, 28]. Generally it is 

split in an off-line software system for view planning and 
simulation and an on-line system composed by the 
scanner, the robot, a rotary table, the robot controller and 
a software application (Fig 7). 

 

 

Fig. 7 Example of robotic cell used to test the system: Kuka 

robot, Steinbichler COMET V optical scanner, a rotary table 

and frame with markers (courtesy of Steinbichler 

Optotechnik GmbH) 

 

Fig. 8 Off-line inspection application user interface. The list 

of elaborated poses and available functionality are shown. 

A software system has been developed to test the 
proposed approach and algorithms for view planning. The 
off-line inspection application has been developed as a 
Plug-In of a commercial 3D CAD system, Rhinoceros 4.0 
(by McNeel Inc.). The application has been written using 
Microsoft VisualBasic.NET language and libraries such as 
Rhinoceros SDK, OpenNURBS and OpenGL. In (Fig 8) 
part of the user interface is shown. 

Two test cases are here reported and analysed. The 
first one concerns a standard tolerance control for a die 
cast part (Fig.9). Poses are generated from toleranced 
faces through surface sampling method and iterative pose 
adding. Off line planning is accomplished on possible 
standing orientations are virtually found from the local 
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minima of the z coordinate of the object centre of mass 
(CoM) computed from the CAD model.  

Such orientations are then physically reproduced using 
a rendering of the object from some standard positions S 
(Fig.10). During the on-line phase, the operator lays the 
object on the inspection plane in the same equilibrium 
position. Rendering are superimposed to the images of a 
camera that looks at the object from the corresponding 
viewpoint. 

 

 

Fig. 9 Tolerance prescription on a mechanical component. 

Target surface and datum will be identified as priorities. 

 

 

Fig. 10 Localization of object on the scanning plane by 

means of positioning in stable equilibrium and images 

overlapping. 

The virtual image is obtained reproducing the scanner 
camera geometry and optical parameters using standard 
graphic libraries. Before inspection, operator matches the 
object position grabbed by the scanner camera to the 
attended virtual image of the object. Repeating for a 
couple of different known viewpoints, the localization of 
the object is reached more precisely. An usability test of 
such procedure is planned for the future. 

The second case refers to automotive sheet metal 
parts (doors and hoods) to be inspected to verify the 
location of points of interest. Such points are introduced in 
the system by coordinates provided in a specific control 
document coming from the quality department. 

4.1 Test cases discussion 

Die cast part example has allowed analysing view 
planning algorithm in case of GD&T inspection tasks. 
Shape (cylindricity), orientation (parallelism, 
perpendicularity) and localization tolerances have being 
prescribed to the model. 

The software initially elaborates 8 poses that are 
necessary to cover faces that are the target of tolerances 
or datum. Such poses were too far each other and does 
not form a unique scanning path. Then 2 additional poses 
(pose number 2 and 9 in fig. 11) have being manually 
added in order to bridge distant poses. The simulation of 
the acquisition and then matching process has virtually 
confirmed that the elaborated sequence allow matching 
by ICP algorithm in the elaborated sequence. 

 
Fig. 11 Die cast part elaborated poses. 

This application example was then physically tested by 
using a laser scanner (Minolta Range 7) mounted on a 
robot arm. Inspection poses have being reproduced by 
the on-line software module thanks to robot head 
localization matrices exported by the off-line software 
system. 

The 10 point clouds gathered by the scanning process 
have being successfully aligned by using a standard 
reverse engineering software (RapidForm by Inus 
Technology) confirming the simulated results. 

The automotive application (Fig.12) has been validated 
on several test cases. Three of them are reported in table 
2. In this case, the aim of the experimentation was to 
assess the robustness of position planning algorithms and 
the efficiency of the whole application. 

Such test cases have being more challenging due to 
models dimension and complexness. Efficient GPU based 
algorithms have been developed to cope with the high 
number of geometrical entities (5 to 7 thousand surfaces). 
Due to the complexity of the shapes, tolerance 
prescriptions are mostly represented by specific control 
point localizations used to evaluate profiles correctness. 
Planarity and parallelism are just limited to hinge surfaces. 

Table 2 shows that physical limitations do not allow to 
reach a full coverage of such points. Experimentation with 
a physical setup has confirmed the virtual analysis. Main 
reason is represented by occlusions caused by the 
marker frame that is needed to align views. In fact ICP 
alignment is not applicable due to the extension of the 
product compared to the scanner field of view. However, 
point coverage can be improved by a careful design of the 
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frame. The possibility of virtually test acquisition results 
dramatically shorten time to come to optimal solution. 

 

 

Fig. 12 Rear car door test case. Views are aligned thanks to 

frame with markers. Poses 1, 2, 3 and 4 align through ICP. 

Non-alignable poses are shown in red. 

 

 

Tab. 2 Results obtained by using of the iterative pose adding 
algorithm. Thanks to manual intervention performance can 

be further increased. 

5 Conclusions and future outlooks 
This paper is situated in the context of industrial 

inspection applications based on an offline planning 
phase followed by a robotic autonomous on-line 
inspection system. In particular it focuses on algorithms 
for planning the 3D views acquisition on the basis of 
tolerance attributed NURBS representation taking in 
consideration the specificity of mechanical parts. 

The proposed approach bases view planning on 
sampled point clusters. Cluster forming rules are 
determined accordingly to the typology of inspection 
process to be accomplished: GD&T, cutout, global 
coverage, large multi-face surfaces, specific target points. 
When applicable, an iterative procedure has been 
elaborated to come to an optimized list of view. Finally, 
simulation algorithms allow investigating acquisition 
coverage and feasibility of scans alignment. 

The experimentation of the approach has permitted to 
target on object localization issues both in case of using 
reference markers and free matching strategy. The 
capability of producing a valid set of poses has been 
investigated for automotive sheet metal parts. 

Both implementing and testing activities on real cases 
have revealed some critical aspects. The first one regards 
the choice of many parameters that are required by the 
proposed algorithms. It refers to distance and angular 
thresholds that can be enhanced by experimenting on a 
large set of test cases. 

The second one strictly refers to the inspection 
application. The elaborated method and implemented 
prototypal tool has shown that it is possible to plan views 
and simulate acquisition cell behaviour. However, quality 
of simulation must be systematically assessed towards 
real data. More important, the whole process accuracy 
must be analyzed from a metrological point of view. In 
fact, many sources of errors can affect the final results: 
scanner intrinsic accuracy, view alignment errors, errors in 
deviations measured by inspection software and, finally, 
incorrect GD&T standards interpretation in the virtual 
measurement procedures. 
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Abstract 

Among the different techniques of (RE), laser scanners are one of the most used instruments. 
The output of these optical technologies is a digital 3D description of a studying object, which 
is defined by a point cloud that approximates its surface. Reverse pipeline consists in a 
process beginning with the acquisition of object’s surface, described by range maps acquired 
from different points of view. Further steps of the post-processing procedure allow to obtain 
the final output as a unique and well defined mesh. 

Laser scanners, as measure instruments, introduce errors in the 3D coordinates of each point 
cloud acquired, due to object’s surface appearance and reflection property, and also to noise 
components caused from the instrumentation itself. This paper presents an error 
experimental analysis of range maps acquired by an optical triangulation laser scanning 
system (Konica Minolta Vivid 9i), using a painted glass plane as reference object. This study 
is conducted considering that all point clouds acquired are affected by an error which is 
composed by two elements: a random component and a systematic one. In scanning 
processes it is not possible to completely remove the random component, but it is only 
possible to reduce it, in order to detect and define the systematic one, which is caused by 
laser scanner’s inner components and constructive features. 

The goal of this experimental work is to identify a compensation array to apply to the 3D 
coordinates of the range map points, in order to reduce the systematic component of error. It 
is possible to define a different array for every operative condition, depending on the distance 
from object to scanner and on the lens used during the scanning operation. By identifying an 
appropriate compensation array, it is possible to increase data precision and reduce noise of 
the collected laser scanning data. 

1 Introduction 

Reverse Engineering (RE) technologies have had 
recently a wide diffusion, in a lot of different applications 
and fields, offering the possibility to simplify design 
processes, to improve design quality and to decrease the 
time of new product’s development [1]. Considering the 
previous aspects, precision and accuracy of acquired 
data, time compression in acquisition processes and post 
processing phases of geometrical data are some of the 
principal concepts involved in recent researches [2]. 

Laser scanner systems are one of the most used 
instruments in RE applications, thanks to the speed in 
data acquisition and the obtained level of detail. The 
output of a laser scanner acquisition phase consists in a 
point cloud (also called range map) containing 3D 
coordinates of points which describes object’s surface. 
Some laser scanners can acquire, in few seconds, some 
hundreds of thousands of points on object’s surface: 
however it may occurs that useful points are not acquired 
directly (such as corners or borders), but in post 
processing phase it is possible to reconstruct them, 
knowing the other points in range map. On the other 
hand, it may happen that the same part is acquired many 
times in different scans, from a changed point of view: so 
it is described by different point’s clouds and in each of 

them it is impossible to have exactly the same point’s 
coordinates. 

Laser scanners, like all measuring instruments, 
introduce some errors in determining coordinates of 
points, so that if we acquire twice the same surface, at the 
same conditions, data obtained will never be exactly alike. 
This is caused by many factors, internal or external to the 
instrument itself, from the reflective properties of object’s 
surface and operative conditions, to laser scanner 
calibration and its constructive features [3] [4]. All these 
uncertainty causes could be grouped into two different 
classes: a random component and a systematic one. 
While the random part of error, in each scan, changes in 
module and sign, so that it is not possible to pre-
determine it, the systematic component of error, in 
principle, can be identified, due to its property to maintain 
a homogeneous trend. 

By these considerations, in this paper an experimental 
methodology is proposed for the identification of 
systematic part of error in data acquired by an optical 
triangulation laser scanner. Exploiting a reference surface, 
under well defined operative conditions, systematic errors 
are determined, in order to reduce their influence in later 
scans with similar conditions, improving precision and 
accuracy [6] [14]. 

Resolution is the smallest spatial step that the 
instrument is able to detect; it can be measured in X, Y 
and Z directions. 
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In determining point’s coordinates through a series of 
measures, precision (or uncertainty) is standard deviation 
of that measures: a high precision corresponds to a low 
standard deviation, and it represents random component 
of error. Instead, accuracy is instrument capability to give, 
at each measure, a data near to the real value [7], [8], [9]. 

Conceptually, if the geometrical description of the 
object is defined, the deviation of each point on object’s 
surface can be considered as an accuracy indicator. From 
this concept, it is possible to find a lot of experimental 
techniques, with the aim to define the level of reliability of 
acquired data, and with the aim to verify and compare 
different instrument’s performances [10], [11], [12], [13], 

[14]. 
In spite of an always increasing use of RE 

technologies, unified standards and certifications for the 
evaluation of laser scanner’s performances and for 
determining measurement’s repeatability, accuracy or 
precision are not yet defined. Nevertheless, it is important 
instrument’s periodical calibration, in order to verify a lot 
of parameters internal to the instrument itself. 

In this paper, first of all, a description of instruments 
and facilities used in the whole experimental procedure is 
presented. Then there is a focus on the methodology and 
its development, considering also the testing phase, 
results and applications in which this methodology could 
improve acquisition processes. Finally we pointed out 
possible future developments of this methodology. 

 

2 Materials and methods 
The aim of the described experimental methodology is 

to determine resolution, precision and accuracy 
parameters of an optical triangulation laser scanner in 
order to obtain a compensation of the systematic part of 
error in data acquired. The process is divided into three 
different phases: data acquisition, elaboration and finally 
compensation. 

2.1 Data acquisition phase 

This first phase consists in the scan of a reference 
plane.  

The instrument used is the laser scanner Konica 
Minolta Vivid 9i (serial number 1501112). It is equipped 
with three lenses, which have three different focal 
distances. The typical scanning distance, the mean 
resolution and the area acquired, as presented in tab. 1, 
depend on the choice of the lens. 

 

The reference plane, used in the acquisition process, 
consists in a painted and opaque glass sheet: the thin 
varnish film makes the glass no more transparent (so that 

points on it can be acquired by an optical system), with 
low reflective properties and high level of plane finish with 
a roughness under the instrument resolution. So, the 
noise in acquired range map is prevalently due to 
instrument and scanning conditions and not to object’s 
surface features. 

The glass is produced by Glaverbel [15] and 
dimensions (1200 x 660 mm) are chosen in accordance 
with the maximum area that the instrument can acquire 
with the Wide lens at a distance of 1 meter. The glass 
sheet is 6 mm thick, in order to avoid any flexures. 

In this phase, a high number of scans is acquired, 
maintaining operative conditions as constant as possible 
(such as scanning options and environmental conditions) 
and without change the scanning frame. At first, 20 scans 
are collected for this step of the methodology. As output 
for each scan, a range map, containing points on the 
reference surface, is stored not only as RAW data, but 
also as structured ASCII array of 3D coordinates. All 20 
range maps, and consequently all 20 arrays, are different 
to each other: this is principally due to errors present in 
each range map. 

All scans are realized maintaining, as much as 
possible, laser beam perpendicular to the scanning plane, 
in order to reduce its dispersion. With this purpose, laser 
scanner is posed, parallel to the glass, which is fixed to a 
bearing structure, as shown in Fig. 1. 

A set of 20 scans is collected changing every time the 
lens and the distances from the instrument to the 
reference plane: all the three lenses are used and chosen 
distances are 600, 700, 800, 900 and 1000 mm. At the 
end of the acquisition process, a library of 20 x 5 = 300 
scans is collected for each combination between lenses 
and distances. 

 

 
The software used to manage the acquisition process 

is Polygon Editing Tool (PET 2.0 ®, Konica Minolta 
Holdings Inc., Osaka, Japan), associated with this laser 

 

Focal 
Distance 

(mm) 

Typical 
scanning 
distance 

(mm) 

Mean 
resolution 
at 800 mm 

Area acquired 
at 800 mm 

Tele 25 600 - 700 0.24 mm 
153.6 x 115.2 

mm2 

Middle 14 700 - 800 0.43 mm 
274.3 x 205.7 

mm2 

Wide 8 800 - 900 0.75 mm 
480 x 360 

mm2 

Tab. 1 Laser scanner principal features vs different lenses. 
Fig. 1 Acquisition set up. 
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scanner, offering a good control of all acquisition 
parameters (such as focal distances, filtering processes 
or data reduction and store) and it can also be used 
during post processing. 

In data acquisition phase, no point’s reduction or 
noise filtering are performed at this experimental level. 

All scans are presented as arrays containing 3D 
point’s coordinates: this laser scanner model can acquire 
until 307.200 points, arranged in 640 columns and 480 
rows (Fig. 2). Such arrays are then stored as another 
array with 307.200 rows and 3 columns, containing 
respectively the X, Y and Z coordinates of each point. 

For a good approach in the following phases, it is 
extremely important to know a precise description of the 
entire sheet, not only its dimensions and positions respect 
laser scanner, but also its planarity. Related to this 
concept it is possible to test the reference surface with a 
Coordinate Measuring Machine (CMM): since the probe 
can test many point’s coordinates on the surface with a 
precision and repeatability 50% superior than laser 
scanner, it is possible to verify that the actual surface 
flatness has discontinuities under laser scanner 
resolution. 

 

2.2 Data elaboration phase 

The acquisition phase has as output a library of 
arrays, containing 3D coordinates of points acquired with 
all the lenses and at different distances. 

These arrays are first used to verify instrument 
resolution, precision and accuracy and, then, to analyze 
systematic component of the error, with the final aim to 
reduce its influence in further scans, optimizing their 
quality. Each set of scans is composed by 20 different 
arrays, and the following procedure is equally performed 
on all different sets, even if here is presented only for a 
single group. 

All this phase is performed through the creation of 
routines, in Matlab (Mathworks Inc.) for arrays elaboration. 

The first analysis consists in resolution determination 
and verification. The mean, minimum and maximum 
distances between two near points are evaluated in X and 
Y directions, verifying the least measure detected by the 
scanner (Tab. 2). In fig. 3 a graphical visualization of 
distances between two near points in X and Y directions, 
is shown: it is clear a wide dispersion in boundary parts of 
each scan. 

 

 
RES

X 

RES

Y 
MINX MINY 

MAX

X 

MAX

Y 

Tele 

d=600m

m 

0.1754 0.1754 
0.164

7 
0.166

8 
0.1863 0.1840 

Tele 

d=900m

m 

0.2548 0.2548 
0.227

2 
0.235

6 
0.2817 0.2805 

Middle 

d=600m

m 

0.3127 0.3127 0.289 
0.288

8 
0.3408 0.3349 

Middle 

d=900m

m 

0.4529 0.4530 
0.395

6 
0.403

5 
0.5077 0.5007 

W ide 

d=600m

m 

0.5491 0.5494 
0.448

2 
0.473

2 
0.6417 0.6289 

W ide 

d=900m

m 

0.8070 0.8073 
0.506

6 
0.588

3 
1.0707 0.9926 

Tab. 2 Resolution data in function of some combination of 
lenses and distances (d): in column there are respectively 

mean, minimum and maximum resolutions in X and Y. 

 

 

Fig. 2 On the top: representation of the acquisition process; 
on the bottom: example of real scan. 
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Lens d 

 

5% 
10

% 

15

% 

20

% 

25

% 

30

% 

Tele 
600 

mm 

Row 12 24 35 46 58 69 

Col. 15 30 45 61 76 92 

Middle 
600 

mm 

Row 11 22 34 45 56 68 

Col. 14 28 42 56 70 85 

W ide 
600 

mm 

Row 11 22 34 46 58 69 

Col. 12 25 39 53 68 83 

Tab. 3 For a scanning distance d = 600 mm and the three 
lenses, the points to be removed symmetrically for each row 

and column are showed, in order to obtain several 
percentage reductions of both standard deviations. 

 
The further process consists in a point’s reduction for 

each scan, and consequently for each array: this step is 
necessary since data in external parts of the scan’s 
frames are more affected by errors. Verifying distances in 
both principal directions between two near points (dx and 
dy), their dispersions are visible numerically and 

graphically, so that it is possible to determine how many 
points must be removed from original arrays with a 
rigorous criteria. From a first analysis, looking at dx and 
dy, it is possible to identify, at a first sight, an approximate 
number of points to remove in each row and column. In 
order to verify if the chosen number of points gives a 
sufficient improve, a further routine is elaborated, 
computing the percentage decreasing of the standard 
deviations σdx (eq.1) and σdy (eq.2) of the arrays 
containing the values of the reduced arrays of dx and dy. 
 

  (1) 

 

  (2) 

 
with (eq.3, eq.4): 
 

  (3) 

 

  (4) 

 
and 
 
nx = number of rows 
 
ny = number of columns 
 
The option runs between more precise data, but with a 

low number of points (and a loss in real object description) 
or less precise data, but with greater number of points. In 
Tab. 3 for the three lenses at a fixed scanning distance, it 
is pointed out a possible choice of points to be removed in 
each row and column, in order to obtain a progressive 
decreasing of standard deviation. A reasonable 
compromise consists in a reduction of both the standard 
deviations σdx and σdy of 10%. All arrays in the same 
dataset have to be reduced of the same quantity (Fig. 4). 

 
In acquisition phase, the same frame is acquired 20 

times with the same operative conditions: in spite of this, 
the output consists in 20 scans, which are never exactly 
the same, due to the measurement errors in each of them. 
The reduction of the random part of errors is possible 
averaging out the point’s coordinates of the 20 reduced 
scans. Considering that the random part of error changes 
in every scans in module and sign, it tends progressively 
to reduce autonomously, with the average of the 3 points’ 
coordinates. 

Starting from the range map, and the corresponding 
array, obtained from the average of the single scans after 
their reduction, best fitting plane is determined identifying 
a plane that approximates the point’s coordinates of the 
reduced range map, through principal components 
techniques. Since the measurement errors in the three 
axis are of the same order, this approach is preferred to 
the last squared method. Error’s standard deviation is 
defined as (eq.5): 

  (5) 

 

Fig. 3 From the top: in the first and second 3D graphisc the 
values of dx and dy, in relation to the grid position. In the 

third and fourth graphic, values of dx and dy respectively in 
the 240th row and 320th column. 
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with nx and ny respectively the numbers of rows and 
columns, and  is the corresponding value on the best 

fitting plane of  (z value of the point identified by (i,j) in 
the range map). 

Increasing at every step the number of range maps in 
the mean process, it is possible to visualize error’s 
standard deviation σz trend in function to the number of 
averaged scans: an initial fall is in correspondence to the 
first scans, due to a reduction of error’s random 
component. Increasing any time the number of scans, the 
trend goes on decreasing its value with a little variation. 
After the fourth average, standard deviation decreasing is 
not so relevant, so that the final choice is to stop mean 
process at the fourth array. 

 
 

 
 

 
In this way, the final best fitting plane is determined on 

the basis of the first fourth scans. From a comparison 
between this interpolation plane and the real point’s 
coordinates, it is possible to determine the surface 
deviation that corresponds to the maximum distance 
value, between the range map under examination and the 
best fitting of the points on the mean plane. Standard and 
surface deviations, between the acquired surface and the 
reference plane, are analyzed: in Fig. 5 there is a 
visualization of standard deviation trend considering a 

determined data set acquired at 900 mm, using a Tele, 
Middle and Wide lens respectively, while the same values 
are expressed in Tab. 4, in function of the number of 
averaged scans. 

 
 

 
 
 

 

A
ve

ra
ge

d 
ar

ra
ys

 Tele at  
900 mm  

Middle at  
900 mm 

Wide  
at 900 mm 

Srf. 
Dev. 

Std. 
Dev.  

Srf. 
Dev. 

Std 
Dev. 

Srf. 
Dev. 

Std 
Dev. 

1 0.1643 0.0348 0,5253 0,0810 0,8458 0,1676 

2 0.1539 0.0326 0,5125 0,0779 0,8020 0,1625 

  5 % reduction 
10 % reduction 
15 % reduction 
20 % reduction 
25 % reduction 
30 % reduction 

Fig. 4 Graphical representation of the reduction of point’s 
nearby the edge. In the first image are schematized point’s 

reduction in accordance with error standard deviation 
decreasing; in the second part there is a final scans 

reduced by the white contour line. Fig. 5 Standard deviation trends at a scanning distance of 
900 mm and in function of the number of averaged scans, in 
relation to the lens used: in the first graph using a Tele lens, 

in the second a Middle and in the third a Wide one. 
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3 0.1470 0.0319 0,4935 0,0771 0,7945 0,1614 

4 0.1546 0.0318 0,4928 0,0767 0,8235 0,1610 

5 0.1521 0.0317 0,5100 0,0769 0,7664 0,1611 

6 0.1405 0.0300 0,5243 0,0767 0,7514 0,1611 

7 0.1432 0.0303 0,5235 0,0765 0,7635 0,1613 

8 0.1490 0.0311 0,5209 0,0765 0,7838 0,1614 

9 0.1504 0.0314 0,5133 0,0765 0,7676 0,1614 

10 0.1558 0.0315 0,5152 0,0765 0,7561 0,1614 

15 0.1512 0.0317 0,4993 0,0767 0,7747 0,1613 

20 0.1491 0.0319 0,5111 0,0769 0,7951 0,1614 

Tab. 4 Standard and surface deviation of data in function of 
the number of averaged scans and of the lens. 

 
Finally, for each scan the error distribution is 

graphically represented as the absolute difference 
between  of an acquired array (after the reduction 
phase) and the corresponding  of the best fitting plane 
(Fig. 6). At the end a complete work flow of this phase is 
presented (Fig. 7). 

 

 

 

 
 

2.3 Data compensation phase 

The idea at the basis of this correction process assumes 
that the z coordinates acquired in each scan, here 
generically identified as qo, are sum of three components, 
eq. 6: the real value qi, the random error (Da) and the 
systematic one (Ds) [7], [8], [9]. 

(6) 

Averaging 4 acquired range maps, data obtained (qom) 
correspond to the mean value of point’s coordinates, and 
the resulting real value (qim) is identified with the best 
fitting plane of the averaged range map (eq. 7): at this 
step the random component of error is noticeably 
reduced. Data is now precise, but not accurate. 

  (7) 

In each group of scans, acquired at the same conditions 
of distances between scanner and object and with the 
same lens, is determined a different array (Ds) of data 
correction (eq. 8). Systematic error follows always the 
same rule and it is now possible to determine its trend: 

Arrays  
307200x3 
Frame A 

Operator: 
Reduction 

NEW Arrays  
reducedx3 
Frame A 

Operator: 
Average 

Frame A 
Averaged 

Plane 

Operator: 
Best Fitting 

Plane 

Surface Deviation 
Standard Deviation 

Operator: 
Resolution 

Frame A 
Best 

Fitting 

Plane 

Error graphical 

representation 

scan 1 scan 2 

scan 3 scan 4 

scan 5 

scan 20 

…… 

……. 

Red 1 Red 2 

Red 3 Red 4 

Red 5 

Red 20 

…… 

……. 

Operator: 
Comparison 

Fig. 6 Distribution of : on the top 3D visualization, on 

the bottom 3D color map. 

Fig. 7 Elaboration phase workflow. 
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  (8) 

For the compensation phase (obtaining a data qo
* without 

this type of error) it is sufficient to deduct from the 
acquired value (qo) the systematic component (Ds), as 
shown in eq. 9: 

(9) 

At the end of this phase, initial data are no more affected 
by the systematic component of error, but only by the 
random one (eq. 10): 

(10) 

By these considerations, systematic error values are 
calculated as the difference between scan’s points and 
best fitted points, and can be considered as an indication 
of accuracy level (Fig. 8, Fig. 9). Instead, standard 
deviation of errors  corresponds to data precision. 

3 Results 
This procedure final output consists in a library of 

compensation arrays to be used for systematic error 
correction. From 3D scan’s representation without 
systematic error component, it is clearly possible to notice 
a significant noise reduction, also definable by the 
determination of the mean and maximum error. 

In Tab. 5 is showed a comparison between Minolta 
data sheet, the directly acquired data and the processed 
ones. It is important to notice that data processed have 
accuracy and precision values significantly reduced 
compared to acquired ones (low values correspond to a 
high precision and accuracy level), and they are close to 
Minolta data sheet, obtained in laboratory conditions, with 
a defined and meticulous procedure. 

 

 
 

 
 

MIDDLE 
600 mm 

Minolta 
Data 
sheet 

Experimental Data 

 
Acquired 

Data 
Processed 

Data 
 

Accuracy  0.10 
mm 

 0.1643 
mm 

 0.1059 
mm 

Maximum 
value of 

 

0.0278 
mm 

0.0141 
mm 

Mean 
Value of 

 

Precision 
0.016 
mm 

0.035 
mm 

0.018 mm  

Tab. 5 Comparison between Minolta Data Sheet and 
experimental data for a specific case with the Middle lens 

and at a scanning distance of 600mm. 

4 Conclusion 
The methodology presented in this paper has the 

target to evaluate and compensate part of the errors 
inevitably obtained when an object is acquired with a laser 
scanner. Here it is developed a track for its identification 
and for the determination of a correction array, applicable 
in following scans with similar operative conditions. A 
library of compensation arrays is created in accordance 
with the focus distance and the lens. The arrays here 
found can be used for error compensation only for this 
laser scanner, considering the fact that the systematic 
component of errors is principally due to internal features: 
for another laser scanner, even if belonging to the same 
typology, different arrays are to be calculated. 

The final purpose is to evaluate possible 
“combinations” in order to create a “standard case 
studies” library, with different correction arrays, to choose 
in accordance with the particular application. 

Further developments regard angles and materials 
influences in error distribution, to calculate additional 
compensation arrays. These new arrays could then be 
composed with the others determined in function of the 
distances and the lenses, in order to obtain a sort of 
“correction function”, to be used point by point. 

Fig. 9 Averaged and corrected plane: from the difference 
between the corrected plane and the best fitting plane 

errors in coordinates’ determination are evaluated. 

Averaged plane Corrected plane 

= 0.0180 mm  

Mean value of 

  = 0.0141 mm  

Maximum value of 

Fig. 8 Acquired and reduced plane: from the difference 
between the reduced plane and the best fitting plane errors 

in coordinates’ determination are evaluated. 

Acquired Plane 

Error 

 = 0.0348 mm 

Mean value of  = 0.0278 mm  

Maximum value of   = 0.1643 mm  

Reduced plane 
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In usual operative cases, it is no possible to correct 
random component too; in fact, commonly it is no 
possible the application of the averaging process, and 
only the systematic component can be removed. 
However, random component could be easier reduced 
through a precise scanner calibration and a good setting 
of scanning parameters. This aspect is particularly 
present in relation to reflectivity property of object’s 
surface: e.g., marbles or translucent surfaces are 
materials particularly subjected to these problems [16]. 

Finally, we observe that this methodology could 
conceptually also be used in different laser scanning 
systems, such as time of flight instruments [17]. 
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Abstract 

The research, developed under the project of International Interuniversity Cooperation 
“Laboratory DRAWING AND STRUCTURAL ANALYSIS”, was applied to the study of 
decorative composition of uniplanar geometrical matrices, with the aim of identifying a key to 
understanding the structure of the work leading to a procedure coded for successive 
reproduction with automated systems. 
 
In the development of possible combinations of basic geometric shapes in the plane, the 
problem of replica is always present (for example, restoration actions), as the repeatability of 
a single part - foundation of his own existence - gives rise to the entire composition. It has 
been sought, therefore, from a careful analysis of the laws of symmetry that dictate the 
generative logic of the ornamental design for a precise canonization of themes and motifs, to 
identify the geometric patterns, allowing the rational control of the decoration through the 
identification of iteration processes in series. The detail is not returned simply as it appears, 
but the theoretical decomposition of the work helps to find, in the subsequent reconstruction 
graphics, the nature and location of each item: a critical perspective that leads to a correct 
and realistic reproduction. The formal models tend to become so in geometric models, 
symbols of a deeper structure, which can be grasped with the help of topological patterns. 
And so, knowing the harmonic law that governs the entire composition, as defined by the rigid 
motion of a default form on a flat reticle, the tessellation can easily be reproduced starting 
from one unit as an entity that can be, with the use of machines numerical control, repeated 
mechanically. 
 
The possibilities offered by digital modeling and parametric development applications that 
allow the decoration to be reproduced as well as to be deformed have been experimented 
and tested. These applications create new wrapping surfaces of the ornamental theme. The 
procedure has been applied to case studies appropriate to analyze the principles of 
repeatability in series and of laboratory operations. This is possible due to the re-design and 
digital production tools with numerical control technology, to codify the technical 
reproducibility, immaterial and material, of the architectural decorations. 

 

1 Introduction  
«Beauty is closely associated with the symmetry» 

(Hermann Klaus Hugo Weyl). 
 
Symmetry has been source of inspiration for many 

artists, including Leonardo da Vinci.  
The first conceptions of symmetry in the architecture 

are identified with proportion and beauty. This search of 
balance is reflected not only in the design of large building 
structures but also in its components - such as columns 
and openings - and in especially in decorations. In 
modern architecture, this concept is dissociated from the 
theory of proportion and is bound equal parts of the same 
figure. This is how a figure can be defined symmetric: if 
equal parts that compose it are transformed into another 
one being, the figure unchanged. This makes possible the 
development of the concept of symmetry in the 
mathematical sense [1].  

The time symmetry can be found in the following 
architectural decorative elements: friezes, mosaics and 

rosette. In the friezes, the composition is given by the 
direction of a single vector and it is an infinite group in 
which seven different possible combinations of the base 
element or module.  

In the mosaics, also called plane crystallographic 
groups, there are 17 possible combinations and 
composition is given by the management of more than 
one vector not collinear [2].  

In the rose windows, there are two groups: 
- cyclic, generated by a rotation through 2π/n; 
- dihedral, generated by rotation and reflection of the 

base element or module [3].  
Each group has a motif that makes up a module, 

simple or complex, where develops move onto a grid, 
generating the entire composition. 

The motif is the simple element that composes it 
(triangle, square, circle, etc.); the module is the element 
consisting of the motif, where circle, square, triangle, etc. 
are repeated and developed.  

The grid, which moves on the module, is a network of 
horizontal lines, vertical or diagonal according to the 
modular structure. 



441

M. Giordano et al. New CAD/CAM process: an elaboration of the geometrical matrices of rosette 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

The module on the grid takes any of the following 
transformations or combinations: identity, translation, 
rotation around a point, reflection (or simply symmetry) on 
a line and glide reflection [4].  

2 Method and result. Geometry of rosette 
The rosette here presented is in Salerno’s Cathedral of 

Matthew the Apostle, Italy. 
The church was built between 1080-1085; it has a Latin 
cross plan and an external colonnade whose columns are 
topped by round arches decorated with inlaid pilaster strip 
of volcanic rock. Columns on the docks and superb 
examples of rosette, yellow and different black tuff, give 
more vitality to the whole. 

The rosette selected belongs to the dihedral group and 
has twelve lines of symmetry. This determines a grid where 
it is possible to see two modules (fig. 1 and fig. 2). 

 

Fig. 1 Rosette of Salerno´s Cathedral with symmetry axis. 

Using the tool McNeel Rhinoceros 4.01 to rebuild the 
module, considering only one of them, it has been chosen 
the one in red. Next, detailed as obtained in fig. 2 and 
consequently fig. 5. 

 

                                                 
1 Please note that we are using the Italian version of the 
Rhinoceros 4.0SR8, that is why the names of the tools are in 
Italian. 

Fig. 2 Schematically, two possible modules of rosette. 

In the reconstruction of the module, the gold ratio has 
been found to use it in the design of rosette. In each 
segment are the radii of the circles of rosette remains, 
considering the golden ratio: Ø ≈ 1.6180339887.  

The proportions as shown in eq. 1: 
 

1.618OB/OAOC/OBOx/OCOE/Ox »===  (1) 
 
note that the circle whose radius is Ox, is not used 
constructively in the rosette. 

 

Fig. 3 Golden ratio of rosette. 

Given this scheme of proportions (fig. 3) and the grid 
(fig. 1), reconstruct the V-shaped motif with 72º angle 
resting on the circle of radius OA. This angle is 
determined by the relationship between the golden ratio 
and the study of the Pentagon [5]. In it the triangle 
aureus, has internal angles of 36º, 72º and 72º. The 
reason is then repeated in the circle of radius OB.  

In fig. 4 is shown the circles of radius OE,OC,OB,OA . 

 

Fig. 4 Motif and module of rosette. 

The entire composition is generated by the operation of 
“Serie polare” which specifies the center of rosette as a 
center of rotation, it is determined that there are 12 items 
(includes a base module) and is distributed through 360º. 
This distributes the module into the grid.  

The motive, the module, the grid and transformation by 
rotation is built geometrical matrix of rosette (fig. 5). 
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Fig. 5 Modulo, partial and total rotation on the grid. 

2.1 Adequacy of rosette for mass production 

As an alternative process to manufacture the rosette 
real, is it possible to adjust the digital model. This 
procedure is done considering all aspects, including color 
and form. It is composed of three colors determined by 
three materials. That is why we consider two alternative 
productions: 
- rosette: reproduce the piece in a milling machine 

with computer numerical control (CNC) considering 
the use of low relief to color later, either by casting 
a colored material or simply the application of paint 
color; 

- rosette mould: building the mould in the CNC milling 
machine to perform, followed by a casting. This 
process consists of two stages, the first one is using 
the mould (fig. 6 and fig. 14) for casting resin or 
plaster, the following is used the product obtained 
from the first casting as a mould. This can result in a 
casting of two or three colors and, if desired, of 
different materials. 

 

 

 

Fig. 6 Mould, part a result of the casting and second casting. 

Another consideration is related to the use of digital 
model of rosette to generate the digital model of the 
array.  

The vertical sides of the digital model, not vertical, 
have a small angle that makes it easy, and often occurs, 
the stripping of the part of the mould and prevents 
breakage. 

To modeling rosette and the mould, have been 
considered the adjustments mentioned above, to use the 
2D scheme presented in fig. 5. 

2.2 3D Digital models 

In the modeling rosette, we will continue to use the 
CAD software Rhinoceros 4.0 presented earlier, but now 
this software is a model of polygons and Non-Uniform 
Rational B-Splines.  

NURBS are mathematical representations of 3-D 
geometry in a way that accurately described. This 
software can create, edit, analyze, document, render, 
animate, and translate NURBS curves, surfaces, and 
solids with no limits on complexity, degree, or size and 
can supports polygon meshes and point clouds. 

As a modeling, strategy divides the model into 
NURBS and flat surfaces set up a closed polysurface 
with 868 surfaces. Then, details the process. 

Based on the 2D scheme (fig. 5) an area larger than 
the outline of rosette is drawn, indicating four-point 
“Superficie da 3 o 4 vertici”. In addition, is placed behind 
the scheme to “Sposta” (fig. 7).  

This is done to obtain an area bounded by the outline 
drawn. It is a quick way to obtain, from a 2D drawing, a 
surface. 

 

Fig. 7 Base schema and flat square back. 

Proceeds to extrude the scheme with “Estrusione 
lineare” (fig. 8) until they exceed the previously created 
surface.  
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Fig. 8 Extrusion of the base scheme. 

 

Fig. 9 Subdivision and partial removal of excess surface. 

In addition, it has divided the square surface with the 
surface created by extrusion. Thereafter, surpluses are 
eliminated (fig. 9). 

Work continues, only with the surface to set the main 
body of rosette (fig. 10). 

 

Fig. 10 Base surface for the body of rosette. 

This surface gives volume to “Estrudi superficie 
rastremata” considering an angle of 3 degrees (fig. 11). 

 

Fig. 11 Extruding volume with angle. 

Thickness is increased to give more body to the 
model, without considering the original scheme rosette 
but simply taking a circular area at the base of the model 
and applying once more, “Estrudi superficie rastremata” 
respecting the same angle (fig.12). 

With “Unione booleana” of lower and higher volumes 
is obtained the rosette body (fig. 13); the finished model 
of rosette proceed to create the digital model of the 
mould. 

 

Fig. 12 Second volume extruded angle not straight. 

It creates a volume and is removed to “Differenza 
booleana” model rosette and get a block with the cavity. In 
fig. 14 can be seen in the foreground, a mould cut and the 
entire cast. 

 

Fig. 13 Mostly low relief, partly colored surface. 

Is extracted from the CAD, STL (Stereolithography 
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format or interface Standard Triangulation Language)2 
format, two digital models: one of rosette, and other 
mould to work in the CAM. The rosette this scale 1:2 (300 
mm) and the mould in 1:5 (120 mm). The tolerance used 
to export the models is about 0.05 mm. This means that is 
the maximum distance between the mesh generated and 
object modeling Rhinoceros. 

 

Fig. 14 Final model mould rosette. 

2.3 Rosette CAM and mould CAM 

The Computer Aided Manufacturing (CAM) is the 
complement of CAD works best on a project. The CAM 
allows understanding what happens with the geometric 
model and translating the language of a CNC machine. 
The CAM software used is the Abacus company, called 
Mayka Expert 7.0.  

This software offers two methods of milling: working in 
2D contours extracted from the digital model, or drawn 
and working in 3D on the STL model. 

Contours work involves creating a linear path (straight 
or curved) where the Z is unchanged. This course may be 
repeated by varying the Z coordinate manually but always 
the X and Y will follow the contour established. 

Working in 3D is to reproduce the same digital model 
in the milling machine; the entire surface is transported to 
the block used as a starting point. This is the method 
adopted for the experiment and the next step is to 
determine the best routing strategy used. This requires a 
set of guidelines to help develop a better-machined 
surface finish. The guidelines are: 
- W ork Type: set the strategy used in the tool path 

may be: Zigzag, horizontal Face, Face not 
horizontal, constant Z, Outline, Drilling, Work 
surface, etc. 

- Model: defines the model on which it is to perform 
machining. A scene may contain several models 
working STL. 

- Area: is the law that governs the movement of the 
tool. This can be based on one site in a radial 
(Polar) or along the x - y (Cartesian). 

- Type of tool: define the typology of tool use, both 
its dimensions (diameter and length) and shape 
(spherical, cylindrical, conical, etc.). 

- Type of operation: the machining can be done 
roughing over-thickness considering a digital model 

                                                 
2 This file format is supported by many other software packages; 
it is widely used for rapid prototyping and computer-aided 
manufacturing. STL files describe only the surface geometry of a 
three dimensional object without any representation of color, 
texture or other common CAD model attributes. The STL format 
specifies both ASCII and binary representations. 

(0.5 mm), or finishing, which considers the final 
dimensions of the digital model. 

Next tab. 1 outlined the stages of milling machine 
used for the rosette. 

 
Work 
Type 

Model Area Type of tool Type of 
operation 

Zigzag rosone.stl Cartesian Cyl. ø6mm Rough down 

Zigzag rosone.stl Polar Sph ø2mm Finish 

contour Contour  Cyl. ø3mm Cut 

Tab. 1 Definition of milling parameters. Rosette. 

The following table (tab. 2) outlined the stages of 
milling machine used for rosette mould. 

 
Work 
Type 

Model Area Type of tool Type of 
operation 

Zigzag mrosone.stl Cartesian Sph. ø3mm Rough down 

Zigzag mrosone.stl Cartesian Sph. ø1mm Finish 

Tab. 2 Definition of milling parameters. Mould. 

It is notable that for the realization of rosette, it has 
been placed a support (fig. 15) that can be generated in 
the software itself Mayka Expert to prevent total 
detachment of the part of the block when the machining 
process is complete. 

This software is used to visualize the whole process 
simulation (fig. 16 and fig. 17). Here you can check if all 
the pre-configured parameters are commensurate with 
the expected result.  

 

Fig. 15 CAM, support rosette. 

 

Fig. 16 Simulation of machining in Mayka (rosette). 
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Fig. 17 Simulation of machining in Mayka (mould). 

The simulation can be performed in each operation 
separately or with all the operations in a row to the other 
in each of the models. The result can be seen as a 
surface that can be measured and observed to even 
export to CAD software for better analysis. 

CAM software is extracted, using the NCP Euromond 
3 axis post processor, an NCP file that can be read by 
software that contains the control CNC milling machine.  

2.4 Rosette CNC and mould CNC 

The milling machine, model series modular AbaMill 
and Flatcom EUROMOD, is the company Abacus and is 
four axes (X, Y, Z and R), where the fourth strand is the 
turn of a head. The software uses this milling machine is 
RemoteWin. 

The procedure is common to any milling machine. 
The block of material is positioned on the worktable and 
then be adjusted manually.  

Placing the tool on the head, the machine prepares 
the following details: 
- Home: absolute zero in the milling machine, in all 

three axes. 
- Zero work: is the parameter that must match the 

chosen zero in the CAM. In this type of milling 
machine, this should be in the upper face of the 
block of material. Preferably, this should be placed 
in a vertex of the block and that the approach must 
be done manually. 

- High-Z: is the same position as zero work, but the Z 
axis should be 0. This level is considered a safety 
and milling machine used before going to the Home. 

NCP load the file and run the program. When you go 
from roughing to finishing the tool change is specified in 
the software that has been done.  

This will automatically measures the length of the 
new tool and adjust the points made above (high-z and 
Zero work). 

Rosette post-machining finishing operations are 
performed, such as cutting the supports that connect to 
the block of material, with the mould is necessary to 
casting tests. 

 

 

 

Fig. 18 Roughing mill the rosette, CNC. 

3 Conclusion 
What can be drawn, can be constructed [6]. The 

procedure helps analyze and compare the shapes 
materialize, allowing you to find best solutions for 
problems associated with the restoration, preservation 
and documentation, and leads to a new and more 
complete instructions for use. The creation of the 3D 
digital model is a good starting point to study the problem 
of restoring the individual parts, to analyze the geometry, 
to try and assess the reliability of the position, ultimately, a 
possible reconstruction. 

The reconstruction and the process of prototyping are 
intrinsically linked by their mathematical model of the 
object, while that for the first technique is the objective, the 
second becomes the starting point. Is important, before 
creating the model, whether physical or digital, will study 
and organize the entire process in order to avoid delays 
and design errors. 

The procedures and instrumentations described can be 
a powerful method for Control, verification and monitoring 
of architectural structures, allowing making metric 
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interactive database can provide information about the 
object detected at any time. 

The reproducibility of mass production, which allows 
the passage of the geometric models and prototypes, are 
unquestionable benefits and features that will open up 
new possibilities for a rigorous development of integrated 
survey and analysis of artifacts. 
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Abstract 

A novel self-balanced internal combustion engine is presented. The new engine has a 
modular structure composed of two cylinders arranged in opposite way. It is characterized by 
an innovative system of linking between the pistons and the shaft, which has three toggles. 
One of these is on the middle of the shaft, whereas the others two are placed symmetrically. 
Thanks to this particular shape of the shaft, the pistons can move with the same timing and 
so the new engine comes back to be perfectly auto-balanced.  
Moreover, the fatigue life prediction of the shaft has been studied through numerical methods. 
In particular, two different approaches have been compared to estimate the maximum 
number of working cycles: the first is based on a “static” resistance criterion, the second 
considers the multiaxial nature of the stress and is based on the maximum shear stress 
(critical) plane criterion. The stress distribution on the shaft during the usual working 
conditions has been evaluated by a FEM package. Results highlight that the critical plane 
approach is more conservative than the “static” one. 

1 Introduction 
The paper presents an innovative self-balanced 

internal combustion engine with a modular structure 
composed of two cylinders arranged in opposite way. The 
new engine is characterized by an innovative crankshaft 
shape, that has been subjected to an in-depth study in 
this work.  

The crankshaft, in fact, is one of the most important 
and stressed machine components. It is subjected to 
superimposed bending and torsion loading cycles. 
Moreover, the complexity of the geometry, characterized 
by remarkable size changes produces high stress 
concentrations at connectors between the crankpins and 
its arms. 

Such crankshaft portions, subjected to the highest 
stresses during exercise, represent the regions where 
fatigue cracks growth is located. Therefore, one the main 
failure cause of the crankshaft is the result of cumulative 
fatigue damage processes [1]. 

 Essential requirements in the designing of a such 
component are performances and reliability but, also, 
material optimized use and cost reduction. Crankshafts 
can be designed both for unlimited duration, and for 
limited working periods, so allowing remarkable 
improvements in terms of mass and dimensions 
reduction. The last approach is, usually, used in high-
power racing engines, where it is particularly important 
increasing the engine performances also by reducing the 
weight of all the components [2]. 

 To ensure high performances and reliability, the 
search for solutions able to make the system more 
efficient and compact has involved also the spreading of 
the simulation methods. These ones, in fact, could 
correctly consider the mechanism dynamics and reducing 
the approximations in the component performances 
evaluation phases. For these reasons, many research 
activities have been addressed to the setting up of 

reliable numerical model to identify critical component 
sections, determining the stress cycles evolution and 
implementing it in an appropriate resistance criterion [2].  

In this work, to estimate the fatigue life of the 
crankshaft of the novel internal combustion (IC) engine, 
two different approaches have been used: the first is 
based on a “static” (maximum shear-stress) resistance 
criterion, the second on the stresses multi-axial nature. 
This criterion is also called as ‘critical plane approach’. It 
postulates that fatigue cracks birth and propagate in 
specific planes and that the normal stresses to these 
planes speed up their growth [3]. The identification of the 
critical plane, as the one where the maximum shear stress 
value is calculated, it is appropriate in all those cases 
where the shear failure mechanisms are predominant. 

The research activity has been divided into the 
following five main steps: a) innovative IC engine 
designing; b) calculation of the working loads on the 
crankshaft; c) set up of the FEM models; d) evaluation of 
the results; e) comparison of the two different 
methodologies in the crankshaft fatigue life prediction. 

2 The new internal combustion engine 
One of the main problems of the internal combustion 

engines is the reduction and the balancing of the inertial 
forces, so to reduce vibrations and increasing the 
performances. Usually, internal combustion engines are 
balanced using different constructive solutions: by 
arranging the cylinders in a particular way, modelling the 
crankshaft so to counterbalance the variable loads and 
inertial moments, or by adding new variable loads, 
through the use of additional balancing masses. 
Nevertheless, the mentioned balancing methods do not 
completely solve the inertial forces problems because 
either the system is left slightly unbalanced or, even if fully 
balanced, the efficiency of the engine is reduced because 
of the additional (energy-wasting) balancing masses. To 
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overcome these problems, the authors have developed a 
novel internal combustion engine that has very innovative 
characteristics as regard the mass distribution, the 
arrangement of pistons and, consequently, the global 
balancing.  

The new engine has a modular structure composed of 
two cylinders arranged in opposite way. 

 

Fig. 1 CAD model of the novel crankshaft 

The main innovative aspects concern the particular 
shape of the crankshaft and the linking of the pistons. Fig. 
1 shows the CAD model of the novel crankshaft.  

Even if similar solutions have been presented in the 
past, the engine, presented in the paper, is characterized 
by an innovative system of linking between the pistons 
and the shaft, that is composed of three crankpins: one of 
these is on the middle of the shaft, whereas the others 
two are placed symmetrically.  

In detail, the engine is composed of two opposite and 
symmetric cylinders; one of the two pistons is connected, 
through a big connecting rod, to the pivot of the central 
crankpin, whereas the second one is linked to the other 
two pivots through two small connecting rods. Because 
the two pistons are identical and the two small connecting 
rods have a mass equal to the big one, the engine (fig. 2) 
is intrinsically balanced.  

 

 

Fig. 2 - Innovative internal combustion engine 

In a such internal combustion engine, in fact, the 
inertial forces of the pistons and connecting rods, are at 
the same times equal and opposite in direction and so 
reciprocally balanced. 

3 Evaluation of the loads acting on the 
crankshaft 

In order to evaluate the loads acting, during a whole 
working cycle, on the intermediate crankpin (the resultant 
of the loads on the terminal pivots is equal and opposite), 
two different working configurations have been simulated. 
In particular, two extreme engine rotational speeds, 

respectively equal to 1200 rpm and 12000 rpm, have 
been considered. Thanks to the system symmetry, it has 
been possible simplifying the loads evaluation, by only 
analysing the kinematic and dynamic behaviour of a 
single cylinder, which has been modelled as a balanced 
crank mechanism (fig. 3). Moreover, to simplify the 
calculations, the rotating crank movement has been 
considered, without any appreciable error, uniform. 

 

Fig. 3 Crank mechanism 

The loads acting on the crankshaft, mainly derive from 
two different effects: the loads due to the variation of the 
gas pressure in consequence of the combustion process 
and the ones related to the moving inertial masses. To 
evaluate the first ones, an experimentally measured 
pressure cycle of a similar four-stroke engine has been 
considered (fig. 4).  

 

Fig. 4 Plot of pressure vs. crank angle values inside the 

cylinder 

Knowing the pressure cycle, it is possible to calculate 
the variation of the force, F, acting on the piston, during a 
whole four-stroke cycle. It can be calculated by the 
following equation (1):  

4
))(()(

2

0
D

ppF
p

aa ×-=                                       (1) 

where α is the crank rotation angle, D is the cylinder  

bore, p0 is the pressure inside the carter (generally 
comparable to the external pressure) and p(α) is the 
pressure of gas inside the cylinder as a function of the 
crank angle.  

As regards the inertial loads, they can be grouped in 
the alternate (rectilinear movement) and centrifugal 
(rotational movement) kinds.  
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The first (alternate) ones are caused by the 
backwards and forwards movements of the piston, and 
can be  evaluated through the general equation 

)()( aa amF aa -=  , where ma is the whole moving mass 

and a is the acceleration, depending on the  crank 

rotation angle α: )cos(cos)( alawa 22 += ra  , being ω  

the rotational speed and l  = r/L the connecting rod 
obliquity value (see fig. 3) 

The rotational inertial loads, instead, are due to the 
rotation of the masses connected to the cranks of the 
crankshaft and can be expressed through the following 

equation: ( ) rmF rr
2wa = , where mr is the total rotating  

mass. 
To simplify the calculation of the inertial loads, the 

system has been schematized through a concentrated 
masses model. Both the connecting rod and the crank, in 
fact, have been modelled like two concentrated masses, 
one of these (ma) having a rectilinear alternate 
movement, whereas the other one (mr) rotating around 
the crankshaft axle, as shown in the figure 5.  

 

Fig. 5 Crank mechanism with the two concentrated masses 

By adding the components of the inertial and 
“pressure cycle” forces along two directions (x and z in 
fig. 3), respectively parallel and perpendicular to the 
cylinder axle, it can be found the forces acting on the 
crankshaft: 

;
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Figures 6 and 7 show the plots of Fx and Fz versus 

crank angle values respectively at 1200 rpm and 12000 
rpm speed. 

 

Fig. 6 Plots of Fx and Fz crankpin loads versus crank angle 

values (1200 rpm) 

 

 

Fig. 7 Plots of Fx and Fz crankpin loads versus crank angle 

values  (12000 rpm) 

4 FEM analyses  

4.1 FEM model 

The CAD model of the crankshaft was imported in 
ANSYS environment.  

The mechanical properties of the crankshaft material 
are summarized in appendix 1.  

The mesh of the crankshaft (fig. 8) has been made 
using 10-nodes tetrahedral solid elements. Suitable mesh 
refinements have been carried out close the areas 
particularly subjected to stress concentration caused by 
high shape changes of crankshaft. All that to reduce the 
number of highly distorted elements, so ensuring high 
accuracy in the calculation of the nodal displacements 
and stress.  
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Fig. 8 Crankshaft mesh 

The shaft model has been constrained simulating the 
bearings presence and, therefore, locking the radial 
displacements of the nodes of both the pivots. Moreover, 
only one end of the crankshaft has been constrained 
along the axle in order to allow any possible longitudinal 
strains of the shaft.  

4.2 Simulating the four-stroke engine loads  

Since a four-stroke engine has been considered, the 
crankshaft angle varies from 0° to 720°. For this reason, 
to consider the shaft rotation and better simulating the 
real working conditions, the whole cycle (0°-720°) has 
been subdivided into many substeps, corresponding to 
different positions of the shaft. Consequently, a large 
number of FEM simulations (over than 50), by constantly 
increasing the crankshaft rotation angle of 15°, have been 
performed for every rotational speed configuration. To 
better approximate the load trends, the increment of the 
rotation angle value has been reduced as soon as a 
stress peak has been calculated. 

Unlike the displacements, the boundary conditions 
related to the applied loads vary at every step. The loads 
(applied to the crankpins of the shaft - fig 9), in fact, 
continuously vary, both in magnitude and direction, during 
the whole cycle. In a similar way, also the contact areas 
between the connecting rods and the crankpins change 
during the time. For these reasons, many boundary 
configurations have been defined to suitably simulate the 
real acting loads. 

 

Fig. 9 Example of the selected nodes where to apply the 

loads in two crank positions 

A simplification was assumed in order to apply the 
loads to the nodes of the crankpins: the extent of the 

contact angle between the connecting rod and the pin, in 
fact, was considered always equal to 60° for each angular 
position. 

Several FEM analyses have been performed with the 
aim to trace the stresses variations (over the whole cycle) 
in some critical crankshaft points.  

4.3 Results of FEM Analyses 

 

4.3.1 1200 rpm configuration 

 
FEM simulations allowed to identify as critical location, 

for all the analysed positions, the connection between the 
crankpin and its arms (red in fig.10). Of course that is due 
to the remarkable section variation and, consequently, to 
the stress concentrations caused by the high size 
changes of this parts of the crankshaft.  

 

Fig. 10 Critical section of crankshaft 

In particular, the maximum stress value has been 
calculated for a crank angle equal to 390°, that 
corresponds to the combustion and burning propagation 
initial phase. Let σ1> σ2 > σ3 be the principal stresses, 
the (σ1 - σ3) map is shown in figure 11.  

Fig. 11 (σ1 - σ3) map at 390°crank angle (1200 rpm)  

To conduct an accurate evaluation of the stress 
variation, the critical section has been divided into 12 
sectors, extended 30°, each one identified by a reference 
nodes, as shown in the figure 12.  

 

Intermediate crankpin 

Terminal crankpin 
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Fig. 12 Main nodes in the critical section  

In order to identify the critical node, representing the 
point where, because of the fatigue load, the maximum 
stress is detected during a working cycle, for each node, 
the plot of the load versus the crank angle value has been 
reconstructed during a whole working cycle,.  

The maximum amplitude shear at and first principal 

a1s  stresses, for every selected node of the critical 

section, during a working cycle, are shown in the following 
histogram (fig. 13). 

 

Fig. 13 Maximum stress values in the nodes of the critical 

section during a working cycle (1200 rpm)  

The material used for the crankshaft, has a fatigue 
shear stress limit approximately equal to ll st 580,@  

where ls  is the fatigue bending stress limit [5]. 

The obtained results (fig. 13) show that, at 1200 rpm, 
the minimum ratio among the shear and the first principal 
stresses is always bigger than 0,72. Basing on this 
observation, it can be stated that, during working at 1200 
rpm, the fatigue crack should start because of shear 
stresses. For this reason, the critical node has been 
identified as the number ‘1465’, where the maximum 
range shear stress has been calculated. 

The final result of the FEM analysis at 1200 rpm has 
been the detection of the load history (fig. 14) of the 
critical node in the whole working  cycle. 

 

Fig. 14 Plot the shear stress t versus crank angle on the 

critical node 1465 (1200 rpm) 

Consistently with the applied load trend (fig.6) also the 
stress versus time plot has a pulsating trend with the 
maximum value of the shear stress at the gas combustion 
starting phase.  

4.3.2 12000 rpm configuration 

The crankshaft analysis at 12000 rpm has been 
carried similarly to the previous described procedure for 
the 1200 rpm study. 

As predictable, also for the 12000 rpm configuration, a 
critical area has been located at the connector between 
the crankpin and its arms. Figure 15 shows the (σ1 - σ3) 

map, corresponding to a crank angle equal to 30°, where 
the maximum stress has been calculated. 

 

Fig. 15 (σ1 - σ3) map at 30°crank angle (12000 rpm) 

Basing on the same observations as regards the 
material fatigue limits and the shear and first principal 
stresses ratio, the node ‘1465’ has been identified as the 
most critical one. In this point, in fact, the maximum shear 
stress value has been calculated. 

Figure 16 shows the shear stress versus the crank 
angle values on the critical node, during a whole working 
cycle. 
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Fig. 16 Plot of the shear stresst  versus crank angle on the 

critical node 1465 (12000 rpm) 

Due to the remarkable effect of the inertia actions, the 
loading cycle at 12000 rpm is much more complex than 
the 1200 rpm one. 

5 Crankshaft fatigue life prediction 
To evaluate the fatigue life of the new crankshaft, two 

different approaches have been used and compared: the 
maximum shear-stress approach and the critical plane 
one. 

5.1 Maximum shear-stress approach 

To apply the maximum shear-stress criterion, because 
of the not regular cycle of working load, both for the 1200 
rpm and 12000 rpm configurations, the stress cycles 
(fig.14-16) have been convert to equivalent peaks and 
minima sequences. Moreover, these peaks and minima 
sequences have been reordered so that the starting 
points correspond to the minimum stress value of each 
cycle (fig. 17-18).  

 

Fig. 17 Peaks-minima sequence at 1200 rpm 

Because of its very simple nature, in the 1200 rpm 
analysis, the shear stress cycle (and consequently the 
peaks and minima sequence) has been reduced to an 
equivalent sinusoidal one, whose mean and alternate 
stress values are equal to:  

MPama 76
2

max ===
t

tt . 

 

Fig. 18 Peaks-minima sequence at 12000 rpm 

To evaluate the fatigue damaging in the 12000 rpm 
configuration, instead, different tools, like the rainflow 
counting method, the Goodman diagram and the 
Palmgren-Miner rule, have been used.  

Using the rainflow method, the whole cycle has been 
subdivided in different reduced sequences and, for each 
one, the amplitude ia,t , the mean values im,t and the 

repetitions number have been evaluated (table 1). 
 

Rainflow-based cycle subdivision 

Sequence ia,t  im,t  Repetitions ni 

BC 13.3 32.7 n1=1 

DE 21.5 64.5 n2=1 

HI 13.5 67.9 n3=1 

NO 10.8 50.8 n4=1 

QR 18.6 36.2 n5=1 

FG 42.5 59.6 n6=1 

OP 43.4 60.9 n7=1 

AL 62.8 72.2 n8=nk=1 

Table 1 – Sequence, amplitude and mean stress value and 
repetitions number (12000 rpm) 

To calculate the damaging rate )( ,ifD t due to every 

sub cycle, instead of a couples ( ia,t , im,t ) of stresses, an 

equivalent amplitude stress value has been calculated, by 
considering the effect of a mean stress value through the 
Haigh diagram (simplified Goodman model): 
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being iu,t the ultimate shear strength value. 

So, knowing the equivalent amplitude value if ,t  and 
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The life cycles number Nf,i corresponding to each 
stress amplitude if ,t can be calculated using the torsion  

S-N fatigue curve (see Appendix 1) of the used material, 
a 40NiCrMo7 steel (AISI 4340).  

Moreover, to also consider the effect of some reduced 
amplitude cycles [6], the Wohler curve knee was not 
considered, and the curve slope has been modified 
according to the Haibach hypothesis: 
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Where a, b, a’ and b’ are experimentally measured 
coefficients, depending on the material mechanical 
properties. 

The damaging D in a whole working cycle, composed 
of k load sequences, is equal to the sum of every single 
damaging rate )( ,ifD t : 
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To predict the (fatigue) life of the component and the 
maximum cycles number using the shear-stress criterion, 
the following variables (depending on the time) have been 
defined for the every load cycle configuration: 
- t: load cycle observation period ; 
- n(t): number of working cycles in the single period t; 
- D(t): damaging due to n(t) cycles in the period t, 

equal to D(t) = n(t) D; 
- R: number of repetitions of the period t before 

obtaining the component failure. 
The last variable (R) can be evaluated by imposing 

the critical damaging D0 equal to 1 ( ( ) 10 ==× DtDR ), so 

that ( )tD
R

1
= . 

The time component duration, instead, can be 
calculated as tRT ×= . 

Considering the calculated maximum number of 
cycles (before the failure) is greater than 108, it is possible 
to assume an unlimited fatigue life of the crankshaft. 

5.2 Critical plane approach 

In the critical plane criterion, the multi-axial nature of 
the stress distribution is considered. Applied to the metal 
materials, this method considers their crystalline structure 

[9].  
In particular, for the identification of the critical plane 

(the one in which the crack starts and spreads) a ‘point 
approach’ is used [7-8]. Also in this method, in fact, a 
critical point O of the component must be identified 
(where the fatigue crack can start) but, unlike the 
maximum shear-stress approach, the critical plane one 
considers a variable plane, not necessarily aligned with 
the reference ones (fig.19).  

So using this approach, the plane Ω (identified by the 
spherical coordinates φ

*
, θ

*) in which the amplitude of the 
shear stress is maximum ( max,,*)*,( ncnn ttJjt == ), 

represents the plane in which the micro-crack enucleates 
and grows (fig.19-b). 

The two stress components ( *)*,( Jjsn and cn,t ), 

acting on the critical plane Ω, can also be linearly 
combined into an equivalent stress: 
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Fig. 19 Stresses components in a reference plane  (a) and in 

a plane with generic orientation n (b) 

Subsequently, also the minimum stress ( mint ) value is 

calculated in the critical plane during the whole working 
cycle. In this way, the fatigue life prediction of the 
component is made by considering an equivalent cycle 
whose extreme values are mint and maxt . 

6 Results 
Basing on the FEM simulations data and applying the 

two fatigue life prediction criteria, the following results 
have been obtained. 

6.1 Results obtained by maximum shear-stress 
approach 

For every rotational speed (1200 and 12000 rpm), the 
calculation of the maximum time and number of cycles 
before the component failure, has been made by 
implementing, in a numerical solver tool (Matlab), the 
mathematical formulation presented in section 5.1. The 
obtained results are summarized in table 2.  

 
Speed 
[rpm] 

Fatigue time T 
[hours] 

Failure cycles N 
[cycles] 

1200 49357 1.78E+10 

12000 26530 9.55E+09 

Table 2 -  Evaluation of fatigue life using the criterion of 
maximum shear stress 

6.2 Results obtained by critical plane approach 

The whole procedure, described in section 5.2, has 
been implemented in the Matlab software so to identify 
the critical plane and calculating the minimum and 
maximum shear stress values. 

For the 1200 rpm configuration, the obtained results 
show the maximum stress approach and the critical plane 
one agree. 

The critical plane approach, in fact, calculates a stress 
cycle whose maximum and minimum values are, 
respectively, equal to MPa152max =t and MPa0min =t , so 
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that MPama 76
2

minmax =
-

==
tt

tt , like previously 

evaluated with the maximum shear stress method. 
At 12000 rpm, instead, the critical plane approach 

gives different results. Also in this case, the rainflow 
method has been used to subdivide the whole cycle in 
different reduced stress sequence. Nevertheless, the 
extreme values of the peaks-minima sequence (fig. 20) 
are different from the ones calculated through the 
maximum shear stress method (fig. 18).  

 

Fig. 20 Extremes sequence of equivalent stress in the 

critical point, in working cycle 

In this case, then, the obtained results are slightly 
different than the previous ones. The life time and the 
maximum fatigue cycles number of the component are, 
respectively,  equal to T=22620 hours and N=8.14E 09 
cycles. 

7  Conclusions 
A novel self-balanced internal combustion engine was 

presented. The engine has a modular structure composed 
of two cylinders arranged in opposite way. It is 
characterized by an innovative system of linking between 
the pistons and the shaft.  

The fatigue life evaluation of the shaft has been 
studied using two different approaches. Two extreme 
engine rotational speeds, respectively equal to 1200 and 
12000 rpm, have been considered.  

Through a FEM package has been possible to 
simulate such load conditions, and evaluating the 
characteristics of the stress state of every crankshaft 
point. In particular the adopted methodology has allowed 
to identify as critical component sections, the connector 
between the crankpin and its arms, and to determine, the 
stress variation, in such sections during a whole working 
cycle. 

The results obtained by the two resistance criteria, in 
terms of fatigue life prediction, are summarized in the 
table 3.  

 
 
Speed 
[rpm] 

Fatigue time T 
[hours] 

Failure cycles N 
[cycles] 

Maximum 
Stress 
Method 

Critical 
Plane 
Method 

Maximum 
Stress 
Method 

Critical 
Plane 
Method 

1200 49357 49357 1.78E+10 1.78E+10 

12000 26530 22620 9.55E+09 8.14E+09 

Tab. 3 Prediction of fatigue life of the crankshaft 

The evaluated data, besides to demonstrate the shaft 
has an unlimited fatigue resistance, highlight the critical 

plane approach is more conservative than “static” one, by 
estimating a lower (about 14%) fatigue life.  

Appendix 1 
 

Mechanical properties steel 40NiCrMo7 (AISI 4340) 

Ultimate strength: MPaSut 1090=  

Yield strength: MPaS y 835=  

Young coefficient: MPaE 205000=  
Poisson coefficient: 3.0=n  

Fatigue limit (bending): MPaS
l

564=  

Approximate formulation of the S-N curve  
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Figure 21 - S-N curve for torsion loading conditions 
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Abstract 

The aim of present work is the containment of the inertia forces, the stiffness components 
optimization and the fit tolerances of valve train in internal combustion engines 4T. 

 

The proposed methodology allows, through the development of a test machine, the 
evaluation of axial stiffness of tappet depending on eccentricity of the cam tappet contact, 
performing a functional analysis that simulate the behaviour of the system in operational 
condition, even if, some adjustment of tolerances of the fit between tappet and his guide, 
occurred.  

 

The dynamic study of the valve train, through modern computer codes, is performed by 
connecting lumped masses, springs and dampers that characterize each element. In 
numerical models the tappet is represented as constituted by the tappet and by the hydraulic 
element. Each of these elements is characterized by stiffness and mass. The structural 
rigidity of the tappet has, in fact, important effects on the dynamic behaviour of the entire 
valve train. 

 

The test machine makes possible the choice of the dimensional and geometrical tolerances 
of the fit between tappet and his guide; allows furthermore the evaluation of errors occurred 
during construction and integration phase. In addition, the test machine is also suitable for 
reverse engineering applications, makes it possible to automatically draw the cam profile in 
polar coordinates. 

1 Introduction 
The dynamic analysis of the valve train, through the 

modern numerical codes involves a schematic lumped 
parameter system through the connection of masses, 
springs and dampers that characterize each element (fig. 
1). The study of dynamic optimization of the system, 
made by multibody models, allows, through 
parameterization, to find the best values of the 
geometrical, and structural properties of stiffness and 
damping values to be assigned to the system. The quality 
of the final results in the study of optimization depend, 
mainly on the degree of detail of modelling and a careful 
evaluation of the contributions of individual components. 

Multibody models usually train-set which is the valve 
tappet is outlined by the hydraulic tappet element 
(hydraulic lash adjuster) for the recovery of the backlash. 

In this paper we have studied the deformation of the 
tappet in its real boundary conditions subjected to loads 
transmitted by contact between the tappet and the cam, 
considering the influence of this deformation on the 
dynamics of valve train, using a test machine that allows 
perform with remarkable precision measurements of 
deformation, reproducing the actual operating conditions 
of mating. 

By performing a functional analysis at different 
tolerances of the tappet in its housing is seen as the 
deformation value varies greatly depending on the 
eccentricity in the cam tappet contact, influencing both the  
 
contact pressure with the bud (CAM) that lubrication of 
the same contact. 

   

 

Fig. 1  Multibody and parametric model of valve 

train. 

The deformation (or stiffness) in this coupling has 
important effects on the dynamic behaviour of the entire 
valve-motion, several studies of dynamics [1, 2 and 3.] 
demonstrate the importance of such stiffness as a 
function of the eccentricity in the cam tappet contact. The 
test machine was developed capable of accurately 
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assessing the yielding  of the coupling-tappet housing in 
the direction of the valve thus assessing an equivalent 
axial stiffness. 

2 Test machine 
In previous work the authors have developed a test 

machine that can perform these measurements using the 
camshaft and the tappet of motor analyzed [4, 5 and 6]. 
However, this system had some problems due to the fact 
that the readings of the measurements were performed 
directly on the load cell, in relation to stress, and on to 
goniometer relative to the camshaft angular position. This 
brings the inevitable mistakes, only partially offset by 
repeated readings. In addition, it was necessary to 
change, almost totally, the main components of the test 
machine, to vary the angular position of camshaft and 
tappet's guide. 

The system described in this paper , developed with a 
design methodology MCAD/CAE, consists of a tubular 
steel frame, a base, a rigid system able to apply an 
appropriate load, onto the tappet, a worm reduction unit , 
an angular potentiometer, a linear potentiometer, a load 
cell and a data acquisition system. Its modular structure 
allows to perform measurements on different types of 
tappets and camshafts. 

 

 

Fig. 2  Test machine: 3D model. 

The frame is the component that allows to the machine 
to be fastened to the structure of the hydraulic jack, that 
applies the load on the same chassis housing the worm 
gear reduction ratio of 1:100. We chose this type of gear 
for its irreversibility as it is necessary to maintain a fixed 
angular position of the camshaft during application of 
load. Keyed output shaft, the camshaft is located above, a 

multi-turn potentiometer angular (3 laps) 5 kOhm, which 
enables the system to obtain accurate positioning of the 
shaft angle of less than 0.1°. 

A data acquisition system, processes the data from the 
angular and linear potentiometers and load cell, returning 
the information related to angular and linear positioning 
system with reference to the load. In order to apply, the 
correct load value , onto tappet, we using a load applier 
assembly, moved by three linear sliding blocks "HIWIN" 
with double linear ball bearings, fixed onto the base (fig. 
2). The use of the guide is necessary because it ensures 
the correct position (perpendicularity) between the 
camshaft and the load applier assembly, while allowing 
the latter to slide freely along its longitudinal axis. 
Furthermore in the load applier assembly is housed a 
linear potentiometer 130 from Penny & Giles SLS 3 
kOhm, to measure the deformation on the upper surface 
(opposite surface of the tappet cam contact)  of the 
tappet. 

 

Fig. 3  Test machine. 

In fig. 3 is shown a picture of the machine during the 
tests performed. In the figures 4 and 5 (highlight 
potentiometers) you can see a diagram of the test mode 
with the flow of forces applied onto tappet and the position 
of the angular and linear potentiometers. 

 

Fig. 4  Test machine section and loads' scheme. 

Load applier assembly 

rod transmitter 

load rod transmitter 

load 
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Fig. 5  Cam tappet contact at different 

eccentricities. 

2.1 Working mode 

To carry out the measures the deformation of the 
tappets, the forces are applied through an hydraulic 
actuator, controlled force, which transmits the load on the 
top plate. Three pillars forward it to the bottom plate and 
then to the rod transmitter load. The piston inserted at the 
end of the pin receives it and transmits the thrust load on 
the inner surface of the tappet. The tappet is constrained 
on the opposite side from contact with the cam. The 
equipment allows you to vary the angular position of the 
camshaft in order to achieve different eccentricity of the 
cam tappet contact. So we can get diagram of force and 
pressure in the Hertzian contact between the cam and 
tappet. 

The yielding is measured by a linear potentiometer 
with accuracy of 0.001 mm, mounted on a coaxial 
structure, independent of the load head. Therefore the 
potentiometer is not sensitive to the yielding of the base 
during the tests. The point of measure, of the 
experimental yielding, is the contact point between the 
potentiometer rod and the inner surface of tappet's head.  
(fig. 6). 

a) b) 

Fig. 6 Axial compliance for tappet(a) and cam(b). 

2.2 Experimental test 

The experiments were performed on two different types 
of tappet (fig. 7). The first one ("tappet 1"), is a hydraulic 
bucket type tappet, on which was obviously removed the 
cylinder, the second ("tappet 2") is a mechanical bucket 
type tappet. 

 

 

Fig. 7  Tappet 1 and tappet 2. 

The geometrical and physical characteristics of the two 
types of tappet are listed in tab. 1. 

 
 Tappet 1 Tappet 2 

Weight [gr] 55±2 59 
Material AISI 5120 AISI 5120 

Diameter external [mm] 35 35 
Thickness Cam/Face [mm] 2,4 3 

Height [mm] 26 20 
Stiffness [kN/mm] 171 241 

Tab. 1 Comparison between tappet 1 and tappet 2. 

Each tappet was coupled to his seat with three different 
values of backlash and subjected to 8 cycles of loading 
with a maximum force of 5000 N. 

To take into account the yielding of the shaft and the 
backlash of the system, the measures of the axial rigidity 
were cut of the yielding detected on the nose of the cam 
with no eccentricity and load more than 5000 N and the 
values of the yielding obtained with a full test by applying 
a force of 800 N in order to set the system. 

3 Fit tolerance optimization 
In literature you can find various data on the effects of 

manufacturing errors and assembly of the tappet on valve 
train dynamics [7, 8 and 9]. In this study we want to 
define, through an experimental measure and integrated 
CAD/CAE models, the best allocation of tolerances based 
on evaluation of axial stiffness and hence on the  better 
distribution of pressure and better lubrication conditions of 
the cam-tappet contact. Therefore, some critical issues in 
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terms of pressure distribution and lubrication of the cam 
tappet contact can be improved with a proper set of 
dimensional tolerances and geometric profile tolerance. 

4 CAD/FEM modeling 
In order to integrate and better understand the 

experimental results, the tappet's study was modeled in a 
Autodesk / Inventor and discretized with elements of 
CHEXA8 CPENTA6 type . In addition to the hydraulic 
tappets, were examined even the displacement  of the 
cam shaft and its geometric support. This model is 
necessary to create a model that takes into account the 
deformation of the nose of the cam under the action of the 
test loads. 

A relatively small number of mesh elements have 
studied the problem in a satisfactory manner with a 
lightweight and without making it excessively long 
calculation times. 

 
 
 
 
 

Tab. 2  Node and element for tappets and cam-shaft. 

Figure 8 shows the FEM models of the tappet and cam 
studied and the characteristics of the FEM models are 
shown in tab 2. 

a) b) 

Fig. 8  FEM model of tappet  and cam (a); imprint 

in contact (b). 

The models were constrained at the support side of the 
tappet and in the vicinity of the contact cam - tappet. To 
simulate the distribution of the load applied on the contact 
surface between the piston and the tappet has been used 
a MPC formulation with RBE2 element. The nodes of the 
element RBE2 employees all belong to the interface of 
contact between the piston and the tappet, while the 
independent node has been placed on the axis of 
revolution of the tappet interface at a distance of 20 mm. 
On the independent node there was a force with an axial 
direction and intensity of 5000 N in agreement with the 
values used in the test. In this way, the nodes of the 
interface creates a load distribution consistent with the 
local stiffness of the component. The boundary 

conditions, placed along the line of contact on the 
interface tappet-cam, tie the knots along the direction of 
load application. The other two degrees of freedom have 
been constrained by blocking nodes placed on a piece of 
tappet where contact is made between it and the seat. 
This is the approximate semi-elliptical shape is the contact 
between two cylinders with axes at a point incident with a 
triangle of side 2b and height. Applying the theory of Hertz 
were calculated extensions of a and b with an iterative 
procedure is derived and then the size of the footprints of 
contact between the tappet and its location on the head of 
the engine. 

The FEM analysis of the tree returns the value of the 
independent movement of the node in the direction of the 
one degree of freedom (fig. 9). 

 

Fig. 9  Cam and tappet 1 deformation with 

eccentricity of 6 mm. 

The stiffness of each tappet as a function of 
eccentricity was calculated through the work of 
deformation: 

 ( )ò ×=
fx

dxxPU
0

 (1) 

In the case of linear elastic deformation can be written: 

 xkxP ×=)(  (2) 

In summary knowing the deformation work done, it is 
possible to trace the value of the equivalent axial stiffness 

  (3) 
The code provides for calculating the various results 

and the work of external forces U, so by (3) we can 
determine the value of k. 

5 Experimental result 
Figures 10 show experimental measure of the 

performance characteristics of deformation and stiffness 
for the tappet 1. In Figure 11 is visible the graph of 
deformation as a function of the eccentricity of the 
contact, their mean values, standard deviations and the 
margins of the area under the curve of distribution of M-3s 
and M+3s defining the 99.73% of the cardinality of the 
results. The values "correct" take into account the 
displacement of the camshaft. show, depending on the 
eccentricity of the contact, the curve of the equivalent 
axial stiffness. 

b

a

2

2

fx

U
k

×
=

 Tappet 1 Tappet 2 Cam-shaft 
N° of 

node 
13804 13176 12703 

N° of 
element 

9625 9137 9962 
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Fig. 10  Deformation vs. eccentricity for tappet 1. 

 

Fig. 11  Stiffness vs. eccentricity for tappet 1. 

Comparison of the two tappets are highlighted, with the 
same dimensional and geometric tolerances, higher 
values of axial stiffness equivalent are present in tappet 2. 
This result is probably due to the greater thickness of the 
cam-tappet face for tappet 2 (fig. 12). 

 

Fig. 12  Stiffness vs. eccentricity for tappet 2. 

Experimental numerical correlation 

The deformations obtained with the FEM analysis for 
tappet 1 and 2 were compared with experimental curves 
that define the margins of the distribution curve M+3s  M-
3s as a function of eccentricity (fig. 13). Summing the 
numerical value of the compliance of the tappet to the 
tree yields a result comparable to the experimental one. 

It is also noted that when the eccentricity is maximum 
(15 mm) the difference is due to an "edge effect" due to 
the fact that the constraint in the head (bud-contact 
tappet) is influenced by the rim of the tappet. 

 

Fig. 13  Numerical and experimental stiffness. 

6 Result's analysis 
Through measures performed with test machine was 

possible to evaluate the equivalent axial stiffness and the 
dynamic behavior of the valve motion with the two types 
of tappet and perform a functional analysis that simulates 
the behavior of the system in operation at different 
tolerance dimensional and at the variation of geometric 
tolerances on the surfaces. 

The tappets are inserted in their place with a  base hole 
(H7) tollerance, usually using for the tappet a tolerance f6. 
At the upper surface of the tappet is usually assigned a 
tolerance value of the surface shape of 0.01 mm. 

In particular it was estimated the value of the forces 
exchanged between the cam and tappet and the extent of 
pressures in the same Hertzian contact (fig. 14) variating 
the above dimentional and geometric tolerances. The 
latter value (Hertzian pressure in the presence of friction) 
is particularly important in the 1st and 2 nd node 
lubrication, that is, those points where the relative velocity 
between the cam and the tappet is zero and the 
lubrication conditions are critical (fig. 15). 

The estimation of these quantities is done at idle speed 
for the pressure and the resulting lubrication number and 
at the maximum speed for the forces exchanged with the 
cam at different tolerances. The following figures will show 
the results obtained for the tappet by using the values of 
tolerance indicated by the manufacturer of the tappet 
(H7/f6) made in comparison with the tolerance values 
proposed by the authors (H7/f4) to improve the system 
dynamics. 

 

Fig. 14  Force for H7/f6 and H7/f4 tolerances. 
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Fig. 15  Hertz pressure for H7/f6 and H7/f4 

tolerances. 

 

 

Fig. 16  Hertz pressure for H7/f6 and H7/f4 

tolerances. 

 

Fig. 17  Lubrication N° for H7/f6 and H7/f4 

tolerances. 

In fact, the simulations showed that the tappet in a 
mating with conditions close to those of maximum 
material, or with a dimensional tolerance value equal to 
f4, has better performance in terms of Hertzian pressure 
and lubrication number [10, 11 and 12]. 

 

Fig. 18  Contact force for tappet 1 and tappet 2. 

 

Fig. 19 Contact pressure in tappet1 and tappet 2. 

 

Fig. 20  Lubrication N° for tappet 1 and tappet 2. 

The improvement comes from a lower mass, lower 
inertia forces and a different pattern of equivalent axial 
stiffness. 

7 Conclusion 
The test machine developed provides a valuable tool 

for the designer to make the optimum choice of geometric 
and dimensional tolerances in tappet-cam and tappet-
guide contact. The simple and precise determination of 
the curves of stiffness was the aim of this study. The 
proper characterization of the dynamic of valve train 
requires, in fact, a careful evaluation of the equivalent 
axial stiffness and its variation depending on tolerances of 
tappet with its headquarters and with the cam. 

The proposed method provides not only a tool for a 
rational study of the possible coupling between tappet and 
his guide, but also a method for building a database to 
study more precisely the dynamic behavior of valve train. 
The types of tappets can be compared using a critical 
appraisal of the constructive schemes based on the 
knowledge of the equivalent axial stiffness. 

The models integrated and validated by the results of 
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experimental tests are a valuable source of data. The 
results can shed light on various aspects of the dynamics 
of valve train and provide objective parameters useful for 
an informed choice on the type of tollerance to be used. 

The test machine proposal lends itself to reverse 
engineering applications, makes it possible to 
automatically build, in polar coordinates, the profile 
analyzed. 
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Abstract 

Virtual cloth simulation received much attention in the past decade, and the fashion 
industry has been attracted to use this newly available tool in actual product development 
process to strengthen the collaboration along the supply chain and shorten the product time 
to market. This paper serves as an exploratory study to analyse the accuracy of 3D cloth 
simulation system so as to examine its validity and effectiveness in garment fit evaluation. A 
four-phase methodology is proposed in this paper: 20 types of woven fabrics are first tested 
in standard laboratory, and the obtained fabric property data are input to simulate the results 
of a flare skirt design. Real sample skirts are produced for comparison. An objective 
evaluation method is proposed to assess the accuracy of 3D simulation by comparing the 
quality of 3D virtual simulation results.  Generally speaking, 3D clothing simulation is accurate 
because 18 out of the 20 tested fabrics have statistically similar results of 3D simulation and 
the real sample. The simulated results of the two fabrics are different from the real sample, 
particularly in the hip areas. Further study is thus required. With the range of validity identified, 
guidelines can be provided to the fashion industry for the use of 3D simulation system in 
design and fit evaluation. 

 

1 Introduction 
In the past few decades, large efforts have been 

devoted to 3D computer aided design and simulation, 
which can speed up the product development process and 
cut down the cost of development by vividly visualizing a 
design before actual manufacturing is committed. Many 
industries such as architecture and automobile have been 
benefited from the 3D CAD technology; comparatively, the 
fashion industry lags behind its development and 
applications. The research on 3D human modelling and 
virtual garment was started in 1980s, mainly for the 
applications in movies or animations. Since then, different 
systems for 3D virtual garment simulation have been 
developed from different perspectives and with various 
objectives. Both geometric-based and physical-based 
approaches have been proposed in modelling and 
simulation in order to increase the accuracy and speed. It 
is interesting to note that although a number of 
commercial clothing CAD software packages are now 
providing 3D virtual simulation modules, such as Runway 
3D by OptiTex, V-stitcher by Browzwear of Gerber 
Technology or Modrias 3D Fit by Lectra, the fashion 
industry somehow hesitates to adopt these 3D features in 
the actual pattern design process. One major concern is 
the accuracy of the 3D virtual simulation results. To 
evaluate design, 3D simulation systems should not only 
predict the garment shapes correctly on a 3D fit model, but 
also accurately simulate a variety of fabric behaviours. For 
a given clothing design, the draping effects would be very 
different if the same fabric is cut on different grain 
alignments or different fabrics are used. This is because 
clothing fabrics have substantial influence on the resulted 
garment shapes. Some commercial 3D simulation 

systems claim that the draping effects of different fabrics 
can be predicted by inputting the fabric material properties, 
which is obtainable from standard laboratory tests. It is 
imperative to investigate the validity of the simulation 
results, namely within which range the simulation results 
can be regarded as reliable, while beyond which caution 
must be taken in referencing the simulation results in 
fashion product development. There is so far no 
systematic study been taken on the effectiveness of virtual 
clothing simulation system as design and fit evaluation tool. 
This paper proposes a four-phase method to examine the 
accuracy of 3D virtual clothing simulation systems. 

The organization of this paper is as follows: the related 
literatures are first reviewed in section 2. The four-phase 
methodology is explained in section 3. Then, experimental 
results are presented and discussed. Finally, the findings 
and further works are outlined in the conclusion section. 

2 Literature Review 
Clothing fit is an influential factor for customers’ 

purchase decision making. However, garment fit is an 
abstract concept, and the definition and perception of fit 
vary between cultures and people. Fitting trial is thus a 
necessary step in the product development process. 
Traditionally, live models are favoured because they 
represent real human body shape and interact with 
designers in the fitting process to give detail comments. 
However, this method is expensive. Comparatively, dress 
forms have more consistent measurements and are 
convenient to use. However, both live models and dress 
forms are not efficient enough for today’s fast moving 
business, in particular the fitting sessions are now taking 
place in multiple locations. Photographs and videotapes 
[1,2] have been used for fitting analysis, however they 
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provide limited information on fit evaluation. To compete 
in the global arena, a reliable and convenient virtual tool 
for garment fit analysis is necessary [3].  

With the advancement of 3D technologies, such as 3D 
body scanning, 3D modelling and 3D clothing simulation, 
some studies have been carried out recently to 
investigate the reliability and usability of 3D technology in 
garment fit evaluation. Ashdown et al. tested the 
effectiveness of using 3D scans of clothed participants in 
the fit analysis process and pointed out that 3D scan was 
of potential to substitute live fit models, though some 
dimensions of a live fit analysis cannot be addressed from 
a 3D scan [4,5]. Bye and McKinney further investigated 
the reliability of 3D scan model as a fit analysis tool by 
comparing it with a live model [6]. They found that though 
fit can be virtually tested with 3D scans, there are some 
concerns about its accuracy in some specific locations.  

On the other hand, the research on 3D clothing 
simulation is booming. 3D cloth simulations are either 
geometrical based or physical based. Because of the 
contributions from the computer graphics community, the 
simulation accuracy and speed have been much 
improved in recent years [7,8]. In the field of clothing and 
textiles, 3D simulation is considered to be of great 
potential for fit analysis [9], and a number of commercial 
clothing CAD systems have deployed 3D simulation 
modules. Typically, a 3D virtual fit model is firstly created 
and then the clothing patterns are virtually sewn around 
the 3D model as if the garment were worn by the 
customer. The fit model can be customised based on 
customers’ body dimensions. It can be an excellent tool 
for clothing product development, because costly sample 
making and fitting process can be reduced or completely 
eliminated, suggested by the software suppliers. 
However, there is no systematic investigation on the 
validity of 3D clothing simulation for fit analysis, especially 
in view of the fabric property diversity. Sensory test was 
used in [10] to identify the deviation of virtual garments 
from real garments based on body shape, yet a non-
mainstream 3D simulation was adopted. In [11], the 
effectiveness of a mainstream 3D simulation system for 
pants fit evaluation was carried out by wear trial. It was 
found that the visual information of overall pants 
silhouette was accurate, but not the information about 
fabrics. Further investigation is required to identify the 
range of validity for fabric simulation. 

3 Methodology 
A four-phase methodology is proposed to study the 

accuracy of the clothing simulation, namely fabric 
property test, 3D simulation, real sample production, and 
virtual sample and real sample comparison, as shown in 
fig. 1.  
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Digital
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Virtual
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Fig. 1 Methodology Outline 

 

A dress form of size 12 is used in the experiment for 
fitting trial. A simple design of flare skirt with opening at 
centre back is used in the experiment, and a set of 
patterns are created for the flare skirt (see fig. 2). The 
same set of skirt patterns is used in simulation and 
sample production. For 3D clothing simulation, OptiTex 
software system is chosen because it is one of the most 
widely accepted clothing CAD systems, and its 3D 
simulation is well known for versatility and quality. 
Besides, it allows user to input fabric properties to define 
the fabric materials in the simulation. 

The first phase of the proposed method is fabric 
property test. In total, 20 types of woven fabrics are tested 
in the experiment. These fabrics are selected because 
they represent the most popular fabrics used in apparel 
product development, and these fabrics can be 
categorized into different groups according to the fabric 
properties. Fabric objective measurement methods by 
Fabric Assurance by Simple Testing Systems (FAST) and 
Kawabata Evaluation Systems (KES) are used to 
measure fabric physical properties. Both FAST and KES 
test results can be inputted to the OptiTex software to 
define fabrics in the simulation experiment. In this paper, 
only FAST results are reported, because FAST systems 
are relatively more reliable, less expensive and simpler to 
operate compared with KES. 

 
Fig. 2 Flare Skirt Design and Clothing Patterns 
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Fabric Extensibility Bending Shear 
Rigidity 

Thick
ness 

Weight 
E001 E002 B1 B2 

1 10.20 12.27 4.46 2.64 12.1 0.155 146.8 
2 2.77 8.83 2.66 2.37 14.2 0.060 69.3 
3 5.10 14.50 11.92 2.21 9.9 0.450 115.5 
4 3.87 2.90 0.66 1.83 11.0 0.131 29.0 
5 2.70 6.17 3.08 0.68 11.4 0.085 38.8 
6 7.23 13.87 0.77 0.64 8.0 0.221 31.4 
7 12.37 5.27 1.08 1.76 9.4 0.229 39.3 
8 6.97 7.93 1.30 0.68 8.9 0.201 30.8 
9 5.50 7.97 1.85 1.77 9.0 0.137 32.8 
10 1.60 0.60 8.40 11.98 41.0 0.058 74.4 
11 4.90 12.17 1.49 1.35 10.8 0.057 48.3 
12 5.70 8.67 11.53 4.64 17.1 0.063 207.4 
13 1.30 1.00 7.60 12.47 34.3 0.222 120.9 
14 1.37 15.63 79.47 17.65 615.0 0.194 230.9 
15 4.33 4.03 6.86 3.03 19.7 0.191 116.8 
16 5.73 0.30 15.38 119.52 369.4 0.211 305.8 
17 1.47 4.90 29.15 16.87 31.0 0.181 151.1 
18 4.77 4.57 32.22 7.87 28.9 0.156 237.8 
19 1.10 4.50 36.19 29.56 59.5 0.215 261.7 
20 1.63 2.67 26.43 14.43 321.2 0.193 153.4 

 

Tab. 1 FAST Fabric Properties 
 

 
Fig. 3 Customised Model and Standard Dress Form 

 
The second phase of the experiment is 3D simulation. 

OptiTex software allows importing 3D scan data as fit 
model. However, detail fit evaluation is only available 
when the default 3D model is used. The default model 
can indeed easily be customised by defining all the body 
measurements. A model is created based on the 
measurement specification of the standard dress form 
(see fig. 3), and the same dress form is used for fitting 
evaluation of the real samples. In order to ensure the 
exact shape of the virtual model and the dress form, the 
customised model can be exported to a standard 3D file, 
like WRL file. The exported model is compared with the 
scanned dress form model using reverse engineering 
software say RapidForm.  

Fabric data obtained by FAST system in the phase 1 
experiment are input to the OptiTex Software to define the 
20 fabrics. Five properties including Extensibility, Bending 
Rigidity, Shear Rigidity, Surface Thickness and Weights 
by FAST tests are used for fabric definition in the 
simulation software. The pattern pieces of a flare skirt 
(see fig. 2) are virtually sewn up around the model, as 
shown in fig. 4. Among the 20 types of fabric, 5 types 
(Fabric NO. 1, 8, 12, 16, 18) are randomly selected to cut 
on straight grain, while the rest are cut on bias. Both grain 
lines are popular for flare skirt designs. The simulation 
software provides detail information for fit evaluations, 
e.g., the gap value describing the distance between 
virtual garment and the model surface, the fabric stretch 
and tension maps (see fig. 5). In other to compare the 
simulated shape or drape with real sample garment, the 

front view, side view and back view images are captured 

from the simulation results. 

 
Fig. 4 3D Simulation Image 

 

 
Fig. 5 Distance, Stretch and Tension Maps 

 
In the third phase, 20 real samples are produced using 

the 20 types of fabrics, and the samples are put on the 
dress form for fit evaluation (see fig. 6). Although 3D body 
scanning can be applied for fit evaluation [4], it is not 
chosen in this study because 3D scanning technology is 
only good at evaluating tight-fit or just-fit garments. For 
loose-fit garments, some part of the garment surface 
cannot be scanned due to the folders and flares, and the 
resulted data would contain lots of noise. Instead, 
photographs are taken for the front, side and back views 
of each sample garment. The shape and drape are 
analysed by extracting measurements from the 
photographs.

 
Fig. 6 Real Sample Photo 

 
Important measurements for fit and shape evaluations 

are extracted from image, which include both width and 
length measurements. In total, four data are extracted 
from the photos of each 3D simulation and real sample, 
namely Waist Width (WW), Hip Width (HW), Hem Width 
(HEW), and Skirt Length (SL). Figs. 7 and 8 show the 
definition of these measurements on simulated result 
images and real sample photos. Since images have 
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different resolutions, the absolute pixel measurements are 
converted into ratio by eq. 1: 

AM
RM

P
=

                            (1) 
where AM represents absolute pixel measurements 
obtained directly from simulation images and real sample 
photos. In the calculation of horizontal measurements 
such as WW, HW and HEW, P equals to the absolute 
pixel measurements of the model waist width, while it 
represents the waist to hip distance in the calculation of 
vertical measurement of SL. Therefore, 3D simulation 
images and photos could be compared in the same scale 
according to eq. 2:  

Re

Re

100%Simulation al

al

RM RM
V

RM

-
= ´

             (2) 

In eq. 2, RMSimulation and RMReal represent the 
measurement ratios obtained form 3D simulation images 
and real samples’ pictures, respectively. V shows the 
percentage of difference between the 3D simulation and 
the real samples, thus the accuracy of fabric drape 
simulation can be evaluated accordingly. 

When calculated the measurement ratios by eq. 1, the 
mean value of both front view data and side view data are 
calculated for fit and shape similarity comparison. 

 

 
Fig. 7 Measurements Definition: 3D Simulation 

 

 
Fig. 8 Measurements Definition: Real Samples 

 

4 Results and Discussion 
The 20 types of fabric (Tab. 1) are simulated by 

OptiTex software and used to produce real samples. The 
defined measurement ratios are extracted from the 20 
3D-simulation images and real sample photos. Tab. 2 
compares the percentages V obtained from eq. (2) 

 

Fabric V(WW) V(HW) V(HEW) V(SL) 
1 -4.95 -1.66 -10.81 -2.26 
2 0.19 -4.15 9.63 2.36 
3 -5.33 -3.71 1.40 -1.05 
4 1.51 -3.84 6.30 1.97 
5 0.93 6.21 13.95 -1.83 
6 -1.30 -4.06 6.97 -0.14 
7 -1.90 -4.56 -0.14 -0.38 
8 0.41 2.67 5.66 -7.43 
9 0.72 -1.44 4.71 -3.38 
10 -0.31 -5.84 -0.27 3.63 
11 1.46 5.24 0.58 -3.63 
12 3.10 -9.41 5.62 0.38 
13 0.77 -6.39 -8.23 6.80 
14 1.81 -2.68 -8.98 2.61 
15 -2.02 -6.37 1.86 5.07 
16 -1.02 -5.29 -9.76 2.07 
17 -0.26 -4.07 -7.12 3.87 
18 -1.56 -4.44 -8.10 -1.09 
19 2.38 -3.92 -8.77 2.20 
20 4.31 -3.14 -13.59 4.33 
Min -5.33 -9.41 -13.59 -7.43 
Max 4.31 6.21 13.95 6.80 
Ave -0.05 -3.04 -0.96 0.70 
StdDev 2.40 3.81 7.90 3.44 

Tab. 2 Data Variations 
 
As shown in tab.2, generally the four measurement 

ratios are relatively small when comparing the 3D 
simulation and real samples. 

However, in the HW data, only 3 out of 20 fabrics have 
positive values of V(HW) (see fig. 9). The difference 
between 3D simulation and real samples shows that 
simulated results are often smaller than the real samples 
at the hip width. This may indicate a bias in the 3D 
simulation system. Further study is needed to invest two 
problems: (1) why there is bias at hip level, (2) why for 
three fabrics, namely fabric NO. 5, 8, 11, simulation 
results are different. Such investigation can identify the 
range of validity in 3D simulation, so cautions can be 
taken by the industry when 3D simulation is used as a 
virtual tool for fit evaluation. 

For the rest of the three measurement ratios, only 
slight differences are detected. As shown in fig. 10, 
although the values of V(HEW) vary for different clothing 
fabrics, they are randomly distributed. It means the 
simulation results are not consistently smaller or larger 
than the real samples, the difference are come from 
natural randomness. Comparing with other locations, 3D 
simulations perform the best at waist, where the 
differences between the simulations and real samples are 
less than 6%. Similarly, there is no obvious bias in skirt 
length simulation.  

 

 
Fig. 9 Comparison of HW 
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Fig. 10 mparison of WW, HEM, and SL 

 
In this paper, box plot figures are utilized to graphically 

depict groups of numerical data through their five-number 
summaries: the smallest observation (sample minimum), 
lower quartile (Q1), median (Q2), upper quartile (Q3), and 
largest observation (sample maximum). Q1, Q2 and Q3 
are set as 25%, 50% and 75%, respectively. Without 
making any assumptions of the underlying statistical 
distribution, box plots displayed differences between the 
20 fabrics. By examining the spacing between the 
different parts of the box, the applicable range of 3D 
simulation as a virtual tool for garment fit evaluation is 
indicated. 

A box plot for variation percentage (eq. 2) of 3D 
simulations and real samples are generated using SPSS 
software. Results are identical with previous ones: no 
outliers were found in the box plots of WW, HEW, and SL, 
while fabric NO. 5 and 11 were highlighted in the box plot 
of HW as outliers. The rest analyses of 3D simulations 
and real samples are excluded results of fabrics No. 5 
and 11. More investigations should be carried out to study 
the validity range. 

 
Fig.11 ox Plot   

 
After screen out outlier fabrics that the 3D simulation 

cannot generate reliable simulation, t-tests are carried out 
to investigate is there any statistically significant 
differences between 3D simulation results and real 
samples. The results of fabrics 5 and 8 are taken out from 
the t-tests. The paired t-test results are shown in tab. 3. 
Since paired t-test result of HW is -6.91 with significance 
value 0, less than 0.05 meaning 3D simulation results has 
significant difference at hip level width, even though 2 
fabrics have already been taken out. The rest 
measurements at waist width (WW), hem width (HEW) 
and skirt length (SL) shows no significant difference 
between the 3D simulation and the real sample. 
Therefore improvements are necessary in the hip level 
simulation. 

Simulation VS Real WW HW HEW SL 
Mean -0.003 -0.050 -0.051  
Std. D 0.027 0.030 0.168 0.091 

Std. Err Mean 0.006 0.007 0.039 0.022 
Lower -0.016 -0.065 -0.134 -0.024 
Upper 0.011 -0.034 0.032 0.067 
t  -0.400 -6.906 -1.290 1.014 
d  17 17 17 17 
Sig. 0.694 0.000 0.214 0.325 

Tab. 3 Paired Sample Test 
 

To sum up, this study shows the waist level is the most 
reliable location when assessing skirt fit through 3D 
simulation image. Though there are some problem in hem 
level simulation, these might be eased by improving 3D 
positioning and other related setting steps. On the other 
hand, the hip level shows the least satisfaction overall and 
should be examined and corrected carefully 

5 Conclusion 
This study has limitations because the results are 

based on a relatively small sample size. However, in this 
study we have developed objective fit evaluation method 
and analysed the 3D simulation results for a number of 
clothing fabrics to investigate the accuracy of the 3D 
simulation system. Fundamentally, the potential of using 
3D simulation as a virtual tool for fit analysis has been 
identified, whereas several limitations of current 
mainstream commercial 3D simulation systems have also 
been indicated. 

First of all, in some positions such as hip level, 
systematic error exists. Since hip level is a crucial location 
for garment fit evaluation, improvement is necessary. 
Secondly, for some particular clothing fabrics, 3D 
simulation results are significantly different from real 
samples. Further study is aiming at exploring the reason 
why some types of fabric couldn’t be imitated correctly 
and thereby to indicate the direction of system rectification. 
3D simulation system currently couldn’t be used arbitrarily 
as a virtual tool and traditional sample making and fitting 
process cannot be completely eliminated. However, with 
the range of validity identified, guidelines can be provided 
to the fashion industry for the use of 3D simulation system 
in design and fit evaluation. Thereby 3D simulation can 
benefit the industry by reducing cost and shortening 
development process. 
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Abstract 

Current research on ATM (Air Traffic Management) is progressively focusing on 
the “green operations” concept. The European Commission as well as foreign 
institutions has identified Air Traffic as one of the sectors in which a “green” policy 
could be successfully implemented. Starting from the ACARE strategic research 
agenda, published in 2002, many EU funded projects have been launched aiming 
at a dramatic reduction of noise and pollution produced by Air Transportation 
System. 
Airport operations strongly affect the pollution and noise produced by an aircraft 
during the whole mission  impacting on the environment and people living near 
airports. On the other hand, airport area and more generally the Terminal 
Aerodrome Zone is the bottleneck of Air Traffic System. The maximum capacity of 
Air Space is limited by the capacity of the airports. 
Therefore, the optimization of such operations is recognized as a challenge that 
aims at finding the best trade-off solution in order to maximize the airport capacity 
and minimize both pollution and noise. 
Modelling and simulation are the most powerful tools to study such an optimization 
problem. To help the evaluation of the model performances, a synthetic 
environment able to faithfully represent the airport area and its players (aircraft, 
helicopters, ground vehicles, etc.) is presented in this paper as an analysis tool.  
An experimental scenario that simulates Rome Fiumicino airport has been 
developed. In it aircraft are modelled as single material points and they are moved 
by an external simulation model implemented in Matlab/Simulink. The simulation 
model accepts as input variables the waypoints’ list to be visited by the aircraft and 
the aircraft speed. It gives as output the shortest path on the available taxi ways. 
The aircraft position at each time step is sent through an UDP protocol to the 
visualization environment and processed in order to obtain a fluent animation.   
 

1 Introduction and state of the art 
The stringent constraints imposed by the European 

Community within noise and pollution emissions is forcing 
the Air Transportation System development toward even 
more green operations concepts. 

This means an increasing necessity of further 
technologies oriented to the aviation’s environmental 
impact minimization by dramatically halving the CO2 and 
NOx emissions and the perceived noise due to air 
transport.  

Among other factors, the intent is addressed to green 
engine technologies, novel aircraft configurations, 
improved aerodynamic efficiency, airport operations and 
air traffic management. 

All future concepts pertaining to Airspace Complexity 
require environmental analysis to ensure they are 
consistent with emerging environmental constraints. 
Airspace complexity, that influences the controller 
workload, depends on both structural and flow 
characteristics of the airspace. The structural 

characteristics depend on features like the terrain, the 
number of airways and airway crossings. On the other 
hand the flow characteristics depend on features like 
number of aircraft, mix of aircraft, weather, separation 
between aircraft, and aircraft speeds. The management of 
this complexity is in charge of Air Traffic Controllers (ATC) 
that are the most responsible for the smoothness of 
airport surface traffic flow. 

Furthermore, the effectiveness of the airport surface 
traffic control is critical for aviation safety. The need for 
increasing capacity in the terminal airport is reflected on 
the runway, taxiway and gate levels. The taxi process can 
be defined as the surface movements of the aircraft 
between the runways and the parking positions. 

The complexity of the Air Traffic Management (ATM) 
decision making processes could be mitigated by the 
adoption of optimal system-wide control strategies to 
manage airport congestion.  

Moreover, many ATC problems and environmental 
inefficiencies can appear as a result of taxi queuing and 
take-off time uncertainty. Accurate models of airport traffic 
prediction can provide new tools to assist ground 



470

S.Bagassi, D. Francia, F.Persiani  Simulating airport operations in a synthetic environment 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

controllers in choosing the best taxiways and the most 
suitable holding points for aircraft. Such tools could also 
be used to evaluate possible improvements on airport 
configurations and airport structure. 

Modern developments like Advanced Surface 
Movement Guidance and Control Systems (A-SMGCS) 
are aimed at a safer and more efficient surface traffic 
management. SMGCS is a system owing a surveillance 
infrastructure that allows information provision and 
sharing between all the airport traffic processes.  

In recent studies concerning the taxi planning (TP) the 
optimization is carried out using numerical simulation. 

In [1, 2] the authors studied aircraft surface 
movements by numerical simulation and tried to analyze 
the behaviour of aircraft during taxiing. 

In [3][4][5] the planning of runway operations is 
presented as the taxi process in interaction with the 
departure process or with the departure and the arrival 
process [6]. However, in these papers the taxi process is 
modelled as a random delay that is caused by (and thus 
dependent on) conflicts on the departure runway or at the 
pushback, and not on conflicts on the taxiways 
themselves. In [7][8] conflicts on taxi routes are 
considered, but the optimization is done by choosing 
between alternative taxi routes, and not by scheduling the 
passage times on the routes.  

The taxiing model of Gotteland et al. [7] proposes a 
ground traffic simulation tool applied to Roissy Charles De 
Gaulle and Orly airports. It is based on the 
characterization of conflicts using pattern recognition and 
is solved through a global optimization method using 
genetic algorithms to minimize the time spent between 
gate and runway, while respecting aircraft separation and 
runway capacity.  

The paper presented in [9] proposes a model for 
tactical scheduling of the surface movements of the 
aircraft. For each aircraft the optimal route is provided 
from a given position to an intended location in regard of 
safe, expeditious, and efficient movement. As case study, 
the optimization has been applied to the Amsterdam 
Airport Schiphol.  

A similar approach has been proposed by Balakrisnan 
and Jung [10] for the Dallas-Fort Worth airport with the 
goal of assessing the advantages of taxi route planning. 
The model is based on operational concepts that optimize 
taxi routes by means of different control points on the 
airport surface. Their results underline that the 
optimization of taxi routes provide a consistent reduction 
of the average departure and arrival taxi time and a 
decrease in the average time spent in runway crossing 
queues. 

In [11] a taxi-planning support tool is proposed to 
optimize delays and total taxi-time, taking into account the 
necessary separation time to avoid conflicts. The taxi-
planning concept presented is based on mixed-integer 
linear programming: it produces solutions that are robust 
to uncertainty due to input parameters such as the 
expected landing times and the expected pushback times 
that are rather difficult to predict accurately. 

In this paper we present a simulation tool of airport 
taxiways aimed at optimizing taxi operations: it takes into 
account a network of all the accessible points of the 
airport manoeuvring space of the experimental scenario 
FIUMESYM on Rome Fiumicino Airport. The simulation 
model has been implemented in Matlab/Simulink, in which 
the input variables to be addressed are the list of points to 
be visited – usually the starting point and the end point -  
and the aircraft speed.  

The problem is to find an optimal path from the departure 
gate to a given runway take-off position and vice versa: 
the optimal path is chosen as the one that guarantees the 
minimum length of the path. 

The paper is organized as follows: in section 2 the 
airport modelling is proposed in terms of infrastructure, 
airplanes and ground vehicles that occur in the simulation; 
in section 3 we describe the optimization model; in section 
4 is presented the experimental scenario simulated on the 
map of the airport; in section 5 a discussion of the results, 
some concluding remarks and the future developments 
are proposed. The ground simulation is then visualized 
through the Aliview software, a 3D visualization software 
developed using OpenGL graphic libraries [12]. 

2 Airport modelling 
In this section the airport modelling is described focusing 
on airport infrastructure, aircrafts and ground vehicles. 

The airport is described through its gates, taxiways and 
runways. In this paper the proposed simulation is set in 
Rome Fiumicino Airport. We’ll refer to it as LIRF. This 
airport can hold all a/c categories, it has 4 runways, 3 
parallel each other and one perpendicular to the others, 
as shown in fig.1. 

 

 
Fig. 1 The Rome Fiumicino airport: runways are highlighted 

 
The traffic in this airport reaches the maximum of 1157 

ground movements a day. On the average, it is about 
340.000 ground movements a year, 45% due to national 
air traffic and 55% to the international one.  

 
Fig. 2 LIRF ground map 

In the most congested hours, the APRON is divided as 
follows: taking off aircraft go through the route highlighted 
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in red in fig.2, while landing aircraft go through the route 
highlighted in blue.  

In our model the airplane is considered as a material 
point that moves following a linear law of motion to visit 
fixed waypoints at a certain velocity.  

The airport space is animated by ground vehicles. 
Each vehicle moves with an assigned law of motion 
through the taxi ways with an oriented direction and 
cannot overlap along the way to other vehicles.  

3 Model description 
The airport operations model is composed of three main 
modules:  

1) data collection;  
2) processing (Dijkstra algorithm);  
3) visual module. 

 
Once selected a specific airport, all the main ground 
waypoints such as stand entrances, crosses between 
taxiways, waiting points, take-off points and touch-down 
points are collected in a list ),..,2,1( NWp = . The position, 

in terms of Latitude and Longitude, is associated to each 
waypoint WpiÎ .  

It is to notice that not every path between the generic 
couple of waypoints ji,  can be covered. In fact some 

paths may not be connected by any taxiway or, even if 
they are connected by a taxiway, it may not be covered in 
both directions. 
In order to distinguish between the couple of way points 
that are connected and those that are not linked each 
other, a square matrix )(NxNA is created.  

The generic element ),( jiA represents the condition of 

the segment between the couple of way points ji, . 

If the path between i and j  is connected by a taxi way 

that can be covered in the direction from i  to j  then the 

value assigned to ),( jiA is 1. On the other side, if the 

path between i and j  is not connected by a taxi way or 

the taxiway cannot be covered in the direction from i  to 

j  then the value assigned to ),( jiA is 0.  

In the table below, a sample of matrix A is reported: since 
no taxiway can exist between i and i , the matrix 
diagonal is 0.  
The example shown in the table below can be read as 
follows:  

· no taxiway exists between point 1 and point 3;  
· point 2 is connected to point 1 but not vice versa;  
· the taxiway that connects point 1 to point 4 can 

be covered in both directions. 
 

0 1 0 1 0 
0 0 1 0 1 
0 1 0 0 1 
1 0 1 0 0 
0 0 0 0 0 

Tab.1 Example of matrix A(i,j) 
 
In order to assign a weight to the path between the couple 
of waypoints ji, , distances between them are calculated 

and a square symmetric matrix )(NxNC is created. The 

generic element ),(),( ijCjiC =  is the normalized 

Euclidean distance between the couple of waypoints ji, .  

The two matrices A and C , the starting point WpsÎ  

and the end point WpeÎ  are the inputs for Dijkstra 

algorithm.  
It gives as outputs the shortest path ),....,( esSP =  and its 

cost ).(SPE  

The visual module processes data to simulate the 
movement of the aircraft on the airfield. Once a reference 
speed is assigned to the aircraft, it is simulated as a single 
material point that moves among the list of waypoints of 
the shortest path ),....,( esSP = . For each time step t  of 

the simulation the aircraft position, in terms of latitude and 
longitude, that interpolates the path ),....,( esSP = is 

calculated and provided to the visual software. 
In order to obtain a more realistic visualization, it is 
necessary to add information about heading values for 
each instant of the simulation. 
Simulated heading value is calculated through a 
geometric algorithm and refreshed at each waypoint. 
Moreover, a smoothing function is inserted to avoid 
sudden heading changes in the visualization near the 
waypoints. 
Finally, at each time step, a vector that contains latitude, 
longitude, speed and heading of the aircraft is transmitted 
through UDP to the visual application. 
Since the airport scenario is typically flat, a two-
dimensional approach is adequate to model the scenario. 
Therefore it is not necessary to include altitude, pitch and 
roll variables within the model. 
 

 
 

Fig.3 Single aircraft path planning algorithm steps 
description 

 
The model above described is limited to a single airplane 
operating on the airport. When considering large airports, 
this limitation is not realistic. Thus the model should 
evolve in a dynamic manner to take into account the 
presence of other ground and air vehicles that operate on 
the airport at the same time. 
 
The dynamic model is obtained by modifying the static 
one above described. To this purpose, we suppose that 
one aircraft, the ownship, has to be separated from other 
vehicles – aircraft and ground vehicles – that operate at 
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the same time on the airport. We also assume that the 
other vehicles have been previously separated each 
other. 
 

 
 

Fig.4 Multi-aircraft path planning algorithm steps description 
 
In the dynamic model, the matrix )(NxNC and the 

starting point WpsÎ are considered as time dependant. 

At each time step tD  of the simulation, the following 
functions are recalled.  

1) The algorithm checks the presence of any 
vehicle on the airport area. If, at the time step 

tkD , a vehicle is occupying the taxiway between 
the generic couple of waypoints ji,  then the 

element ),,(),,( tkijCtkjiC D=D is set to ¥ . 

2) The ownship position at tkD   is calculated 
considering the aircraft average speed on the 
shortest path ),....,())1(( estkSP =D- calculated 

at the previous time step ))1(( tk D- . 

3) The ownship position at tkD , calculated at the 
previous point, is considered as a new starting 
point Wptks ÎD )( for the Dijkstra algorithm. 

4) The two matrices A and )( tkC D , the starting 

point Wptks ÎD )(  and the end point WpeÎ  are 

the inputs for Dijkstra algorithm.  
It gives as outputs the shortest path

)),....,(()( etkstkSP D=D  and its cost 

)).(( tkSPE D  

5) Finally, the matrix )( tkC D is restored to the initial 

condition (static model). 
 
These functions are recalled at each time step until 

etks ºD )( .  

Afterwards, the simulation stops and the final path 
)),..,(),..,0(( etkssFP D= is provided to the visual module 

to render it on the graphical interface. 
 

4 Experimental scenario 
Model performances are described in a synthetic 

environment able to faithfully represent the airport area 
and its players (aircraft, helicopters, ground vehicles, 
etc.). 

The synthetic environment is based on a mixed 
photorealistic/synoptic representation of the following 
data: 

· Terrain 
· Buildings 
· Airport infrastructures (i.e. Runways and Taxi 

ways) 
· Waypoints 
· Aircrafts 
· Ground vehicles 

 

 
Fig. 5 The LIRF terrain and buildings Google earth’s map 

 
The map of the airport has been created from the 

terrain surface built by Aliview as a quad mesh based on 
DEM (Digital Elevation Maps) that implements multi-
resolution features to adapt the LOD (Level Of Detail) of 
the surface to the field of view. Terrain rendering can be 
achieved using free satellite pictures. On the terrain map, 
buildings and airport infrastructures are depicted, as 
shown in fig.5. 

Each waypoint, that has to be visited during the 
animation, is characterized by means of two values on a 
Cartesian plane that correspond to the latitude and 
longitude of the point on the digital map. 

Rome Fiumicino airport ground area is modelled 
through 45 waypoints that are listed in table 2. 
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Tab. 2 The waypoint’s list on the Rome Fiumicino airport. 
 

For example, we considered to assign the waypoint 45 
in the stand as starting point and the waypoint 4 next to 
the runway as arrival point. The simulation gives as 
output a total path that visits 5 waypoints, from the 
starting point to the arrival one.  

A part of matrix A is shown in tab.3 and it interprets the 
accessibility from a waypoint to the following along the 
path. 

On tab.3 we can notice the accessibility from 45 to 21, 
from 40 to 4, from 25 to 40 and from 21 to 25, whereas 
there is no accessibility backwards between the same 
waypoints. 
 

W.P. 4 21 25 40 45 

4 0 0 0 0 0 

21 0 0 1 0 0 

25 0 0 0 1 0 

40 1 0 0 0 0 

45 0 1 0 0 0 
Tab. 3 Matrix A for the waypoints assigned. 

 
The next step consists in the evaluation of the distance 

matrix C, that is shown in tab. 4 below.  
 

W.P. 4 21 25 40 45 

4 0 7 5 3 9 
21 7 0 2 5 3 
25 5 2 0 2 4 
40 3 5 2 0 4 
45 9 3 4 4 0 

Tab. 4 Matrix C for the distances between waypoints. 
 

The last step is the choice of the best path that ensures 
the minimum distance from the starting point 4 to the 
arrival point 45. The best path is calculated by means of 
the Dijkstra algorithm that gives as output the ordered list 
of the waypoints that should be visited in order to optimize 
the taxiway’s path. 

Once the optimal path is calculated, the waypoints’ 
sequence has to be implemented in the Aliview flight data 
monitoring system, to display a 3D representation of the 
simulated scenario, by means of the synoptic 
representation of the VOR (Vhf Omni directional Range) 
and waypoints data, as we can see in fig.6. 
 

 
Fig. 6 The visualization software screen shot. 

 
The input data to Aliview are four vectors: Lat and Lon, 

heading and speed. They contain latitude longitude, 
heading and speed values at each time step of the 
simulation. 

 

5 Results and conclusion  
In this paper we propose a simulation tool aimed at the 

optimization of the airport operations. In particular we 
focus on the optimization of the taxi operations and the 
simulation of a taxi routing is implemented on the Rome 
Fiumicino Airport, as case study. The model described is 
simple and very effective because it considers aircraft as 
material point, it receives as input a starting and an arrival 
point on the airport map and it finds the optimal path on 
the airport map, taking into account the constraints of 
terrain, the buildings present in the airport area and the 
one way limitations. 

The optimization model has been implemented in an 
experimental scenario simulated on the map of the airport, 
by means of a 3D visualization software based on 
OpenGL libraries. 
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As result, we show the best route found between a 
stand waypoint, considered as starting point, and the 
waypoint on a joint of the runway, considered as arrival 
point. In particular the considered waypoints are the 45th 

and the 4th and the optimal path is highlighted in red in 
fig.7. 
 

 
Fig. 7 The optimal path between the waypoints 45 to 4. 

 
In fig. 8 the optimal path that results as output from the 
Matlab simulation is depicted on the real Rome Fiumicino 
airport map. It is the shortest path that the aircraft has to 
follow to move from the waypoint 45, corresponding to the 
stand and checked off with a yellow arrow, to the 
waypoint 4, corresponding to a point of the runway joint 
and checked off with a yellow cross.  
 

 
Fig. 8 The optimal path between the waypoints 45 to 4. 
 
Once assigned the optimal path, the taxi route 

simulation has been implemented in the realistic scenario 
through a navigational database: fig.9 shows the actual 
aircraft position on it. 
 

 
Fig. 9 Results displayed in the synthetic environment. 

 
These results are presented as an initial approach 

toward the green operations concepts, in line with the 
even more stringent constraints within noise and pollution 
emissions. 

The optimization tool we propose could be useful to Air 
Traffic Controllers in the airport surface traffic flow 
management as advice in the context of air space 
complexity. 

Our intent is to extend, as further development, this 
approach to the management of multiple aircraft taxi 
operations and to the coordination of ground operations 
by means of optimal paths, in order to guarantee the 
aviation safety required. In fact, aircraft are described by 
their flight-plan (id, departure or arrival time, gate position, 
requested runway, etc.), their wake turbulence category 
(low, medium or high) and their take-off or landing 
distance. In order to perform conflict detection, a model 
for aircraft separation is required. 

In this context, the realistic scenario function goes 
beyond the planning aspect and it can be twofold: first it 
has a coordinating function that allows to share risks and 
strategies during the scenario process, second it can be 
useful to improve communication between airport 
operators. 

By the way, it is quite difficult to predict with a good 
accuracy the future positions of aircraft on taxiways. First 
of all, the exact departure time is generally known just a 
few minutes in advance and the exact landing time 
depends on the runway sequencing. Hence, the proposed 
model should take into account speed uncertainty, it must 
be regularly updated with real aircraft positions and we 
are quite conscious this is a very hard issue. 

References 
[1] D.E. Pitfield, A.S. Brooke and E.A. Jerrard. A Monte-
Carlo simulation of potentially conflicting ground 
movements at a new international airport. Journal of Air 
Transport Management 4,1, (1998) pp.3-9. 
[2] Y. Cheng. Solving push-out conflicts in apron 
taxiways of airports by a network based simulation. 
Computer Industrial Engineering 2, (1998) pp. 351-369. 
[3] H. Idris, J-P. Clarke, R. Bhuva, and L. Kang, Queuing 
Model for Taxi-Out Time Estimation, ATC Quarterly, 10,1, 
(2002) pp. 1-22. 
[4] I. Anagnostakis, and J-P. Clarke. Runway Operations 
Planning: A Two Stage Solution Methodology. 36th Hawaii 
International Conference on System Sciences 
(HICSS’03), Maui, Hawaii, January 3– 6, 2001. 
[5] F. Carr, A. Evans, J-P. Clarke and E.Feron. Modeling 
and Control of Airport Queueing Dynamics under Severe 
Flow Restrictions. American Control Conference, 
Anchorage, AK, May 8-10, 2002. 



475

S.Bagassi, D. Francia, F.Persiani  Simulating airport operations in a synthetic environment 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

[6] K. Andersson, F. Carr, E. Feron, and W.D. Hall, 
Analysis and Modeling of Ground Operations at Hub 
Airports, 3rd USA/Europe Air Traffic Management R&D 
seminar, Napoli, June 13-16, 2000. 
[7] J.B. Gotteland, N. Durand, J.M. Alliot and E. Page. 
Aircraft Ground Traffic Optimization. 4th International Air 
Traffic Management R&D Seminar ATM-2001, Santa Fe, 
NM, USA, 2001. 
[8] B. Pesic, N. Durand, and J.M. Aliot. Aircraft Ground 
Tra c Optimisation using a Genetic Algorithm. Genetic 
and Evolutionary Computation Conference GECCO, San 
Francisco, 2001. 
[9] J.W. Smeltink, M.J. Soomer, P.R. de Waal and R.D. 
van der Mei. An Optimisation Model for Airport Taxi 
Scheduling. 30th Conference on the Mathematics of 
Operations Research, Lunteren, The Netherlands, 
January 2005. 
[10] H. Balakrishnan and Y. Jung. A Framework for 
Coordinated Surface Operations Planning at Dallas-Fort 
Worth International Airport. Proceedings of the AIAA 
Guidance, Navigation, and Control Conference, Hilton 
Head, NC, August 2007. 
[11] P. C. Roling and H. G. Visser. Optimal Airport 
Surface Traffic Planning Using Mixed-Integer Linear 
Programming. International Journal of Aerospace 
Engineering, 2008. 
[12] A. Boccalatte, F. De Crescenzio, F. Flamigni and F. 
Persiani.  A Highly Integrated Graphic Environment  for 
Flight Data Analysis. XV ADM –XVII INGEGRAF 
International Conference, Sevilla, June 1-3,  2005. 
 



476

  

 

 

Proceedings of the IMProVe 2011 

International conference on Innovative Methods in Product Design 

June 15th – 17th, 2011, Venice, Italy 

 

Design Of Simulation Experiments method for Injection 
Molding process optimization 

A.O. Andrisano (a), F. Gherardini (a), F. Leali (a), M. Pellicciari (a), A. Vergnano (a) 
(a) Department of Mechanical and Civil Engineering – University of Modena and Reggio Emilia (Italy)  

 

Article Information 

Keywords: 
Design Of Experiments (DOE),  
Simulation experiments, 
Computer Aided Engineering (CAE),  
Integrated Design,  
Injection Molding (IM) 
 

Corresponding author: 
Francesco Gherardini 
Tel.: +39 059.205.6278 
Fax.: +39 059.205.6126  
e-mail: fgherardini@unimore.it 
Address: via Vignolese 905/B –
41125, Modena (Italy) 

Abstract 

Purpose: 
Many studies demonstrate that DOE, CAE and optimization tools can be very effective in 
product and process development, however their integration is still under investigation, 
hampering the applicability of such engineering methods in Industry. This paper presents a 
Design Of Simulation Experiments (DOSE) method, developed to determine the optimal set 
of process parameters (factors) for given product requirements (responses). 

Method: 
The method is developed performing an original selection and integration of engineering 
procedures and techniques based on DOE, CAE and multi-objective optimization, chosen 
according to the following criteria: ease of application, time-saving and use of reduced 
resources.  

Result: 
The developed method consists of two main steps: a first screening of factors based on a 
fractional DOE is followed by a systematic experimental plan based on the Response Surface 
Methodology (RSM), in which only key factors are investigated. A regression model is finally 
developed to describe the responses as functions of key factors and a multi-objective 
optimization is proposed to obtain optimal responses by tuning the process factors in their 
variability range. The DOSE method is finally validated on the design of an injection molded 
housing for a biomedical application. This thin shell component has dimension 
45mmx37mmx16mm, wall thickness from 2mm to 0,5mm and is made of polyphenylsulfone 
(PPSU), a high performance thermoplastic.  

Discussion & Conclusion: 
The design method achieves good responses in terms of dimensional and geometrical 
requirements (e.g. warpage, shrinkage, sink marks), and improves the shell moldability. The 
DOSE method can be easily adopted in industrial product/process development to define the 
optimal process parameters for a better final quality of the products. 

1 Introduction 
Injection Molding (IM) technology allows to produce 

complex shaped parts in short cycle time, in large 
quantities, with good dimensional accuracy and with light 
weight. The present industrial trend deals with the 
downsizing of products and the integration of aesthetic 
and engineering criteria. Typical examples of plastic 
molded parts are complex free-form casing and housings.  

The technology trend is to reduce the housing wall 
thickness [1, 2] and adopt high performance engineering 
plastics in order to host a large number of features into 
small volumes and to increase the internal space. The 
drawback is a greater difficulty in filling the mold cavity, 
due to the high length to thickness ratio [3], and defects, 
e.g. warpage, sink marks, shrinkage, finally may affect the 
product quality [4]. 

Many studies have focused on the remarkable 
influence of IM process parameters on final quality, 
especially in thin, light and small parts [1, 3-8], but an 
effective engineering optimization method has not yet 
univocally determined. Even if several mathematical 
models have been proposed and extensively developed, 

some different approaches can be still observed in 
Industry: 

- technicians’ experience guides the process 
parameters setting [9] and the values of the optimal 
process parameters come from empirical and stochastic 
estimations; 

- CAE is concurrently used in product development and 
process simulation, giving graphical and numerical 
feedbacks before mold manufacturing. Simulations help to 
select suitable materials, however, optimization of the 
process parameters is still based on a trial and error 
approach; 

- DOE and optimization methods are used to 
investigate and tune the manufacturing processes, 
through physical experiments, simulation experiments or a 
systematic combination of both. 

The lack of integration between practical experience, 
DOE approach and CAE process simulation hampers the 
knowledge about the influence of the rheological behavior 
of polymers along the IM process [1] and inhibits its 
effective optimization [10]. 

The present work aims to select and originally integrate 
different engineering procedures and techniques to 
develop an easy-to-use Design of Simulation Experiments 
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(DOSE) methodology which integrates DOE and CAE to 
identify the set of IM process parameters (factors) to be 
tuned for optimizing the product key requirements 
(responses).  

A brief literature review, focused on the IM process, is 
outlined in the following subsection. Section 2 presents a 
novel integrated two-steps DOSE method, based on: 
identification of process input factors and their variability 
range (2.1), DOE screening (2.2), Response Surface 
Methodology (RSM) for the identification of the system 
responses (2.3) and final multi-objective optimization 
(2.4). Section 3 deals with the description of an industrial 
case study: in 3.1 and 3.2 product geometry and 
simulation model are presented and in 3.3 numerical 
results are finally presented. Section 4 proposes some 
conclusions and future developments. Detailed numerical 
results are reported in Appendix. 

1.1 Literature review 

Scientific literature is rich of theoretic methodologies 
developed to set up factors in order to optimize the 
product responses, often based on computer simulation. 
Many studies demonstrate that DOE, CAE and statistical 
tools, such as RSM, can be integrated to solve 
optimization problems.  

In [11], the authors underline that DOE and Taguchi 
methods are being effectively applied worldwide to many 
industrial problems. This approach leads to higher quality 
on final products and reduces both design costs and 
times. 

Many studies are conducted to optimize performances 
in the field of IM by the application of experimental 
design. In [1], the RSM, based on centered Central 
Composite Design matrix, is applied to identify the effects 
of process parameters on shrinkage and warpage. In [3], 
Taguchi method and computer simulations are adopted to 
study warpage in an injection molded thin shell. In [4], 
several process parameters are analyzed, by Taguchi 
method, to investigate their influence on warpage. In [5], 
the authors investigate the warpage and shrinkage of a 
molded part with RSM modeled on a Taguchi 3-level 
orthogonal array; the process is simulated with Moldflow 
software. In [6], for a preliminary study, the authors 
propose the use of CAE software to identify some crucial 
settings for the IM process of a thin-shell plastic part. A 
predictive model of warpage, based on RSM and 
Moldflow analyses, is developed. A 3-levels orthogonal 
array is used for sampling the design space. Simulation 
results are then validated with physical experiments. In 
[7], the minimization of warpage on thin shell plastic is 
reached by integrating simulations, RSM and genetic 
algorithms. In [12], the effect on warpage and shrinkage 
produced by process parameters are studied by an 
experimental design consisted of a screening phase, 
based on fractional factorial to identify the main factors 
and interactions, and a second phase based on Taguchi 
design to optimize the process parameters. 

The referenced works present several case studies on 
the integration of DOE, CAE and statistical approaches. 
Many authors, on the other hand, outline that the 
applicability of engineering methods in Industry is 
however hampered by different reasons. In [13], the 
authors underline that many difficulties exist in DOE 
application, due to the need of planning, use of statistics, 
personnel’s knowledge and training. In [10], the authors 
claim that the wide use of DOE is limited by the lack of an 
effective and friendly method for molders and designers 

to control defects. On the other hand Industry more and 
more demands for thin wall features on plastic parts [7]. 

Therefore, the goal of this paper is to propose a 
method based on an original selection of techniques 
available in literature, aiming to a reasonable compromise 
between simplicity, applicability, speed and results 
accuracy through the adoption of an approach based on 
computer simulation and statistical analysis. 

2 DOSE method 
The DOSE method selects and integrates different 

tools and techniques used in product and process 
development, such as DOE and CAE, with more 
specialized ones, like RSM and multi-objective 
optimization. The core of DOSE is the deep integration of 
CAE simulations and DOE and, in first approximation, it 
does not introduce the variability of the molding process 
parameters, according to [4-7]. 

The DOSE method is a two-step systematic approach 
for the evaluation of the effect of factors on system 
responses thanks to numerical simulations. 

The complete process is described in Fig.1:  
1. identification of input factors, their variability ranges 
and system responses; 
2. first step: DOE screening of factors; 
3. second step: RSM identification of system 
responses;  
4. optimization of responses and validation test. 

 

Fig. 1 Workflow diagram. 

The first step is a preliminary phase, focused on 
screening the process factors by checking their influence 
on the responses. It is based on fractional factorial DOE 
and performed through simulation tools. The selected 
factors are data inputs for the next step. 

The second step is based on RSM and exploits an 
exhaustive DOE plan to sample the space design. The 
output is a regression model (or metamodel) that 
describes the system responses as functions of the 
selected factors. 

Finally, the regression model is integrated within a 
multi-objective optimization problem for the system 
responses, and an optimal set of values is determined for 
each factor by tuning the parameters in their variability 
range. 
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2.1 Input clarification 

The optimization goal is the first point to be clarified 
before starting the analysis. The formalization of the 
goals, and the stressing of the related problems, lead to 
the identification of critical factors and the definition of 
system performances. The identification of factors, i.e. 
process parameters, can be performed starting from 
different sources, such as literature review, previous data 
and studies, technicians’ experience. 

A lot of scientific papers deals with analysis and 
optimization of the IM process: many studies [5-7, 9, 10, 
12, 14] investigate the relevance of several IM 
parameters on the final quality of molded parts. Looking 
at warpage and shrinkage as the main defects to be 
avoided in IM, a list of related key factors is: filling time, 
injection pressure, mold temperature, melt temperature, 
packing pressure and time, cooling time and coolant 
temperature. In some cases, other factors are 
investigated, as fill/post fill switchover control and packing 
profile in [12], and holding pressure with variable or two-
stage profiles [15]. According to the wide scientific 
literature, the most influential factors on warpage are: 
packing pressure [4], melt temperature [2, 12], packing 
pressure and mold temperature [3], melting temperature 
and packing pressure [6]. 

Once determined which predominant factors affect the 
process, their variability range must be investigated. 
Upper and lower limits can be calculated from theoretical 
or empirical equations, directly found in material data 
sheets or carried out with trial runs. 

System factors must be related to measurable 
responses: in IM common significant responses are 
warpage, shrinkage, sink marks and dimensional or 
geometric features. 

2.2 First step: DOE screening of factors 

The factors screening is based on experimental 
design, to evaluate main effects and interactions without 
affecting the final regression model [16]. 

The phases of this first step are:  
- determination of the design space;  
- realization of simulation experiments;  
- selection of screened factors. 
The number of factors and the number of their levels 

determine the design space, i.e. a geometrical 
representation of the number of simulation runs.  

Testing all combinations of factors levels, as in a full 
factorial design, requires high computational resources 
because the number of runs can be very high when many 
factors need to be considered. Many authors [9, 10, 12] 
suggest the use of fractional factorial design, which uses 
only a fraction of the runs required by a full factorial 
design, limiting the experimental runs. In [13] a fractional 
two-levels factorial is suggest as a good design choice for 
the initial stage of the analysis. However, fractional 
factorial design is generally characterized by low 
resolution, i.e. the capability to separate only main effects 
and low-order interactions, so, at this stage, main effects 
and interactions may be aliased with others. In order to 
get a univocal data interpretation in interaction analysis, 
the maximum resolution should be used [17].  

Anderson and Whitcomb propose [18] the use of a 
specific and more efficient design with a minimal number 
of runs but high resolution, referred to as “Min Res V”. In 
this way, no main effects or two factor interactions are 
aliased with any other main effect or two-factor 
interaction, but the number of runs is highly reduced: a 

great number of effects can be so easily evaluated by this 
screening design, in order to choose only the significant 
ones. The first step of the proposed method is based on 
this minimal factorial design with high resolution. 

For conducting the experiments scheduled by DOE, 
simulations of IM process are set up. All the factors 
assume their selected levels according to the DOE matrix. 
The results of fractional factorial experiments are 
generally analyzed by evaluating the main effects and 
mutual interactions for all factors as calculated in [19]. 

However, the analysis of the screening results can be 
more easily and efficiently conducted by graphical tools 
developed by statistical software, as in [6, 9, 10, 12, 16]. 
In this way, the magnitude of main effects and interactions 
can be plotted: two useful approaches are the Pareto 
charts and the Normal plots, that are selected for the 
method. The Pareto chart plots the effects of the absolute 
value of the standardized effects in decreasing order and 
draws a reference line on the chart. Any effect extending 
over this reference line is significant. The Normal plot 
gives the same results of Pareto chart: the line in the plot 
indicates where the points would be expected or would fall 
if there were no effects. Significant effects are larger and 
farther from the line than non-significant effects. 

This step of the method delivers a list of significant 
factors as data input for the second step of DOSE 
method. 

2.3 Second step: RSM identification of system 
responses 

Response Surface Methodology (RSM) is based on 
experimental design to sample the system responses by 
varying the parameters in their variability ranges.  

The system responses are described by regression 
models as function of the input variables to obtain 3D 
graphical representations, i.e. Response Surfaces (RSs).  

The general purpose of a DOE study is to determine 
which level of a selected factor can lead to best 
performance: by a Taguchi approach, as in [2-4, 10, 12, 
14], it is possible to determine which of the tested 
combinations of factors levels produces the best results. 
In other studies [1, 5, 6, 8], an approach based on RSM 
allows to develop a regression model, i.e. predictive 
model of the system behavior. 

The purpose of this second step is to determine the 
optimal values in all the factors domains and not only 
among the tested combinations in experimental plan: in 
this way, RSM is selected for the method to generate a 
predictive model that can be queried by an optimization 
tool in the next phase. 

The second step of the proposed methodology consists 
of the following phases: 

- determination of the design space, 
- realization of simulation experiments, 
- creation of regression model. 
The design space is determined on the number of 

significant factors and their levels. The significant factors 
are varied within their variability ranges, while the non-
significant are set at the levels that reduce variations of 
responses according to the results of the previous DOE 
phase. 

An experimental plan explores the space of the 
independent variables, i.e. the significant factors. A 
regression model can be developed through different 
experimental matrix: in [4] and in [7] a Taguchi design and 
a full factorial are respectively used, but these do not 
represent the most efficient choices. One of the most 
fitted and relevant experimental design for a RSM 
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application is Central Composite Design (CCD) that is 
very efficient in reducing the number of runs, as claimed 
in [17], with respect to a full factorial 3-levels design. The 
simulation experiments are so conducted according to the 
CCD experimental matrix in order to sample the design 
space. 

Based on numerical simulation results, the responses 
are expressed as functions of input factors and 
polynomial models for the available data set: 

 
   (1) 

  
where β0, βi, βij are tuning coefficients, n is the number of 
model factors and ε is an error term. 

The number of runs is strictly related to the order of the 
regression model and to the number of unknown 
coefficients. From this point of view, CCD is a very 
efficient tool in RSM to calculate the empirical relationship 
for the RS without loss of accuracy [20]. 

2.4 Optimization of responses and validation 
test 

Optimization of IM involves multiple factors and 
multiple responses. The goal is to determine a 
combination of levels for every factor through a multi-
objective optimization. Each level has to satisfy the 
requirements (i.e. optimization criteria) for the responses 
[20].  

A constrained non-linear approach is selected and 
used to solve a numerical multi-objective optimization. A 
typical non-linear constrained optimization problem is 
finding a vector x that is a local minimum to a scalar 
function f(x) subject to constraints on the allowable x [21]: 

 
  (2) 
subject to:   
  
  
  

where f(x):Rn→R is the objective function, ci(x) are 
constraint functions, E is the set of equality constraints 
and I the set of inequality constraints. To solve the 
problem, an algorithm based on Sequential Quadratic 
Programming (SQP) is used. 

After obtaining a combination of optimal values for 
every process factors, a validation test can be conducted 
using optimized values for the factors to check the validity 
of the predictive model. 

3 Case study  
The developed method is applied to the IM process 

simulation of the cover of a thin shell housing for a 
biomedical electronic device, aimed to the radiolocation 
and tracking of patients in a hospital.  

The goal of the study is to determine the set of 
parameters which leads to the best part moldability with 
the lowest global warpage. Two particular geometric 
features are investigated on the blue upper cover shown 
in Fig. 2: the lower edge, where the cover is coupled with 
the transparent base, and the top hole, where the black 
cylindrical antenna is fitted to the cover. 

The interference fitting for the antenna assembly 
demands for a circularity of the top hole conform to class 
H of the standard ISO 2768. The same limit is given for 
the planarity of the lower edge surface required for mating 
with the corresponding surface in the lower shell part of 

the housing. The cover is made of polyphenylsulfone 
(PPSU), a high performance amorphous thermoplastic. 
The commercial name is Radel R5000, by Solvay, and it 
is used in applications for surgical tools and instruments, 
hospital goods and dental applications because of its 
resistance to autoclave sterilization. A second market for 
PPSU is electronics and automotive applications because 
of its resistance at high temperature and for its good 
dielectric properties. 

 

Fig. 2 Radiolocation and tracking device. 

3.1 Product and mold geometry  

The dimensions of the housing, shown in Fig. 3, are 
45mmx37mmx16mm and the wall thickness range from 
2mm to 0,5mm.  

The mold is provided with a cold runner system, 
consisting of a runner and a submarine gate. The runner 
is conic, with maximum diameter of 7,1mm, minimum 
diameter of 4,5mm, and length of 50mm. The tunnel of the 
submarine gate is pointed tapered, with a circular gate of 
1,2mm diameter. The mold has one cavity and heating 
rods. 

3.2 Simulation model 

The part is modeled with a three-dimensional solid 
elements representation. A Finite Elements model of the 
housing is created by meshing the geometry into 264.000 
tetrahedron elements [8]. The choice of solid tetrahedron 
mesh helps in precision and reliability of the analysis. The 
commercial CAE simulation software Moldex3D, by 
CoreTech System, is used to simulate the IM process. 
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Fig. 3 Geometry of shell housing and runner system. 

3.3 DOSE method results 

The following section presents the results of the 
application of the DOSE method on the optimization of 
the blue housing cover. 

3.3.1 Input clarification  

The preliminary phase is the identification of input 
control factors, variability ranges and responses of the 
system. 

According to the scientific literature (see subsection 
2.1), several factors affect the geometric shape of molded 
parts. The present work investigates the following control 
factors: melt temperature, mold temperature, injection 
time, injection pressure, packing time and pressure and 
filling to packing (F/P) switchover point. 

For each factor, a variability range is determined on 
the basis of technological data and of previous 
experiences in the same field: melt and mold temperature 
are set by commercial data sheet of PPSU, injection time, 
packing time and F/P switchover point by technicians’ 
experience, injection and packing pressure by trial runs, 
as in Tab. 1. 

 
Factor Variability range Units 
Melt Temperature 340-400 °C 
Mold Temperature 138-163 °C 
Injection time 0,3-0,9 s 
Max. injection pressure 90-150 MPa 
Packing time 2-9 s 
Packing pressure 90-150 MPa 
F/P switch point 92-98 % 

Tab. 1 Factors and their variability range. 

The system responses are the global warpage of the 
part and two geometrical features: the planarity of the 
lower edge surface of the shell housing and the circularity 
of the antenna hole. The values of those responses are 
measured as the displacements of measurement nodes 
from nominal positions. As in Fig. 4, 27 measurement 
nodes are set on the lower edge surface and 24 
measurement nodes are set on the antenna hole edge. 

 

Fig. 4 Measurement nodes on the housing mesh model  

The global warpage is evaluated by the average total 
displacement of all mesh nodes from their nominal 
positions; the planarity of the lower edge surface is 
determined by the average z-displacement of the 
measurement nodes; the circularity of the upper hole is 
determined by a circularity index based on radius 
variation, i.e. the absolute difference between the nominal 
radius value and the average radius of measurement 
nodes of each run.  

3.3.2 First step: DOE screening of factors 

The first-step is the screening of process factors based 
on DOE. 7 factors with 2 levels are chosen. The factors 
and their relative levels are shown in Tab. 2. 

 

Factor Lower 
level (-1) 

Upper 
level (+1) 

Units 

Melt Temperature 360 380 °C 
Mold Temperature 140 160 °C 
Injection time 0,5 0,7 s 
Max. injection pressure 105 135 MPa 
Packing time 4 7 s 
Packing pressure 105 135 MPa 
F/P switch point 94 97 % 

Tab. 2 Levels for experimental design. 

The selection of levels values is determined inside the 
variability range for each factor. 

To plan and conduct experimental design, a 
commercial software for DOE (Design Expert, by Stat-
Ease) is used. For screening design, a minimal fractional 
factorial design with resolution V is selected, with 2-levels 
for each factor: it represents a good alternative to the 
standard two-level factorial designs [22]. In this way only 
30 runs are needed instead of 128 runs as in a full 
factorial design.  

For carrying out the runs, a standard PC (Intel Core2 
Duo CPU E8400 @ 3.00GHz, 2.0GB RAM, NVIDIA 
GeForce 8800 GT) is used to demonstrate the 
applicability of the method: the run time is around two 
hours, so the screening phase takes two and a half days. 

The simulation experiments are executed as described 
in Appendix 1 and their responses are reported in Tab. 3. 

 

Run 
Global 

warpage 
(mm) 

Z 
displacement 

(mm) 

Delta 
radius 
(mm) 

1 0,057 0,031 0,067 
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2 0,065 0,037 0,072 
3 0,066 0,036 0,076 
4 0,059 0,033 0,067 
5 0,043 0,024 0,048 
6 0,034 0,019 0,039 
7 0,040 0,021 0,049 
8 0,040 0,023 0,046 
9 0,060 0,035 0,066 

10 0,040 0,021 0,049 
11 0,033 0,017 0,040 
12 0,034 0,019 0,039 
13 0,060 0,034 0,065 
14 0,059 0,034 0,066 
15 0,065 0,036 0,076 
16 0,066 0,037 0,075 
17 0,041 0,023 0,047 
18 0,042 0,022 0,050 
19 0,042 0,024 0,047 
20 0,068 0,039 0,075 
21 0,059 0,034 0,066 
22 0,034 0,018 0,041 
23 0,036 0,021 0,041 
24 0,035 0,019 0,041 
25 0,060 0,033 0,069 
26 0,067 0,039 0,074 
27 0,065 0,036 0,076 
28 0,035 0,019 0,041 
29 0,060 0,035 0,066 
30 0,039 0,020 0,048 

Tab. 3 Results of fractional factorial design for DOE 
screening on system factors. 

To evaluate main and interactions effects a Pareto 
chart and a Normal plot are created. They both represent 
main effects and interactions. 

Pareto charts are shown in Fig. 5-a, 5-b and 5-c. The 
main effects and interactions are plotted in decreasing 
order of the absolute value of the effects. Any effect that 
extends over the orange reference line on the chart is 
considered as significant. 

Normal plots give the same result of the Pareto chart, 
as in Fig. 6-a, b and c. The significant effects deviate from 
the reference line more than the non significant effects. 

The significance of factors is determined as follow: the 
most significant factors determine important variation in 
the system responses. The screening output is the 
following selected number of significant parameters: melt 
temperature (B), mold temperature (C), packing time (E) 
and packing pressure (F). 

The other factors, as described in subsection 2.1, 
which have lower influence on the system responses, are 
set to the level that reduces the variation of responses 
according to the results of the previous DOE and are 
maintained constant in the following experiments. 
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Fig. 5 Pareto charts of main effects and interactions on a) 

global warpage, b) planarity, c) circularity (only the first ten 

significant main effects or interactions are represented). 

 

 

 

Fig. 6 Normal plots of main effects and interactions on a) 

global warpage, b) planarity, c) circularity. 

3.3.3 Second step: RSM identification of system 
responses 

The second step is the determination of system 
responses by RSM. Design experiments are then 
implemented considering only the significant factors found 
by the screening DOE, i.e. melt temperature, mold 
temperature, packing time and packing pressure. 

A CCD design is used for the development of a 
regression model. The factorial portion of CCD is a full 
factorial design with all combinations of the factors at two 
levels (coded levels +1 and -1): those levels are fixed at 
the same values of the previous screening design. A 
number of 8 star points and a central point (coded level 0) 
are added. The star points correspond to an 

(c
-value equal 

to 2. The simulation experiments are executed according 
to Appendix 2 and their responses are shown in Tab. 4. 

 

Run 
Global 

warpage 
(mm) 

Z 
displacement 

(mm) 

Delta 
radius 
(mm) 

1 0,057 0,031 0,067 
2 0,064 0,035 0,074 
3 0,059 0,033 0,067 
4 0,066 0,036 0,076 
5 0,058 0,033 0,065 
6 0,065 0,037 0,072 
7 0,060 0,034 0,065 
8 0,067 0,039 0,074 
9 0,033 0,017 0,040 

10 0,039 0,020 0,048 
11 0,035 0,019 0,041 
12 0,041 0,022 0,049 
13 0,034 0,022 0,049 
14 0,040 0,023 0,046 
15 0,036 0,020 0,040 
16 0,042 0,024 0,047 
17 0,043 0,024 0,049 
18 0,056 0,031 0,064 
19 0,047 0,026 0,055 
20 0,051 0,029 0,058 
21 0,052 0,027 0,059 
22 0,050 0,029 0,055 
23 0,076 0,043 0,085 
24 0,027 0,014 0,032 
25 0,049 0,028 0,057 

Tab. 4 Result according to CCD with =2. 

A regression model is formulated on the CCD output 
data. A second order polynomial regression model for 
both warpage and geometrical features is developed. A 
second order polynomial is suitable for detecting the 
presence of important interactions between factors. 

By Design Expert, the regression models are 
generated. The analysis of the correlation coefficients R2 
and R2

adj, defined as in [17], shows excellent fitting of the 
developed regression models, due to their values that are 
all above 0,97. After determining the coefficients of Eq. 1 
by least square error fitting, the final statistical model to 
estimate the responses are given, in terms of actual 
values: 
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Global warpage:    
 

  (3) 

Z displacement for planarity:   
 

  (4) 

 
 
 
 
 
 
 
 
 
 
 
 
Delta radius for hole circularity: 
 

  (5) 

 

3.3.4 Optimization of responses and validation 
test 

The optimization of responses and validation test are 
then performed. The regression model is interfaced with 
an effective multi-objective optimization to find the 
optimum process parameter values. The optimization 
problem is solved by a constrained non-linear approach 
as in Eq. 2 with Matlab: 

 
  (6) 
 

subject to constraints:  
  

   

 
where q is the optimization variable and its lower (lb) and 
upper (ub) boundaries are respectively lb=[340, 138, 2, 
90] and ub=[400, 163, 9, 150]. The constraints C reflect 
the geometric tolerance values for the planarity and the 
circularity. 

The optimal values for the minimization of the global 
warpage (Y1), lower edge surface planarity (Y2) and hole 
circularity (Y3) are represented by the combination of 
factors values shown in Tab. 5: 

 
 Melt 

T. 
(°C) 

Mold 
T. 

(°C) 

Pack 
t. 

(s) 

Pack 
p. 

(MPa) 

Y1 
(mm) 

Y2 
(mm) 

Y3 
(mm) 

values 350 138 3,17 150 0,019 0,010 0,028 

Tab. 5 Optimized values of factors and relative responses. 

Graphical representations of optimized data are 
plotted. Only few of the RSs show significant effects of 
factors interactions on systems responses. Two samples 
are shown in Fig. 7-a and Fig. 7-b. The interactions 
between B and C for the optimized values of A and D are 
significant. The relative 2D contour plots are visible in the 
x-y plane of the 3D graphs. 
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Fig. 7-a Surface plot of interaction between factors B and C, 

for fixed values of A and D, in global warpage analysis. 

 

Fig. 7-b Surface plot of interaction between factors B and C, 

for fixed values of A and D, in delta radius analysis. 

The graphical analysis of all 3D RSs leads to the 
following considerations: 

- there are no stationary points in the domains of the 
factors; 

- the optimal values that minimize the responses lie on 
the boundary of factors domains for factors A, B and D; 

- there are not significant second order interactions 
between factors A, B and D: all the RSs have no 
important curvatures but have quite planar trends; 

- C is the only factor that shows interactions with the 
other factors, especially with B. 

In order to validate the developed regression model, 
an additional simulation is performed by setting the 
factors to the predicted optimal values of Tab. 5, as a 
validation test. If the results of this validation test present 
a low relative error with the predictive values (Tab. 5), the 
developed regression model is suitable for describing the 
process behavior. Tab. 6 reports the results of this 
additional simulation based on the optimized combination 
of factors values. 

 
 Melt 

T. 
(°C) 

Mold 
T. 

(°C) 

Pack 
t. 

(s) 

Pack 
p. 

(MPa) 

Y1 
(mm) 

Y2 
(mm) 

Y3 
(mm) 

values 350 138 3,17 150 0,022 0,010 0,027 

Tab. 6 Optimized values of factors and relative responses. 

The results in Tab. 6 show good agreement with those 
presented in Tab. 5 and then an acceptable relative error. 

 

4 Conclusion and discussion  
The optimization of factors values in the field of IM is 

non univocally solved by researchers and industrial 
engineers, because many approaches have been 
developed, but some lacks are still identified.  

Starting from the analysis of the wide state-of-the-art 
and scientific literature, methods and tools are selected, 
integrated and proposed in the present paper as a 
suitable trade-off between ease of use, speed and results 
accuracy. 

A two-step experimental method is so developed to 
quickly determine the optimal process parameters to 
improve the quality of molded parts by integrating CAE 
simulation and experimental design methods.  

In the first step, significant factors are identified by an 
effective factorial design. In the second step, the factors 
are used to implement a CCD experimental plan in the 
RSM. Predictive models for system responses are 
developed as regression models and an optimal set of 
process parameters is identified by multi-objective 
optimization. A final simulation is run to confirm the 
results. 

The proposed method leads to an easy-to-use 
approach, because of the procedural approach that 
guides the user and helps him by the use of well-known 
techniques and graphical tools analysis. As a 
consequence, there is a reduction of uncertainties in 
factors selection and in experimental plan iteration, also 
due to the screening phase of this two-step method. The 
evaluation of the results leads to the following 
considerations: 

- CAE simulations of IM process cannot substitute 
physical experiments but, especially in first stages of 
product development design, they can help in predicting 
the product performances and the process requirements 
with a less expensive and more efficient approach; 

- the use of simulation experiments enhances the 
analysis of the molding process by showing the influence 
of factors on the responses; for example the analysis of 
the packing phase leads to understand in which moment 
the introduction of further molten polymer is unnecessary, 
due to the frozen gate, saving energy and reducing the 
cycle time; 

- the test of the all factors that affect IM process is very 
expensive and time consuming, so in many studies they 
are chosen arbitrarily as data input for experimental 
design. Conversely, in the proposed method, a great 
number of effects can be easily evaluated by efficient well 
structured screening design, in order to choose only the 
significant ones; 

- the application of DOE method is supported by 
statistical software. However, the fractional factorial and 
the CCD matrices are easy-to-use and widely available; 

- the use of RSM and multi-objective optimization 
allows to determine the optimal values in all the factors 
domains and not only among the tested combinations in 
experimental plan; 

- warpage and geometrical features cannot be directly 
controlled because they are typically driven by physical 
phenomena difficult to model. The difficulty in predicting 
the system responses as function of input factors is 
overcome by the use of a quadratic regression model. 

The evaluation of the DOSE results leads to the 
following observations: 

- the regression model developed by least square error 
fitting shows a good behavior in predicting the system 
responses, as checked by the correlation coefficients and 
shown by the validation test. Moreover a further 
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regression model was developed by Gaussian method to 
check the adequacy of the first model, and it shows high 
convergence in results; 

- the developed RSs present global minima outside the 
investigated design space. This behavior is not related to 
the model adopted for RSs, as confirmed by the 
comparison with Gaussian regression model; 

- the housing cover has been produced in a limited 
pre-series using different values of process factors: the 
use of the DOSE optimized factors leads to better 
performances in terms of warpage reduction, fitting 
dimensional and geometrical requirements and good 
respect of functional requirements. 

The most important factor involved in geometry 
deformation of the thin shell housing is packing pressure, 
whose higher values reduce warpage and distortions. The 
optimization method leads to individuate an optimal value 
for packing time, that is internal to the factor variability 
range. 

Future work deals with the validation of the developed 
methodology through a wide physical experimental 
campaign, currently ongoing. The limits introduced by the 
deterministic nature of numerical simulations will be finally 
evaluated by the comparison between simulation and 
physical IM process behavior. 

Appendix 
Appendix 1. Fractional factorial design for screening 7 

factors, with 2 levels each, based on Min Res V [22]: 
  

Run A B C D E F G 
1 -1 -1 -1 1 -1 -1 1 
2 -1 1 -1 -1 1 -1 -1 
3 -1 1 1 1 -1 -1 1 
4 -1 -1 1 -1 -1 -1 1 
5 1 1 1 1 1 1 1 
6 -1 -1 -1 -1 1 1 -1 
7 1 1 -1 -1 -1 1 -1 
8 -1 1 -1 1 1 1 -1 
9 1 -1 1 -1 1 -1 -1 

10 1 1 -1 1 -1 1 1 
11 -1 -1 -1 1 -1 1 -1 
12 -1 -1 -1 1 1 1 1 
13 -1 -1 1 1 1 -1 -1 
14 1 -1 -1 1 1 -1 -1 
15 1 1 -1 1 -1 -1 -1 
16 -1 1 1 -1 -1 -1 -1 
17 1 1 -1 -1 1 1 1 
18 1 1 1 -1 -1 1 1 
19 -1 1 1 -1 1 1 -1 
20 1 1 1 1 1 -1 -1 
21 1 -1 -1 -1 1 -1 1 
22 1 -1 -1 -1 -1 1 1 
23 1 -1 1 1 1 1 -1 
24 -1 -1 1 -1 -1 1 -1 
25 1 -1 1 1 -1 -1 -1 
26 -1 1 1 -1 1 -1 1 
27 1 1 -1 -1 -1 -1 1 
28 -1 -1 1 1 -1 1 1 
29 1 -1 1 1 1 -1 1 
30 -1 1 -1 -1 -1 1 1 

 

Appendix 2. Central Composite Design with =2 for 4 
factors: 

 
Run A B C D 

1 -1 -1 -1 -1 
2 1 -1 -1 -1 
3 -1 1 -1 -1 
4 1 1 -1 -1 
5 -1 -1 1 -1 
6 1 -1 1 -1 
7 -1 1 1 -1 
8 1 1 1 -1 
9 -1 -1 -1 1 

10 1 -1 -1 1 
11 -1 1 -1 1 
12 1 1 -1 1 
13 -1 -1 1 1 
14 1 -1 1 1 
15 -1 1 1 1 
16 1 1 1 1 
17 -2 0 0 0 
18 2 0 0 0 
19 0 -2 0 0 
20 0 2 0 0 
21 0 0 -2 0 
22 0 0 2 0 
23 0 0 0 -2 
24 0 0 0 2 
25 0 0 0 0 
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Abstract 

Purpose: 
The present paper focuses on the parametric analysis of the sole of occupational footwear in 
order to improve the perceived human comfort. By combining real experimental tests and 
virtual simulations, the sensitivity of both geometric and material design factors, on comfort 
degree, was investigated. 

Method: 
The correlation among perceived human comfort and physical parameters, such as plantar 
pressures, was estimated by conducting real tests. Experimenters were asked to wear three 
commercial shoes and to express their perceived comfort degree. A bar-foot test was also 
performed. By adopting plantar sensors, plantar pressures were also monitored. Once given 
such a correlation, a parametric FE model of the footwear was developed. In order to better 
simulate the contact at plantar surface, a detailed FE model of the foot was also generated 
starting from CT scan images. 
A fractional factorial design array was, finally, used to study the sensitivity of different sets of 
design factors on comfort degree. In the present study only a static standing-up configuration 
was analyzed. 

Result: 
Findings of this research showed that sole thickness and its material highly influence 
perceived comfort. In particular, softer materials and thicker sole designs contribute to 
increase comfort degree.  

Discussion & Conclusion: 
Despite all simplifications and limitations, the proposed methodology may be successfully 
adopted in other industrial applications, in which the design (or re-design) of new products is 
driven by the satisfaction or the sensations of users.     

1 Introduction 
Comfort assessment is a crucial task in product design. 

This is especially true for certain categories of products 
characterized by repeated and prolonged usage, such as 
footwear. It was reported that the perceived human 
comfort is strongly related to the footwear design, in 
terms, for example, of adopted materials, insole and 
outsole thickness and shape [1]. 

In this contest, the opinions of users may provide 
valuable information whether or not a shoe is comfortable. 
However, this information is often limited to qualitative 
descriptions, which cannot quantify the causes of comfort 
or discomfort. Therefore, in order to "quantify" what may 
influence comfort and discomfort, the relationship 
between the human perceived parameters and measuring 
parameters should be determined [2]. 

Over last two decades, researchers, especially in the 
medical and bio-mechanical fields, have addressed their 
attention to comfort issues. Some studies were mainly 
based on questionnaires as an indication of user 
preferences [3, 4]. However, very few researches have 
focused on the evaluation of the analytical correlation 

between subjective and objective parameters.  
In [5] it was reported that physiological factors, such as 

plantar pressures, are strongly related to physical 
parameters such as materials and plantar shape. 

A first valid scientific contribution to the analysis of 
correlation was offered by Jordan et al. [6]. They 
attempted to correlate the subjective perceptions of users 
with dorsal and plantar pressure distribution through 
short-term dynamic tests. Perceived comfort was 
measured by using specific questionnaires, while 
pressure distributions were monitored through high 
resolution insole sensors. The study showed that a high 
peak pressure corresponds to a low perceived comfort. 
Moreover, authors highlighted the need to further 
investigate other objective parameters that may affect the 
user perception (heat transfer, for example).  

Witana et al. [7] tried to identify the interaction between 
comfort and plantar shape. They found substantial 
differences between the subjective perceptions of users 
related to the mid-foot for different tested materials, thus 
confirming that comfort perceptions, for different areas of 
the plantar foot, are quite different. 

While on one hand experimental tests, carried out on 
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different product designs, give valuable results, on the 
other hand, the large number of design parameters would 
make extremely difficult and expensive to identify the 
optimal design through tests with real prototypes. In this 
sense, using virtual simulations and parametric models 
may be a valid support. 

Recently, in order to give a valuable support to 
experimental investigations, computational methods, 
based on FE modeling, have been adopted. FE models of 
human foot have been developed under certain 
simplifications and assumptions [8-11] such as: (i) 
simplified or partial foot geometry, (ii) assumptions of non-
linear hyper-elastic material law, (iii) ligaments and 
plantar fascia modeled as equivalent forces or elastic 
beams/bars, (iiii) no friction or thermal effect, at plantar 
foot interface, accounted. 

In this contest, Cheung and Zhang [12] combined FEM 
and Taguchi methods to identify the sensitivity of five 
design factors (arch type, insole and mid-sole thickness, 
insole and mid-sole stiffness) of footwear on peak plantar 
pressure. From FEM predictions, the most important 
design factors, able to reduce the peak plantar pressure, 
were found-out. 

Starting from the literature review, the present paper 
focuses on the parametric analysis of the sole of 
occupational footwear in order to figure out which 
parameters influence human comfort. In this term, the 
analysis allows to define the best design of that sole in 
order to maximize comfort. 

Subjective perceived comfort and plantar pressure 
maps were correlated by using experimental tests on 
different commercial shoes. So a comfort function was 
estimated. Then the Taguchi method was adopted to 
study the influence of different design settings. A FE 
model was adopted for this purpose. Finally, by 
statistically analyzing simulated plantar pressure maps, 
the most influencing design factors were identified. 

 

 

Fig. 1 General work-flow methodology 

2 Methodological overview 
Fig. 1 depicts the general methodology adopted in the 

present paper. 
First of all, how to correlate subjective perceived 

comfort to physical and measurable variables, such as 
contact pressure maps, was investigated. To do this, 

twenty three users were involved in short-term static tests 
and for each of them four different footwear were worn. 
During the experiments, plantar pressure maps were 
recorded by means of high resolution insole sensors. 
Then, subjective ratings, related to perceived comfort, 
were collected by means of questionnaires. 

By comparing the perceived comfort rate to the 
measured pressure maps, a comfort function, depending 
on the peak pressure, was established. 

Once the comfort function was estimated, Taguchi 
method was used to study the sensitivity of different 
design settings on plantar peak pressure and then on the 
comfort rate, with respect to the sole of the occupational 
footwear being optimized.  A 3D FE model of the footwear 
was developed for this purpose. In order to simulate as 
much as possible the contact among the plantar surface 
and the foot, an anatomical detailed FE human foot model 
- with soft tissue, bones and cartilages - was created from 
CT scans.  

In accordance with a fractional factorial design, virtual 
prototypes were developed, by selecting combinations of 
design factors (materials and geometry shape 
parameters). By statistically analyzing plantar pressure 
maps, the most influencing design factors were identified. 

The following hypotheses were formulated: 
- only footwear sole accounted: vamp and upper-sole 

were not modeled. This means that the interaction 
effect among dorsal/lateral and plantar pressure was 
neglected; 

- no thermal effect considered: gradient of temperature 
may influence perceived comfort, but it is here 
neglected as users have worn shoes for a short time; 
and, 

- short-term static tests considered: when running or 
walking, perceived human comfort may be influenced 
by temperature, humidity and interaction among 
dorsal and plantar pressures. In the present research 
only a static balanced standing-up configuration was 
modeled. 

The plantar foot was subdivided into three zones, as 
also suggested in [13]. Fig. 2 depicts the proposed foot 
division (three areas are shortly identified: rear-foot, mid-
foot and fore-foot). 

 

 

Fig. 2 Foot sub-division 

Plantar pressure maps were recorded by using a high 
resolution plantar sensor (with 512 sensors 0.5x0.7 cm). 
Each sensor provides four pressure values. 
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3 Experimental phase 
The experimental phase deals with the measurement of 

pressure map distributions in order to carry-out the 
correlation among subjective and physical variables.  

According to [6], the following physical (or objective) 
parameters were accounted (each of them is related to 
sub-areas of the foot): 
- contact area: number of active sensor points (a 

sensor point is assumed "active" if the related 
pressure is not zero); 

- peak plantar pressure: maximum pressure value; 
and, 

- weight distribution: net force, calculated as resultant 
pressure over contact area. The weight distribution 
may be considered as percentage of body-weight 
transmitted to the insole for each foot zone. 

whereas, the considered subjective parameters were: 
- global comfort degree; and, 
- local comfort degree, related to every foot area. 

For each experimenter four shoe-configurations were 
tested (named "A", "B", "C" and "D"). Configuration D 
corresponds to a bare-foot test. 

3.1 Participants  

The participants of the experimental session were 
selected among students of the School of Engineering at 
University of Naples, Federico II - Italy. Their ages ranged 
between 20 and 28 years, with 41 shoe size (European 
size). 

 

 

Fig. 3 One phase of the testing procedure 

After screening all people with foot pathology and 
abnormal pressure maps, twenty three experimenters 
(thirteen males and ten females) were selected. 

In order to avoid the influence of aesthetic qualities of 
the shoes, all experimenters conducted their test 
blindfolded. 

Fig. 3 shows a phase of the testing procedure: 
experimenter is firstly blindfolded; then, she/he is aided to 
wear the shoes with the insole; finally, pressure maps are 
recorded. 
When recording pressure maps, experimenters were 
asked to stand-up in a balanced configuration and not 
make sharp movement for 10-15 seconds (recording 
time). 

3.2 Experimental protocol 

Participant's feet were cleaned with warm water and 
then dried. Physical information was also collected: 
height, weight, foot size. 

The order of tests was randomly selected, to avoid the 
effect of noise factors connected to sequence in shoes 
wearing and experimental conditions [14]. 

The insole sensor device was re-calibrated before every 
test. Right and left feet pressures were measured to 

identify possible pathology unknown to the experimenter, 
before the test. Subjects with abnormal pathology were, 
then, discarded from the data analysis. 

Output pressure maps were processed within an ad-hoc 
MatLAB® tool, allowing to calculate objective parameters: 
contact area, peak plantar pressure and weight 
distribution. The tool assures the repeatability of the 
subdivision of the foot areas. For each map two extreme 
points must be manually identified (point P1 and P4, as 
depicted into fig. 2). Then, the tool automatically provided 
the breakdown points (P2 and P3 into fig, 2). 

 

 

Fig. 4 Adopted questionnaire for comfort rating  

After measuring pressure, in order to evaluate perceived 
comfort, a 10-level scale questionnaire (see fig. 4) was 
asked to be compiled (0 - absence of comfort; 10 - 
extremely comfortable). More specifically, for each test, 
experimenters expressed their rating preferences both for 
the whole plantar (global comfort degree) and for each 
plantar area (local comfort degree). 

3.3 Data analysis  

To assess the reliability of questionnaire results, all 
experimenters repeated unconsciously one of the four 
tests. The repeatability test was conducted for the shoe-
configuration C. Based on the Mann-Whitney test [15], 
five experimenters were excluded from the data analysis. 

Looking at tab. 1, where mean values (calculated over 
all final eighteen experimenters) are reported, it is of 
interest analyzing trends of both objective and subjective 
parameters with respect to shoe-configurations. 
Configuration C exhibited the lowest peak pressure (in 
KPa) in fore-foot and rear-foot areas. As expected, in test 
D (bare-foot) the highest peak pressure was achieved in 
the rear-foot and fore-foot zones. 

Objective parameters (contact area, peak pressure and 
weight distribution, related to fore-foot and rear-foot 
areas) and subjective parameters were correlated each-
other. In particular, as contact area and weight distribution 
are dependent each-other (notice that the weight 
distribution is calculated averaging pressures over contact 
area), only peak pressure and weight distribution will be 
kept in the following. So it is possible to evaluate the 
correlation index, ρ (based on the Pearson's correlation 
coefficient), with respect to the global comfort degree. 

A very high positive correlation both for the fore-foot 
(ρ=0.87) and rear-foot (ρ=0.99) comfort degrees was 
observed. This means that the perceived comfort in those 
areas strongly influences the global comfort perception. 

Moreover, as expected, peak pressure has a negative 
impact on perceived comfort. More specifically, a negative 
high correlation appears both for the rear-foot peak 
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pressure (ρ=-0.95) and for the fore-foot weight distribution 
(ρ=-0.96). 

Finally, the data analysis showed the following key 
issues: 
- perceived comfort in fore-foot and rear-foot areas 

highly influences the global comfort degree; and, 
- high peak pressure values correspond to low 

perceived comfort degrees. 
It is of interest, then, describing how to calculate the 

comfort function, depending on the objective parameters. 
 

Shoe Configuration Fore-foot Mid-foot Rear-foot 

Comfort degree 

A 5,94 6,61 6,50 

B 4,89 6,50 6,83 

C 6,33 6,56 7,22 

D 6,00 6,28 6,28 

Contact area 

A 779,72 278,22 548,72 

B 793,11 316,78 552,22 

C 766,06 355,11 562,61 

D 712,44 207,78 490,17 

Peak pressure 

A 39,78 28,94 48,17 

B 41,72 39,28 46,72 

C 40,56 33,78 44,44 

D 43,33 24,44 52,28 

Weight distribution 

A 57,05 5,62 37,33 

B 53,74 8,38 37,87 

C 50,19 9,81 40,00 

D 56,32 3,92 39,77 

Tab. 1 Experimental data 

3.4 Comfort function estimation 

Comfort function depends, as discussed above, on 
objective parameters. Let Pf, Pr, Wf and Wr be the peak 
pressures and the weight distributions, related to the fore-
foot and the rear-foot areas. Moreover, let Cf be the 
comfort degree. Tab. 2 reports normalized mean values 
of such parameters (peak pressures were normalized with 
respect to the maximum value). 

 
 Pf - [0-1] Pr - [0-1] Wf - [%] Wr - [%] Cf - [0-10] 

A 0.340 0.412 57.05 37.33 6.33 

B 0.346 0.379 50.70 38.95 6.83 

C 0.341 0.374 50.19 40.00 6.89 

D 0.361 0.435 56.32 39.77 6.17 

Tab. 2 Normalized mean values 

α1 α2 α3 α4 

27.637 -34.923 0.147 0.079 

Tab. 3 Comfort constants 

Assuming a linear relationship among the comfort 
function, Cf, and the objective parameters, one can write: 

 
( )

r4f3r2f1f

rfrff

WαWαPαPα...C

...W,W,P,PfC

×+×+×+×=

==
 (1) 

where α1, α2, α3 and α4 are unknown constants (here 
called "comfort constants"), which can be now evaluated 
by assigning all four constraints (derived from the 
experiments), stated into tab. 2. Tab. 3 reports the so-

calculated constant values. 
The comfort function in eq. 1 is then completely defined. 

Notice that the present approach may be easily extended 
when more than four shoe-configurations are available. In 
that case, comfort constants should be evaluated by 
solving for a least squares problem. 

The comfort function, Cf, will be adopted in the next to 
perform the shoe design optimization.   

4 CAD-FE Modeling 
In order to quickly analyze different design settings, a 

parametric CAD model of the sole of the occupational 
footwear was created into SolidWorks® 2010 (by Dassault 
Systemes) CAD system (see fig. 5.a), according to the 
design constraints of SAFE WAY s.r.l company - Italy. 

 

  

a - initial shoe design b - FE model 

Fig. 5 CAD-FE model 

The sole is made of two sub-domains: inner-sole and 
outer-sole. The body weight is transmitted from the foot to 
the inner-sole and then to outer-sole, which comes into 
contact with the ground (not modeled here). 

The mechanical behavior of the sole was captured 
through a non-linear incompressible hyper-elastic law, 
characterized by two material constants, C1 and C2 
(Mooney-Rivlin formulation). These constants were 
extracted from stress-strain experimental curves 
(experimental tests were conducted at Dept. of Materials 
and Production Engineering, School of Engineering - 
Naples). 

The physical interaction among the inner-sole and the 
outer-sole was modeled by defining identity pairs among 
interfacial surfaces. Identity pairs assures that the 
displacement fields of both parts at interfacial surfaces are 
identical each-other. 

 

 

Fig. 6 Pressure distribution (MPa) for the initial shoe design 

Since pressure maps are aimed to be calculated, a 
detailed foot model, previously developed into [16] starting 
from CT scans, was incorporated into the FE model (fig. 
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5.b). Contact pairs were introduced between plantar foot 
surfaces and the inner-sole. No friction was here 
accounted. 

Boundary conditions were applied as depicted into fig. 
5.b. The upper surface of the ankle was supposed fixed. 
The lower boundary of the sole was moved along the Z 
direction. The maximum displacement was chosen so that 
the reaction force calculated at the fixed boundary was 
greater or equal to 650/2 N, that is half of the body 
weight. 

FEM simulation was performed within Comsol 
Multiphysics® 3.5a. As hyper-elastic materials and 
contact pairs were modeled, an iterative non-linear static 
solver was adopted. The simulation took about 100 min 
on a DELL Precision T7400 workstation (WinXP 64bit, 
16GB RAM, 2 Xeon E5420 quad-core processors). 

Fig. 6 shows numerical FE results related to the initial 
shoe design. One should note that the highest peak 
pressures are located in the rear-foot and fore-foot areas, 
thus confirming experimental analyses. 

5 DOE analysis 
This Section discusses how to investigate the most 

influencing design parameters, based on a DOE (Design 
Of Experiments) approach. 

 

 

Fig. 7 Geometrical design factors 

Generally speaking, when facing out an optimization 
problem, it is asked to calculate the best set of design 
parameters, which optimizes (in terms of minimization or 
maximization) a given objective function.  

In the present research, the objective function is the 
comfort function (see Section 3.4), to be maximized. This 
function depends on physical variables, such as contact 
pressure. However, the analytical relationship among 
design factors (see for example, sole materials, sole 
thickness) and physical variables is not known. By using a 
FEM solution, this relationship can be obtained for a given 
set of design factors. 

Therefore, the proposed approach may be summarized 
as follows: (i) generate a set of combinations of design 
factors; (ii) calculate the comfort function for every 
combination by solving a FE model; and, then, (iii) 
analyze design scenarios, looking for the best 
combination of design factors. 

Here, combinations of design factors were generated by 
using a factorial design approach. 

5.1 Design factors 

Looking at fig. 7, the following design factors were 
considered:  
- arch shape: its elliptical shape was parameterized in 

terms of width (F2) and centre position (F1) with 
respect to the global coordinate frame; 

- outer-sole cuttings (F6, F7, F8); 
- inner-sole thickness: parameterized through the Z 

coordinates of points F3, F9 and F10; 
- outer-sole notching (F11); and, 
- sole materials: outer-sole material (F4) and inner-sole 

material (F5). 
Factors F1 to F5 had 3 levels (shortly named "1", "2", 

"3"), while two levels (named "1", "2") were assigned to 
factors F6 to F11. F6, F7, F8 and F11 are ON/OFF factors. A 
full factorial design would have required a large amount of 
tests (26 · 35=15552). 

ID F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 Cf - [0-10] 

I 1 1 2 1 1 2 2 2 2 2 1 1.1525 

II 1 1 2 3 2 1 1 1 1 1 2 3.2021 

III 1 2 1 1 2 2 1 1 2 2 1 4.2259 

IV 1 2 2 2 3 2 2 2 1 2 2 7.8142 

V 1 3 1 1 1 1 1 2 1 1 2 5.2216 

VI 1 3 3 2 3 1 2 1 2 1 1 8.0387 

VII 2 1 3 1 3 2 2 1 1 1 2 6.8328 

VIII 2 2 2 3 3 2 1 2 2 1 1 10.0000 

IX 2 2 3 2 1 1 1 2 2 2 2 6.2995 

X 2 3 1 2 2 2 2 2 2 1 2 5.3854 

XI 2 3 1 3 1 1 2 1 1 2 1 1.4264 

XII 3 1 1 2 3 1 1 2 1 2 1 2.2577 

XIII 3 2 1 3 1 1 2 1 2 1 2 5.2151 

XIV 3 2 3 1 2 1 2 2 1 1 1 3.4966 

XV 3 3 2 1 3 1 1 1 2 2 2 9.6596 

XVI 3 3 2 2 1 2 1 1 1 1 1 9.6810 

Tab. 4 Adopted mixed fractional factorial array L16 and comfort function values 

Y 

X 

F1 

F2 

F6 

F7 
F8 

F11 
F9 

F3 
F10 

Y 
X 

Z 



492

P. Franciosa et al.                                       Virtual prototype development for comfort assessment of occupational footwear sole 
 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

 

Fig. 8 Mean effects related to the comfort degree. Optimal design levels: 3-3-2-2-3-2-1-1-2-1-2 

However, since every test is related to a FEA run (which 
is very time consuming - about 100 min to solve), a 
fractional factorial array L16 was adopted (see tab. 4). This 
array was generated by using the MatLAB® built-in 
function "rowexch" [17]. Notice that the L16 array has the 
minimum number of treatments, allowing to capture at 
least the main effects for every design factor (interactions 
among design factors are not here accounted). 

Tab. 4 reports the adopted mixed fractional array L16 
and the comfort degree values for each treatment, 
calculated with eq. 1, based on FEM results. 

5.2 Discussion of results 

Looking at tab. 4, notice that treatment VIII gives the 
maximum comfort degree value. However, as a fractional 
array was here adopted, treatment VIII corresponds to a 
"relative" optimal configuration, among the 16 tested 
configurations. More investigations are then needed. 

 

  

Comfort degree 8.28 Comfort degree 4.79 

a - optimal shoe design b - initial shoe design 

Fig. 9 Optimal design vs initial design 

Fig. 8 shows the mean effects of each level for the 
eleven design factors on the comfort degree. Levels, for 
every design factor, which maximize the comfort degree, 
are marked as circle. Notice that the set of design factors 
(here called "optimal design"), maximizing the comfort 
degree, does not match any tested configuration, listed in 
tab. 4. This is due to the adopted fractional array, which 
does not contain all combinations among levels of factors.  

A confirmation experiment is then required [18]. The 
purpose of the confirmation experiment is to demonstrate 
the validity of results coming-out from the analysis of the 

mean effects. Therefore, a new FE model was generated 
and resolved, according to the optimal design parameters. 

Fig. 9 compares initial shoe design and the optimal 
design. The estimated comfort degree for the initial shoe 
design equals 4.79, whereas it becomes 8.28 for the 
optimal design (with about 42% of comfort improving).   
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By analyzing data through a Pareto ANOVA [18], 
contribution indexes (Δ) were calculated, as stated into 
eq. 2, where Nl and Nf are the number of levels and 
factors, respectively, and Rji is the mean effect response 
of factor "j" at level "i". 

 

 

Fig. 10.a Contribution indexes 

Fig. 10.a depicts the so-calculated contribution indexes. 
Looking at fig. 10.b, where cumulative contributions are 
shown, one should observe that, assuming a significant 
level of 90%, factors F9, F11, F1, F8 exhibit a poor 
incidence on comfort degree: this means that variations of 
those factors slightly influence the comfort degree and 
then their variation may be neglected. This result says, for 
example, that the outer-sole notching plays no significant 
role on improving comfort degree and, then, it may be 
introduced with no variation of the comfort degree. 

From the analysis of fig. 10.a, about 60% of the 
contribution rate is due to factors F2 ("arch shape"), F5 

("inner-sole material") and F3 ("inner-sole thickness"). By 
analyzing mean effects of these factors (see fig. 8), one 
can note that: 
- a general increasing in comfort degree is observed 

when decreasing the width of the arch shape (from 
level 1 to level 3). However, the increasing rate is less 
pronounced when moving from level 2 to level 3; 

- material stiffness highly influences comfort degree. 
Except for a minimal reduction on comfort degree 
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when moving from level 1 to level 2, a very 
considerable improvement of comfort is obtained 
when adopting a softer material (level 3); 

- increasing of inner-sole thickness will improve the 
comfort degree. 

 

 

Fig. 10.b Cumulative contribution indexes 

The design of a new product, as footwear, involves 
many factors and key features to be accounted. When 
considering also the human perceived comfort, the design 
stage becomes a very huge task. The present study, 
despite its limitations, gives some guidelines to choosing 
and selecting the best design alternatives, by statistically 
analyzing different design settings. 

Designer should consider these results carefully since 
they give only a preliminary screening in selecting the 
right design setting. Real experimenters are always 
required to validate such predicted results.  

6 Conclusions and final remarks 
In the present research different footwear design 

scenarios, based on virtual prototypes, were investigated 
in order to improve the perceived human comfort. 
Attention was posed on occupational footwear, which is 
commonly judged un-comfortable. In particular, only the 
footwear sole was here taken into account. 

In order to "quantify" the perceived comfort, a 
preliminary experimental session was conducted. Twenty 
three experimenters were selected and, for each of them, 
four different shoes were worn. Every experimenter was 
asked to compile a questionnaire reporting the degree of 
perceived comfort. Plantar pressures were also 
monitored. By comparing the perceived comfort degree to 
the measured pressure maps, a comfort function, mainly 
depending on the peak pressure, was determined. 
Results showed that an increase in plantar pressure 
corresponds to a decrease of perceived comfort. 

The comfort function was, then, adopted to study the 
sensitivity of different design factors. A parametric FE 
model was developed for this purpose. The sensitivity 
study was based on a fractional factorial design array. 
Findings of this study have suggested that the sole 
material and its thickness may strongly influence 
perceived comfort. More specifically, softer material and 
thicker inner-sole may play a significant role in improving 
comfort. Other specific features, such as sole notching, 
exhibit a negligible contribution level. This means that, 
when designing such features, other criteria, different 
from comfort assessments, can be adopted. Cost or 
manufacturing rules can be here evocated. 

In the present research a static balanced standing-up 
configuration was accounted. Moreover, the interaction 

among the foot and the upper shoe cover was neglected. 
This hypothesis may be accepted for a static test, 
whereas when considering walking or running conditions, 
it becomes a strong limitation. In fact, the perceived 
comfort is often affected by the interaction between 
plantar pressures and dorsal/lateral pressures. More 
investigation is, then, required when considering dynamic 
foot motion. 

Apart from the simplifications and the limitations, the 
proposed methodology for studying and quantifying the 
comfort function, based on virtual prototyping, may be 
successfully extended to other engineering applications, 
involving customer satisfactions and sensations, such as 
seat design or postural assessments. 
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A really reduced number of points was sufficient to 
reach a high accuracy in the measurement of flatness, 
without previous knowledge of the manufacturing process 
employed to produce the workpiece. 

The results obtained are promising and a lot of 
measurements should be planned on several kinds of 
component, with different levels of accuracy, in order to 
generalize the usage of the technique. 
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Abstract 

In the design process, minimizing differences between the numerical model and the 
manufactured product is the subject of several researches. It guarantees a better optimization 
of the mechanical product. Tolerance is one of the most used tools in the design model to 
illustrate functional requirements of mechanical systems. However, tolerances are 
represented in the dressing form in the digital model (drawing form) and are not considered in 
the geometric model. Thus, the subject of this paper is to propose a model of integration 
tolerances in the CAD model. Indeed, assemblies modelling on configurations with defects 
are deduced from the tolerances. Thus, detection of the impact of tolerances on assembling 
and operating constraints, at an early step of product life cycle management, has become 
possible.   

1 Introduction 
The use of a numerical model has the objective of 

achieving a successful design and manufacturing cycles. 
Also, it should optimize the product performance. Indeed, 
dimensional and geometric limits of an acceptable 
product are defined on numerical model. These limits are 
represented by tolerance values. This means that 
tolerancing is a communication tool between the phases 
of design, manufacturing and control.   

Nevertheless, the CAD model represents the nominal 
geometric and tolerances are only in the indication form. 
Then, the detection of defects, caused by differences 
between the nominal model and the manufactured one, is 
most often made after the realization of the product. 
Indeed, there can be failures of the mechanisms during 
the assembly phase or during product operation; although 
components have been accepted during the control 
phase. The correction of these errors implies additional 
costs of realization. 

Thus, a more realistic modelling in the digital mock-up 
is necessary to enable prediction of the tolerances impact 
on assemblability and constraints of the assembly. 
Moreover, these representations reduce the production 
cost. In fact, they implement in a more meaningful 
tolerance in an early phase of product life cycle and 
reduce the risk of failure during and after realization. In 
this paper, we propose an integration of tolerances in 
mechanical product process.  

Tolerances modelling and their impact on the 
mechanical systems have been the subject of certain 
scientific researches. A first modelling allows a 
simplification of toleranced complex mechanisms based 
on the TTRS (Topologically and technologically related 
surfaces) approach [1-3]. The effects of tolerance on the 
functional requirements of the assembly are graphically 
represented by using polyhedral computation tools [4] [5]. 
This representation is obtained by deviations of the points 
on the toleranced face. Nevertheless, this 3D 

representation is a difficult tool to be used on an industrial 
scale. This model doesn’t predict the additional tolerance 
constraints. The second approach aims take into account 
the coupling of two parameters, the thermo-mechanical 
effects and the geometric defaults of assembly, by using a 
3-dimension chain tool [6]. It is based on the substitute 
surfaces approach. The described method presents a 
solution, in torsorial form, for the problems of coupling 
between the thermal requests and the geometrical 
defects. This tool was improved by proposing a vectorial 
method of tolerances analysis, which is based on 
common surfaces in contact between the assembled parts 
[7].This solution is presented in mathematical form 
(equations) and not modelled in geometric solution. 
Another modelling proposes a conceptual study of a 
functional requirement calculation given at several stages 
of the product life cycle management [8]. Tsai shows that 
the rigidity of a compliant mechanism may be affected by 
the tolerances [9]. Indeed, during a repetitively movement 
stacking tolerances can affect the stiffness of a 
mechanism.  

2 Model of integration tolerances in 
mechanical product process     

The proposed approach simulates the real mechanical 
system to obtain randomly after realization. These models 
are consistent viewpoint tolerancing. In addition, the 
proposed model allows users to search all possible 
assembly configurations. These configurations with 
defects allow deducing the impact of tolerances on 
assemblability and assembly constraints. 

The proposed methodology treats dimensional and 
geometric tolerances. Then, for each one of these an 
algorithm is developed. The manipulation of geometric 
tolerances depends on the type of tolerance feature, or 
more precisely, on the shape of the tolerance zone.  
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2.1 Model of integration dimensional tolerances 
in CAD model 

During the design of a part under a software CAD, the 
designer starts with the definition of its dimensions by 
driving dimensions (Dimensions class). After obtaining the 
geometrical model, it generally allots the tolerances on 
driven dimensions (Annotations class). Thus, two cases 
of situation are obtained: In the first case, the dimensional 
annotation (A1 in fig. 1) corresponds to a driving 
dimension (D5); therefore the direct modification of the 
value is possible. In the other case, the dimensional 
annotation (A2) is the result of driving dimensions values 
(D1 and D3). 

 

 

Fig. 1 Driving and driven dimensions 

Therefore, the modification of annotation dimension 
value requires to search for all these controlling 
dimensions and to change their values. The identification 
of these influenced dimensions is carried out by a method 
based on graphs. Then, the automatic algorithm of 
detection of the relations between the dimensions by 
using graphs is illustrated in fig. 2. 
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Fig. 2 Algorithm of detection of the relations between the 

dimensions by using graphs 

 
To define the graph the following steps are required. 

To illustrate these steps, part of the fig. 3 (a) is chosen as 
an example. Initially, faces, edges and vertices of the part 
are named (fig. 3(b)).  

 
Fig.3 (a) Dimensions names (b) features names 

 
Then, these feature names represent the graph nodes 

(fig. 4). Graph edges are mainly dimensional constraints 
and annotation dimension (toleranced one). Beside, the 
algorithm check for all connected graphs which contain 
the studied annotation. Therefore, influenced dimensions 
are edges that constitute these graphs. To better 
represent these dependencies, coincidence and 
perpendicularity constraints are added to the graph as 
secondary edges while assigning the priorities. Indeed, 
during the search of maximum connected graphs, a path 
containing dimensional constraints is favoured over the 
one containing coincidence constraints; that is a priority 
compared to passing through a perpendicularity 
constraint. In the part, there are faces (as F2 and F’2 in 
the fig. 3) that derive from the same parent face. Both 
sides are regarded as the same node in the graph (node 
F2). The dimension D7 is unnecessary in this case, so 
they are not represented. Perpendicularity constraints are 
not shown since there are connected graphs. Ec1 and 
Ec2 nodes are the two edges on which respectively the 
two chamfers Chamfer1 and Chamfer2 are applied. Two 
connected graphs are found. We deduce that the 
dimensions RD1, D1, D4, D6, D5 and D2 are related. 

Therefore we have to deduce values of dimensions D1, 
D4, D6, D5 and D2 from the tolerance of the annotation 
RD1. At this step, if we want to sweep all possible case of 
compliant part (or to get one compliant random 
configuration), then a simply discretization of the tolerance 
interval [tlower(j); thigher(j)] of the jth driven dimension is 
required. Let’s th(j) tolerance value of this driven 
dimension. It’s obtained by an h increment in the interval 
[tlower(j); thigher(j)] (th(j) is obtained randomly from [tlower(j); 
thigher(j)] in the case of random study). Then, the tolerance 
value Ti to add to nominal value of the ith driving 
dimension can be obtained by a uniform distribution of 
tolerance. Then, Ti is determined by the following 
equation: 
                            Ti= λij .th(j)/n                              (1) 

The integer (n) is the number of driving dimensions for 
dimensional annotation. And (λij) is the influence 
coefficient between the driving dimension (i) and the 
driven dimension (j). It make possible to manage angular 
dimensions and takes into account such external and 
internal dimensional constraints. It’s defined by the 
following relation: 

λij= ΔDi/ΔRDj.            (2) 
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In fact, in the CAD model, the value ΔDi (ΔDi= 10-3Di) is 
added to driving dimension Di (the value 10-3 is chosen 
sufficiently small to not change the topology of the part). 
Then, when the model is rebuilt, the value of driven 
dimension changes automatically to the value (RDj + 

ΔRDj).  
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Sweeping different compliant components leads to 

sweep all valid assembly configurations. This task can 
have the objective to found the worst case of a 
mechanism. But if we adopt the assumption that the 
assembly worst case is obtained by the combination of 
worst case configurations of components, then we just 
manipulate the boundaries of tolerance intervals of 
dimensional requirements. So, the distribution in the eq. 1 
becomes: 

 
 
 
 
 
 
 
 
 
 
Tlower and Thigher are respectively the lower and the 

higher tolerance of driving dimension. Thus, the 
application of the uniform distribution on the studied part 
in the fig. 3 is illustrated in fig. 5. Two worst case 
configurations are deduced from the requirement RD1: 
maximum material configuration (M.M. Configuration) and 
least material configuration (L.M. Configuration). The two 
chamfers and all dimensions that the tolerances were not 
yet assigned will have a general tolerancing (NF EN 
22768 – ISO 2788). 

We was treated only the case where the connected 
graph has a single annotation as the Case 1 in fig. 6. We 
note that λ11=-1 (influence coefficient between the driving 
dimension (D1) and the driven dimension (A1)), λ21=1 and 
λ31=-1. In the case of the existence of two requirements 
(annotations A1 and A2 in the fig. 6) in a single connected 
graph, one of these two dimensions must necessarily be 

guided directly by a driving dimension (Case 2 in the fig. 
6). 

(a)

(b)  
 

Fig. 5 (a) MM configuration (b) LM configuration 
 

Then, the value of this driving dimension (D2) will be 
deducted directly from the tolerances of the corresponding 
driven annotation (A2); while the tolerances of the second 
driven dimension (A1) are distributed on other values of 
driven dimensions (D1 and D3) of connected graph. Case 
3 in the fig. 6 illustrates the case of three notes in the 
same connected graph. 
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Nominal 
configuration(mm)

M.M. Configuration 
in case1(mm)

M.M.Configuration
in case2 (mm)

M.M. Configuration 
in case3 (mm)

D1 32 32.1 32.25 32.1
D2 80 79.9 80.2 80.2
D3 23 23.1 23.25 23.4
A1 25±0.3 24.7 24.7 24.7
A2 80±0.2 - 80.2 80.2
A3 32±0.1 - - 32.1  

Fig. 6 Treatment of several driven dimensions in the 
same connected graph 

2.2 Model of integration geometric tolerances in 
CAD model 

The objective of this model is to take into account the 
tolerance. This approach depends on the shape of the 
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tolerance zone and the tolerance geometric feature [10] 
[11]. The assumption of neglect of form defects versus 
position and orientation defects is adopted. This modeling 
is obtained by processing the tolerance zones in 
geometric displacements of the faces. Indeed, tolerances 
of assembly components are translated into 
displacements parameters of the corresponding faces. 
This model is based on tolerancing by domains method 
[4,12]. The deviation torsor, which is based on the 
approach of tolerancing by SDT (small displacement 
torsor), defines the degrees of freedom (DOF) of 
toleranced element. In the proposed model, setting the 
gap between the nominal element and the element with 
default is made by analogy to the parameters defined by 
the TPD.  

2.2.1 Case of a tolerance zone in a parallelepiped 
shape (toleranced planar face). 

We suppose that a mechanical assembly that includes 
a planar face of a component is subjected to a positional 
tolerance. The algorithm in fig. 7 comprises the steps of 
obtaining all possible configurations of the assembly 
taking into account this geometrical requirement. The 
application of tolerancing, by the method of domains, 
need to define the tolerance zone. In our case, it is a 
parallelepiped box. The same algorithm can be used to 
obtain randomly one realistic assembly as that happened 
after realization. 
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Fig. 7 Algorithm for sweeping all possible configurations 

or obtaining a random configuration in the case of planar 
face 

 
For example, a domain [-Tl/2; Tl/2] is deduced from a 

position tolerance (Tl). Indeed, the face may have a 
position in this field. In other words, each vertex of the 
face will have a position distant from a value less than 
Tl/2 relative to its nominal position. The nominal face is 
defined by three vertices (N1, N2 and N3). So, three 
edges of the parallelepiped zone are discretized by an 
increment (i) (fig. 8). The value of the increment depends 
on desired fineness. Therefore, a target position is 
defined by these three new vertices (Ai1, Ai2 and Ai3).  
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(nominal configuration)
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Fig. 8 Discretization of tolerance zone 

 
The geometric deviation between the two planes 

(nominal plane and target plane) is defined by three 
parameters: the two angles αi and βi and a distance d (fig. 
9). Thus, obtaining a realistic part requires the movement 
of the face until the target position. This task is realized 
through a rotation by an angle αi around L1 (L1 = [N1N2]), 
a rotation by an angle β around L2 (L2 = [N2N3]) and a d 
translation (d = N2A2) along the normal to the toleranced 
face. Therefore, the realistic part is obtained. 

If the hypothesis mentioned previously (worst case 
assembly is obtained by combining components in the 
worst case) is adopted then targets plane are the six 
worst cases defined for a tolerance plan [4]. In fact, we 
just simply place the vertices in ends of face edges. 

βi

αi

d

L1

Li’1’1

ααii L2

Li’2
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N2N2N2

N3N3

Ai1

Ai2
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Ai222

Tolerance zone 

Nominal face

 
Fig. 9 Parameters setting of the deviation between the 

nominal and the target face 
 

2.2.2 Case of cylinder axis constrained to position 
tolerance 

In general, we suppose that an assembly which one 
component contains a cylindrical face. The axis of this 
face (I1I2) is subjected to a position tolerance (Tp). 
Therefore, the tolerance zone is cylindrical. The algorithm 
of deducing possible assembly configurations according 
to sweeping consistent positions of the axis is illustrated in 
fig. 10. Indeed, to scan all possible configurations of the 
axis, a discretization of the cylindrical tolerance zone is 
necessary. In other words, we must define the two areas 
Ω1 and Ω2. These two domains represent possible 
positions of the two axis ends. These two vertices are 
located on the two planar face of the cylinder (F1 and F2). 
Discretization can be achieved by several degrees of 
precision.  
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Nominal assembly

Axis of cylindrical face (of a component) subjected to 

tolerance of position Tp

Discretization of two planar faces (F1 and F2)  of the cylindrical 

zone by the increment (h)

Two domains (Ω1 et Ω2) of eventual positions of the two ends(I1 and

I2) of nominal axis A

J1
k (Є Ω1) et J2

k(Є Ω2) positions of axis Ak ends

Deduction motion settings (d and θk) of axis: from [I1 I2] to [J1
k J1

k]

Translation of nominal axis by (d) et rotation by (θk)

Possible configuration of cylinder

kth possible configuration of assembly

k=k+1

All possible configurations of consistent 

assemblies

 
 
Fig. 10 Algorithm to obtain all possible configurations of 
valid assemblies: case of a cylindrical tolerance zone. 
 

The first order requires two steps. The first step is to 
fragment the two circular contours of the cylinder by an 
angle α = 2uπ / N (u = 0 to N). The choice of the number 
(N) depends on the fineness of discretization required. Let 
A1

i and A2
i (i=1 à N) segments ends obtained by the 

discretization for the two circular contours C1 and C2. The 
second step expanded area for more realistic 
configurations. Two sets of concentric circles to 
respectively C1 and C2 are defined. (j) is the number of 
circles added on each face (j = 3 in the case of Fig. 11). 
These are circles of radius ((Tp/2)-δ) (with δ factor 
refinement of this second discretization). So, let C1

g and 

C2
g (g=0 to j) the two total sets located respectively on F1 

and F2. Let B1
g,i et B2

g,i (i=1 to N) the ends of the edges 
obtained by discretisation of respectively C1

g and C2
g. At 

this stage, the tolerance axis may be in one of (Ng+1.Ng+1) 
positions defined by the pairs ((B1

g,n ; B
2

g,m) with (n=1 to N 
and m=1 to N). Thus, J1

k et J
2

k (J
1

k= B1
g,n; J

2
k= B2

g)) are 
the axis ends of the kth configuration. Hence, the two 
domains of possible positions of the axis ends are 
defined: Ω1 and Ω2 are defined respectivly in F1 and F2.  
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Fig. 11 Discretization of tolerance zone (1st order) 
 

The domain can be expanded by adding vertices E1
g,i and 

E2
g,i,, as shown in Fig. 12 (2nd order field). A third order 

domain can be defined by adding vertices D1
g,i and D2

g,i. 
Hence, J1

k  Є Ω1= {E1
g,i ; B

1
g,i ; D

1
g,i  } and J2

k Є Ω2= {E2
g,i ; 

B2
g,i ; D

2
g,i}. 

In conclusion, the precision of results (have more possible 
configurations), depending on the choice of discretization 
degree (choice of domain order). 
Thus, the sweeping of possible configurations requires the 
movement of the toleranced feature to acceptable 
positions. Let (I1) and (I2) the nominal axis ends. P1 (Є Ω1) 
and P2 (Є Ω2) are two target positions obtained during the 
increment (fig. 13). The distance (d) is equal to I1P1. And 
(θ) is the angle. 
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Fig. 11 Discretization of tolerance zone (2nd and 3rd order) 
 

Thus, a translation ( )1 2 1 2P I' ,^ P P )  by a distance (d) along 
1 1I P  

and a rotation by an angle (θ) around   ( N  is vector 
product (  ^  '1 2 1 2P I P P ) applied to the nominal axis. 

That’s leads to move the cylinder to the selected target 
position. 
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Fig.13  Settings of axis motion 
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2.2.3 Case of toleranced planar face with 
complex contour 

 
We suppose an assembly component including a planar 
face with complex contour. This face is subjected to 
position tolerance. This face can be modeled by an 
oriented bounding box (OBBox) [9, 12]. This oriented 
bounding box is a flattened parallelepiped because the 
face is planar. The determination of possible assembly 
configurations or a random configuration becomes similar 
to the classic case of toleranced face (rectangular face). 
In other words, the motion settings of the toleranced face 
are deducted from its corresponding oriented bounding 
box (Fig. 14). 

 
Nominal assemblyass
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Fig.14 Algorithm for sweeping all possible configurations or 

a random one: Case of planar face with complex contour 

 
To illustrate this case, the position tolerance (Tp=0.1mm) 
is attributed to part of Fig. 15(a). In a first step, the 
oriented bounding box is calculated (Fig. 15(b)). Fig. 15(c) 
shows the tolerance zone defined by the position 
constraint (the value of the zone width is multiplied by 100 
for better viewing). The discretization of the tolerance 
zone to determine the face motion settings is a complex 
and depends on the shape of its contour. So a new 
discretization domain is defined (the rectangular contour 
of oriented bounding box extruded by Tp). Then, three 
edges of this zone are discretized (Ar1, Ar2 and Ar3 in 
Fig. 15(d)). At this stage, the problem becomes similar to 
the case of a tolerance zone in the parallelepiped shape. 
Thus, the motion parameters (two angles and distance) 
can be defined. 

 

 
 

Fig. 14  (a) Part drawing. (b) OBBox of toleranced face. (c) 

Tolerance zone. (d) Definition of Ar1, Ar2 et Ar3. 

2.2.4 Application example 

 
The tolerancing of the part in fig. 15 is proposed. To 
simulate possible configurations of valid parts, CAD 
models, that are admissible by tolerances, are to be 
determined. Each tolerance involves a range of models 
with defects: 

 

 
 

Fig. 15 Part drawing 
 

- The two dimensional tolerances (TD1=40H8) and 
(TD2=80h8) defined respective discretization 
domains Ω1 = [0 ; 0.039] and Ω2 = [-0.046 ; 0]. The 
coefficient de fineness K=3 is chosen arbitrarily to 
scan Ω1 and Ω2. Then, two discretization increments 
Ω1 and Ω2 are respectively h1=0.039/k and 
h2=0.046/k. Each of the two tolerances allows for four 
possible configurations. The fig. 16 (a) illustrates the 
3rd configuration deduced from TD1 (D1=40.026mm). 
The fig. 16 (b) shows the combination of the above 
cases with the 2nd configuration allowed by TD2 
(D2=79.965mm).  
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(a) (b) (c)  

Fig. 16 (a) 3rd configuration permitted by TD1. (b) 2nd 

configuration permitted by TD2. (c)  One of 

configurations deduced from TL. 

The position requirement (TL= 0.5mm) is assigned to 
a planar face and it defines a cylindrical tolerance 
(Case of toleranced planar face with complex 
contour). The toleranced face can be modeled by 
oriented bounding box (fig. 16). 
Subsequently, the tolerance zone can be modeled by 
a parallelepiped. This parallelepiped is defined by 
using the projection of the box along the normal of 
the datum reference frame (A) in both opposed 
directions from a height TL/2. The discretization of 
each one of the three edges of the parallelepiped 
(the edges with TL dimension) is performed by an 
increment hL = 0.5mm/4. Thus, on each one of three 
edges, the five target positions of vertices are defined 
(Positions: -0.25; -0.125; 0; 0.125 and 0.25). The 
sweeping of possible configurations is achieved by 
determining the one hundred twenty five (5x5x5) 
target configurations. Figure 16 (c) illustrates the 
combination of the case of figure 16 (b) with a 
configurations allowed by TL. The latter is obtained 
by three vertices positions of the face with default (-
0.25, 0.25; -0.125). Then, the motion parameters of 
the face are derived: α=0359°, β = 0089° and 
d=0.25mm. 

 
Fig. 17 modeling of tolerance zone by OBB 

 
The coaxiality tolerance (TC=0.4mm) means that the axis 
of the cylinder (Ø80h8) must be included in cylindrical 
zone of Ø0.4 diameter that is coaxial to axis of datum 
reference frame (C). This involves the identification of four 
degrees of freedom (DOFs) of the toleranced axis: two 
translations and two rotations. These are deduced from 
the deviation between two orthogonal coordinate systems 
assigned to the nominal feature and the non-ideal one. 
The perpendicularity tolerance (TP= 0.1mm) is an 
orientation requirement assigned to the axis of cylinder 
(Ø80h8 diameter). Then, rotations allowed by TC are 
implicitly limited by TP.  

To determine the possible configurations of these 
constraints, the tolerance zone defined by TC is 
discretized (case of a cylindrical tolerance zone). So we 
define two domains (Ω3 and Ω'3) deducted by 
discretization of the two planar faces (F and F') of the 
cylindrical zone. The discretization is chosen in the first 
order (with α= π/3 and δ= 0.4mm/3). We consider that P1 
and P2 are two vertices that represent ends of the target 
axis. P1 and P2 are localized respectively on F and F'; i.e. 
that P1 Є Ω3 and P2 Є Ω’3. However, the perpendicularity 
constraint requires that the axis with default must be 
between two planes that are distinct of TP and 
perpendicular to the datum reference frame (B). Thus, 
only the pairs (P1, P2) as the distance (d') between these 
two vertices is less than or equal to TP (the distance (d') is 
measured parallel to the plane B). When this condition is 
satisfied, a rotation by an angle (β) and a translation of a 
distance (d) of the nominal axis lead to obtain the target 
configuration (similar setting of the case of figure 13). The 
configuration of figure 18 is obtained by scanning 
configurations allowed by the TC.  

 
Fig. 18 Determination of possible configurations of the axis 

 
The configuration satisfies the requirement of 
perpendicularity since the distance (d'= 0.066mm) is 
inferior to TP. Motion parameters of the axis to obtain the 
axis with default are: β = 0.153° and d=0.066mm (fig. 19). 
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Fig. 19 Configuration with defects deduced from TC and TP 

3 Conclusion 
In this paper, a methodology for obtaining realistic 

assemblies was presented. These models take into 
account the tolerances in the CAD model. Indeed, 
besides the possibility of using the approach for an 
analysis of tolerances, it is able to integrate tolerances in 
an optimization problem. Indeed, configurations deduced 
are on CAD models. Furthermore, these models simulate 
products with defects obtained after realization. Thus, 
determining the impact of tolerances on the constraints 
resulting from a finite elements calculation during 
assembly phase or during operation is possible. 
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Abstract 

In this paper, in the first place an analysis on the usual practices for the 
specification of acceptable geometrical variability in functional geometrical features 
of parts is carried out, and an interpretation on the ‘geometrical variability 
specification’ concept as introduced by ISO standards is established. In the second 
place, a wider and more integrative proposal for geometric specification is made, 
conceived as a concurrent process inside the product design and development 
process itself, where all problems referring to tolerancing-related information 
handling along the product life cycle are dealt with.   

1 Tolerancing in the process of design 
for product development 

Along the process of designing new or improved 
products, both the geometrical elements that interrelate 
the parts to achieve the pretended functional conditions of 
a mechanism, and those other geometrical elements 
which the assembly conditions among the parts to be 
fitted depend on, must be subject to specification of the 
admissible geometrical variability range, within which the 
functional and/or assembly conditions can still be 
considered as acceptable. 

Until the last decade of the 20th Century, the priority 
objective for organizations was to put into the market 
competitive products regarding their technological 
features and their price. Later, new decisive factors for 
the products’ competitive level appeared, as the reduction 
of the necessary time to put a new product into the 
market (time-to-market), the incorporation of the product 
use requirements in the design stage, the need to provide 
easy component interchangeability along maintenance 
operations, product reliability, and product quality.   

The feasibility of incorporating to the product all or 
some of the above mentioned factors depends strongly 
on the company having implemented an appropriate 
method for managing the admissible geometrical 
variability along its design and development processes. 

In order to achieve an adequate management of the 
product geometric variability, it is considered that a set of 
factors must be taken into account, which will be analysed 
along this paper, such as: the usual practices for 
tolerance management during the company’s design, 
manufacturing and inspection processes, the knowledge 
level and degree of application of the ISO standards for 
geometrical product specification, or the more or less 
integrated way used by each organization to plan and 
structure its products. By interacting among themselves, 
all these factors give rise to different results in the actual 
variability of the manufactured products, and as a 
consequence in their homogeneity and reliability.  

2 The traditional approach to 
tolerancing 

In the common practice of mechanical engineering, 
decisions on product tolerancing are made along the 
design process, focused fundamentally in achieving 
optimal functional conditions. Once all admissible 
dimensional and geometrical tolerances are specified on 
the part drawings, in the next stage the manufacturing 
engineering department defines the manufacturing 
processes and the necessary inspection methods in order 
to get products that are in accordance with the 
specifications from the drawings defining such a part, and 
the control engineering department defines the resources 
and systems to be used to check the control status of the 
manufacturing process at all times. 

The former framework corresponds to a way of 
performing design and development of new products 
known as “sequential engineering”, which is characterized 
by consisting of a series of stages organized in such a 
way that each of them doesn’t start until the former one is 
completed.  

The use of the sequential model involves that the times 
for putting into the market new products grow longer, 
because every change that is required by limitations in 
later stages to design has an impact on the first stages, 
forcing sometimes the company to change already 
launched supply orders for manufacturing or inspection 
equipment, thus paralyzing the development of later 
stages, and as a consequence of the mentioned changes 
the final product cost increases.  

Once it has been shown the importance of having 
information about the later stages in the initial stages of 
the product design and development process, with the 
aim of incorporating improvements along the design 
process itself, several analysis techniques and tools have 
been developed, oriented to achieving more robust 
designs that incorporate along the design process the 
limitations and necessities of the later activities to be 
carried out, but without involving the rest of the functions. 
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Using those techniques and tools the number of changes 
and the cost are reduced, but their use also requests from 
the designer a better knowledge of the later development 
processes. This is an orientation defined by Yazdani [1] 
as the product-oriented sequential design model, which 
increases the level of confidence on the data generated 
along the design process, while keeping a sequential 
organization for the activities. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Tools for improving quality in the product-oriented 
sequential design model. 

 
As shown in fig. 1, this product-oriented sequential 

model incorporates analysis tools such as Design for 
Manufacturing (DFM), Design for Assembly (DFA), 
Taguchi Loss Function, etc., that don`t avoid the 
necessity of performing the subsequent revisions and 
adjustments after the retro-alimentation of information 
coming from the manufacturing, quality, ... processes, but 
get to reduce them on a high percentage. Tolerance 
allocation carried out using a sequential model can give 
way in some cases to tolerances that are unattainable 
with the available manufacturing processes –their 
capability doesn’t make possible to obtain such tight 
tolerances–, or in other cases to very expensive 
tolerances –when in the tolerance allocation their cost is 
not considered–, forcing to perform later revisions and 
adjustments once the information retro-alimentation 
coming from the manufacturing and quality control is 
carried out. 

3 Geometrical variability in the current 
ISO standards framework 

The specifications applied to the part detailed drawings 
must express without ambiguities what are the target 
functional requirements, as otherwise there is a possibility 
of either parts being accepted that are not functionally 
valid, or of parts being rejected that are valid for the target 
functional requirements, as happens in the examples 
shown in figs. 2 and 3. 

Thus, in the case study shown in fig. 2 there is only a 
dimensional tolerance specification for a rotating shaft. In 
case there were roundness defaults in the shaft’s 
supporting journals as shown in the figure, hardly the 
pursued functional requirements would be achieved, even 
if all part measures are conform to the specified 
tolerance, as the discontinuous contact between the shaft 
and the bearing would result in a quick wear in its surface, 
causing performance losses, vibrations and noise.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Geometric specification of a shaft using only 
dimensional tolerances. 

 
The case study of fig. 3 shows a situation in which truly 

valid parts for the pursued functional conditions could get 
rejected. The Φ10 hole is subject both to a dimensional 
tolerance and to a position geometric tolerance, that 
together with the pin dimensional tolerance must 
guarantee that the mínimum gap measure value H is 
between a lower value of: 

20 - (5,010 + 0,005) = 14,985 mm 
and a higher value of:  

(20 + 0,010 + 0,005 - 4,992) = 15,023 mm 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Geometric specification of a functional condition. 
 
The analysis of the case study shown in fig. 3 shows 

that a pin with an actual minimum diameter measure of 
9,980 mm could get rejected when it must be assembled 
with a part which its hole maximum diameter measure is 
10,010 mm and the maximum position deviation for such 
hole is 0,006 mm. In this circunstances for the gap 
measure value H:  

min H = 20 - (5,005 + 0,003) = 14,992mm 
max H = 20 + (0,003 + 0,005 – 4,990) = 15,018 mm 
Consequently, there could be a case where parts that 

are non-conform to specification but that are able to 
achieve the pursued functionality could be assembled. 
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These cases should be considered in the product 
technical documentation of the specified product.  

The same analysis could be performed in cases where 
the dimensional tolerance or the position tolerance of the 
hole are outside the specified tolerance.   

In order to make available to designers a tool for 
geometric product specification allowing to express 
without ambiguity the design intent, and at the same time 
to be able to reproduce it when defining the inspection 
method for such geometric feature, ISO published in 1995 
the Technical Report ISO/TR 14638 [2], which constituted 
the starting point for a new generation of GPS 
(Geometrical Product Specification) standards. Those 
standards derive from the previous ones, but provide a 
more complete and current language of symbols, 
containing “by default” definitions and procedures to build 
specifications that allow univocal interpretations in all 
engineering stages involved in the product design and 
development along its life cycle. 

Univocal interpretations will be reached if the same 
model is used in all scopes to define the tolerance zone 
corresponding to a certain specification. A conclusion of 
the analysis carried out on this subject by the authors [3], 
was that the definition of the tolerance zone performed 
using the elemental operations needed to conceive such 
specification as a theoretical inspection procedure, in the 
way it can be obtained from the current ISO standards 
framework, results in a smaller specification uncertainty. 
Thus, the knowledge and application of such framework 
becomes fundamental as a unifying way for the exchange 
of technical documentation.   

Therefore, one of the objectives for the new GPS 
standards is to reduce the most the specification 
uncertainty. Sometimes companies are aware of having 
issues with their products, but don’t realize that different 
interpretations for the same target functional requirement 
could exist due to ambiguity in tolerance specification on 
drawings. The problem increases when one or some of 
the parts are manufactured by a supplier, and so the 
drawing becomes a contractual element between both 
parties, that can be the subject of different interpretations 
by each party. 

With the new GPS language product quality is 
improved, as when more precise information is available 
on the specified requirement, more right decisions can be 
made on the manufacturing process and inspection 
methods, achieving as a consequence more 
homogeneous parts that fit better the target functionality 
corresponding to such specification. Bennich and Nielsen 
[4] pointed out that, by implementing GPS standards in 
the company, a new specification tool to reduce 
uncertainty is made available, allowing to increase the 
admissible variability range of each specified feature. As 
the achievement of a tolerance involves a certain cost, by 
increasing such tolerance the manufacturing costs can be 
reduced. The mentioned authors estimate that reduction 
to reach 15%.  

In the ISO/TS 17450-2:2002 standard [5] a series of 
terms regarding operations with geometric elements are 
defined, among which some are worth to be mentioned: 
“specification operation” (an operation formulated either 
using only geometric expressions or mathematical 
algorithms, with the aim of performing product 
requirement specification, as a part of an specification 
operator), “specification operator” (an ordered set of 
specification operations, the result of a complete 
interpretation of the combination of all the GPS 
specifications from the product technical documentation), 
“GPS specification element” (a group of one or more 

graphic symbols that control an ordered set of one or 
more basic specification operations, defined by default, 
with which nominal elements, associated or derived, are 
obtained), and “GPS specification” (set of specification 
elements that together control an specification operation, 
having or not modifiers). 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 Specification of a position geometrical tolerance for 
the axis of a circular hole. 

 
In order to get things clear on the mentioned issues 

regarding the meaning of GPS specifications, an 
interpretation of the meaning of a specification for the 
position tolerance of a hole with respect to two reference 
planes A and B (fig. 4) is done following. It has been 
assumed in it that the only interest is in the hole location, 
as in order to control its orientation it would be necessary 
to incorporate a third reference element.  

The meaning of the position specification operator is a 
consequence of the joint interpretation of a group of GPS 
symbols and standards; a description of the group’s 
relation with such specification follows: 

ISO 5459:1981 [6]: defines the criteria to establish 
references on actual part elements. A plane, a straight 
line, cylinder’s axis, etc. can be used as references. 

 ISO 1101: 2004 [7]: contains the symbols to be used 
in order to indicate the geometrical characteristics that 
can be object of specification, and other complementary 
symbols such as the framed dimensions, the symbols 
characterizing the reference elements, the different kinds 
of tolerance rectangles to be used, etc. 

 ISO 5458:1998 [8]: defines the basic principles for 
position tolerances: their association to theoretically-exact 
dimensions, its application to determining the position of 
actual elements with regard to either other elements, or 
with regard to references (as shown in fig. 4), the 
tolerance area splitting symmetrically with regard to the 
theoretically exact position, etc. 

 ISO/TS 17450-1:2005 [9]: defines the specification 
operations that can be performed with the geometrical 
elements. For the part in the case study shown in fig. 4, 
the following operations must be applied to the actual part 
(1) shown in fig. 5: 
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Fig. 5 Specification operations for building the position 

tolerance of a hole’s axis. 
(2) “Partition” of the non-ideal surface (A) specified as 

a reference. 
(3) “Association” of an ideal plane to the actual surface 

(A). The association criteria defined by default in the ISO 
standards can be applied, or any other that is convenient 
(for instance, the tangent plane on the outer side of the 
material, placed at the less possible distance of point 
placed the most far away from the actual surface). 

Steps (2) and (3) must be repeated for the other 
reference plane (B). 

4) “Partition” of the cylindrical hole, separating it from 
the rest of the part using its limits, and “extraction” of a 
finite number of points from the actual surface of the hole 
by means of one of the strategies defined by the ISO 
12180-2:2003 standard [10], or any other strategy that 
could be convenient in the particular case being dealt 
with. 

(5)  “Filtering” of the points from the extracted cylinder, 
with the specified criterion, thus obtaining the cylinder 
representative of the actual surface of the hole. 

(6)  “Association” of an ideal cylinder to the non-ideal 
element resultant from the former filtering. The 
association criterion must be specified, unless the one 
defined by default by the standards is applied. The axis 
derived from the associated cylinder will have to be 
obtained. 

(7)  “Construction” of a set of ideal planes, 
perpendicular to the axis derived from the associated 
cylinder. 

(8)  “Partition” on the non-ideal circles determined by 
the intersection from each of the former perpendicular 
planes (7) with the filtered cylinder obtained in (5). 

(9)  “Association” of ideal circles to the non-ideal 
circles that have been obtained. According to ISO 14660-
2: 1999 [11], by default the circles obtained by the 
minimum square method are to be adopted, but they may 
be associated with other criterion that is advisable. The 

“Collection” of the points that are centres of the 
associated circles, joined together, constitutes the 
representative element from the hole’s actual axis. 

(10)  “Construction” of the axis of the tolerance zone 
(cylinder with diameter 0,050 mm) by means of the 
intersection from two planes that are parallel to the 
associated reference planes obtained in (3), placed 
respectively at the theoretically-exact dimensions of 30 
mm and 20 mm from references A and B. 

The representative element from the actual axis of the 
cylindrical hole obtained in (9) must have all its points 
inside the ideal cylinder with diameter 0,050 mm, a 
cylinder of which its axis is the obtained in construction 
(10). 

The elemental specification operations carried out on 
the functional elements of the parts, which are similar to 
the operations realized in the verification processes using 
the data obtained by means of coordinated measuring 
machines, allow to define a functional element by means 
of an integrative model that is valid for specification both 
in design and inspection stages. This model, that has 
been already studied by the authors [12], makes use of  
the same elementary operations in different stages of 
product development, thus contributing to reduce both the 
specification uncertainty and the correlation uncertainty, 
when those criteria for the association of ideal elements to 
the actual ones that better represent the function are 
chosen. This turns the GPS specifications into a tool of 
great utility for the treatment of tolerances along the 
concurrent design process that is dealt with in the next 
section. 

4 Concurrent engineering and product 
development 

Both the pure sequential and the product-oriented 
sequential models show quite a lot of limitations when 
incorporating new requirements, as for instance in the 
development of more complex and innovative products, in 
the incorporation to the product of new technologies that 
provide added value, in the necessary reduction of 
product design and development cycle times due to a 
progressive shortening of its life cycle, or in favouring the 
integration of CAD/CAM/CIM/CAE technologies and a 
better use of information and communication technologies 
(ICT) during the product design and development 
processes. 

The concurrent model makes possible to manage 
better the company’s resources, by integrating in a 
common project all of the functional areas involved in the 
product life cycle, aiming to reach an interdisciplinary 
collaboration in decision making, and supported by the 
use of shared data and information systems that allow to 
carry out in parallel the works of all the areas involved in 
product design and development. Also, with the 
permanent communication possibilities that the 
implementation of ICT in organizations provides, it is 
possible to create virtual concurrent engineering teams in 
which members have a part-time dedication to the project, 
and even they can be delocalized. The decisions adopted 
in concurrent mode allow achieving a higher product 
homogeneity and quality in products, which result in a 
greater reliability and interchangeability, and also a lower 
cost of them. 

As is conceived by Yazdani [1], in the concurrent 
model, in each of the product design and development 
sub-stages it is necessary to have at one’s disposal a 
number of entries in which the whole team will participate, 

(5) (6)

(7) (8) (9)

(10)

(4)

(3)(2)(1)



511

L. López et al. The geometrical specification in concurrent product design 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

where by means of several iterations successive design 
reviews are made to happen, in each one of which a new 
model is generated for the team to work on until the next 
revision, thus a more immediate and informal information 
exchange happening that favours concurrency. Other 
feature of the concurrent model is that changes are less 
definitive, due to the great dynamism that the various 
controls performed by the multidisciplinary team provide, 
because of what the design and 
manufacturing/verification reviews are happening 
simultaneously, after each of the iterations, thus 
shortening the product development time. 

Relying on the mentioned principles of the concurrent 
model, in this paper tolerance design is conceived as a 
subset of the “product design set”, in which specific 
resources and tools for tolerance analysis and synthesis 
are used with the aim of achieving a tolerancing 
optimization in a concurrent way, interacting with the 
product design model itself.  

4.1 Integration of tolerancing into the concurrent 
engineering framework 

When an enterprise organization makes the decision to 
implement the concurrent model for product design and 
development, just a few times sees tolerance 
specification as an extension of the interdisciplinarity 
among the engineering functions that are linked to the 
functional model design, the manufacturing processes, 
the verification, and the quality control of the 
manufactured parts, predominating the usual practices in 
which the tolerance allocation is made in the design 
process and from a basically functional perspective. 

On the other hand, after the analysis performed in 
sections 3 and 4, contributions that are common to GPS 
geometrical specification and to concurrent design are 
shown to exist, as both of them have an influence on the 
product manufacturing costs (a better product 
specification entails a better process definition), an 
improvement in quality (more homogeneous products are 
attained and there are less rejections), and in both cases 
the cycle time for product design and development is 
reduced. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 Interactions in the product concurrent geometric 

specification process. 
 

However, besides avoiding ambiguous specifications 
that do not integrate the functionality requirements by 
using GPS standards, it must be achieved that the 
distribution of tolerances corresponding to a functional 
condition among the dimensional chains’ components 
provides also an answer to the problems associated to the 
remaining functions that interact in the product 
development process, shown in fig. 6, as the same 
functional requirement may be solved with different design 
solutions and with different distributions of the total 
tolerance. Because of that, the ISO-GPS standards’ 
syntaxes and semantics turn out to be appropriate for 
establishing the necessary intercommunication among the 
engineering functions linked to the treatment of 
geometrical variability. 

Lopez [13, section 4.3.2] argues that, generally 
speaking, as organizations in the past did not perceive the 
possibilities that tolerancing has to influence on products 
in reducing its costs, in shortening its design and 
development cycle times, and in improving its quality, the 
firms did not give to tolerances the importance that they 
have, and because of that the companies did not assign 
enough resources in order to provide the experts from the 
concurrent work group with a solid training on the subject. 
Usually, tolerances were only approached as a 
requirement to reach product conformity. However, when 
tolerances are a part of the concurrent model its allocation 
incorporates better the problems downstream, with less 
readjustments happening, and allowing to move forward 
quickly in defining the manufacturing processes and the 
resources for verification and control.     

4.2 Proposing a methodology for concurrent 
tolerances design 

The problems related to tolerance allocation have been 
dealt with by various authors, although always without 
reaching a concurrency approach as the proposed in this 
paper. Thus, Romero and Serrano [14] analysed different 
methods for tolerance allocation, focusing on functionality, 
although they already made reference to an evident 
relationship between cost/quality and geometric variability, 
which should lead to an implementation of methods for 
the integral management of quality out from the line. By 
their side, Aguayo and Soltero [15] propose tolerance 
allocation as a mathematical optimization problem among 
the design vectors, the tolerance vectors and other 
component variables, but referred it to general designs 
that did not focus on the specific problems of mechanical 
systems. Other authors such as Luna and Mendoza [16] 
proposed a methodology based on concurrent 
engineering to improve product and process engineering, 
in which tolerance allocation is considered as belonging to 
detailed design, where decisions on admissible 
geometrical variability are made based on a traditional 
approach to tolerances. Also, Chase [17] has developed 
functions for tolerance allocation for optimizing the 
manufacturing costs, and by their side Chen and 
Maghsoodloo [18] developed functions that combined 
manufacturing costs with the costs of poor quality, these 
two approaches being of great usefulness for optimizing 
tolerance allocation, but that can be further enriched by 
incorporating other influencing factors in the tolerance 
allocation process.  

The central idea of this proposal holds the principle that 
the conceptual design of a product and its geometrical 
variability must be conceived in an integrated way and, as 
an extension of this principle, tolerancing must be 
considered as a concept in which three modules are 
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interacting: the functional geometrical specification by 
means of the GPS language, the tolerance analysis and 
the tolerance synthesis, a concept that requires 
simultaneity of activities, retro-alimentation among the 
product development functions, and availability of shared, 
reliable and unequivocal information systems. Because of 
that, tolerance management cannot be conceived 
separately from the concurrent model that has been 
adopted, as the composition law applied for tolerance 
analysis has an influence on the verification procedures 
and the methods for product conformity, while the 
tolerance synthesis gives as a result a tolerance 
allocation corresponding to the condition that affects the 
manufacturing process planning. 

As argued by López [13, section 4.3.4], once the 
central idea and the three modules interacting for 
tolerance design have been exposed, it’s necessary to 
identify the links and tools for interaction, from design 
engineering, among the modules for functional geometric 
specification, tolerance analysis and synthesis, and the 
remaining agents of the product development process: 
Product Engineering (functional requirements), 
Manufacturing Engineering (manufacturing planning and 
process capability), Verification (resources and equipment 
for inspection, uncertainty management), and Quality 
Engineering (process control and variability statistic 
treatment), as shown in fig. 6. The methodology 
conceived in this paper can be named as “product 
concurrent geometric specification”, consisting of a 
concurrent treatment of tolerances process in which the 
following inputs are considered in order to re-define the 
allocation model: 
- Functional Design: To carry out a pre-allocation of 

tolerances. 
- Detailed Design: To perform a concurrent tolerance 

design, oriented to the capability of the available 
processes and the costs incurred to obtain those 
tolerances by means of a specific manufacturing 
process. 

- Estimation of costs caused by a poor product quality. 
- Estimation of costs caused by reprocessing, 

rejections and warranties. 
- Obtaining the combined cost-quality optimization 

function for each particular situation. 
- Tolerance allocation for the functional condition using 

the former function. 
- Place in common of the GPS specification that better 

expresses the target functional requirements and that 
is in agreement with the tolerance allocation 
obtained. 

4.3 Activities to be performed in the proposed 
methodology 

Taking into account the different factors intervening in 
the so-called “product concurrent geometric specification” 
and the variability transferred by them, depending also on 
what are the resources and the environment in each 
particular case, it is not possible to make a 
methodological proposal that is directly applicable to any 
company. 

Taking as a reference the outline of activities or entries 
to the concurrent process that are considered in the final 
part of section 4.2, following are suggested the 
alternatives and the approaches that are considered 
appropriate to implement any of the activities from the 
methodological proposal. 

4.3.1 Pre-allocation of tolerances in the design 
process 

Generally speaking, by using the Quality Function 
Deployment (QFD) technique, in the product engineering 
stage the functional requirements –the product 
specifications– are found that best represent the product 
attributes conceived to satisfy both the explicit customer 
demands and his implicit expectations. The set of 
functional requirements is what Suh [19] calls the 
“functional domain of the product”. 

Taking the functional domain as a reference, the 
product concept pre-design is carried out where, 
according to fig. 1, the mechanical solutions and the 
geometric forms are obtained. Next, in the functional 
design stage an alternative is conceived to solve the 
predicted use and maintenance problems, and the 
dimensions of the geometric elements are fixed. Finally, in 
the detailed design stage the complementary geometries 
are defined, the dimensions of the design parameters to 
be considered in the manufacturing and inspection 
processes are established, and the geometric variability 
which is acceptable in each case –which is in reality 
another design parameter– is laid down. 

The transformation of functional requirements into 
design parameters is usually done in an empirical way, 
based on the designer’s experience and intuition, and its 
necessary later for the design to undergo successive 
improvement processes using trial-and-error methods. 

In the methodology introduced in this paper a proposal 
is made to develop the transformation of the functional 
requirements into design parameters based on Suh’s 
Axiomatic Design Theory [19] by means of a series of 
systematized stages, in which each of the initial functional 
requirements for a certain mechanical system is 
transformed into a design parameter that must be at the 
same level. It’s somehow similar to a successive 
decomposition of a system into subsystems, and 
subsequently of these into assemblies, parts, geometric 
elements and admissible variabilities. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 Hierarchical levels in decomposition of product 

functional requirement and design parameters in each level. 
 
A model for the decomposition of functional 

requirements into design parameters was developed by 
López [13, section 4.4.2], where a process such as the 
one shown in fig. 7 was proposed, where it’s illustrated 
how each functional requirement (RFi) must be 
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transformed into an only design parameter, with the same 
concretion level and independent from others –exclusive 
to satisfy this requirement–, in such a way that when a 
parameter doesn’t have yet the same level as a functional 
condition that could be expressed by means of a 
geometrical condition from the functional requirement it 
belongs to, the parameter must be decomposed into other 
functional requirements with a higher concretion level, 
each of them having a new design parameter which is 
independent and it is defined at the same level as that 
RFi.    

When a systematic approach as described above is 
adopted into the design decision making process, 
independence among the design parameters from each 
functional requirement is reached, so allowing to obtain 
an uncoupled design, i.e. a design in which the variation 
of a parameter affects only to a functional requirement, 
what becomes very important when this parameter is the 
admissible geometric variability. Also, the design so 
developed achieves traceability properties that facilitate 
possible further re-design processes. 

The first stage of this methodological proposal consists 
in performing an initial allocation of tolerances, by means 
of the traditional method, once the former model is 
applied, aiming to the functional requirements 
decomposition providing a better identification of those 
design parameters that should be subject to tolerance 
exigencies. 

4.3.2 Concurrent design for optimization of 
tolerance costs 

Specified tolerances have a notable influence on the 
manufacturing cost and on functionality –i.e. on product 
quality–. Once a tolerance pre-allocation is made 
according to the indications of the previous section, this 
second activity aims to establish another tolerance 
allocation such that its values minimize the total cost of 
obtaining the whole of the product tolerances, while 
keeping at the same time its functionality level, which can 
entail for its part changes in other design parameters that 
are not tolerances.   

Different methodologies can be applied for concurrent 
design of functionality and manufacturing costs of 
tolerances, one of them being proposed below. 

A tolerance analysis is carried out, based on the first 
order of Taylor series expansion, as proposed by Chase 
et al [20], thus obtaining the implicit equations for the 
assembly functional restrictions with respect to 
independent variables –manufacturing dimensions–, 
geometric variables –specified geometric variables– and 
assembly variables. The coefficients in such equations 
are ordered into an matrix –tolerance sensitivity matrix–, 
and the tolerances of the chain functional elements in a 
second matrix. 

The tolerance sensitivity matrix makes it possible to 
identify what are the tolerances with a bigger influence on 
the accumulated tolerance in the assembly process. If  
[Sij] and [Sα] are respectively the sensitivity matrices for 
the manufacturing and geometric variables, [ΔX] and [Δα] 
are the tolerance matrices for the dimensions and 
geometric variations, and  [ΔU] is the matrix of variations 
produced in the assembly process as a consequence of 
the former, then: 

[Sij] x [ΔX] + [Sα] x [Δα] = [ΔU] 
Once all the elements from the matrices above are 

known, it is possible to identify in the sensitivities matrix 

the tolerances that is advisable to modify in each case, 
which are the most influencing on the increase of ΔUi. 

By their side, the tolerance cost functions provide the 
cost (C) of obtaining a certain tolerance, using a general 
expression such as: 

C = A + (B/Tn) 
where A are the fixed costs, B is the cost of obtaining a 

certain tolerance value with a particular machine, T is the 
target tolerance, and n is a value that depends on the 
mathematical model being applied to calculate the 
tolerance cost –simple, squared, powered, exponential, 
etc.–. Thus, the problem can be defined as to optimize the 
total minimum cost by reducing those tolerances that are 
more sensitive to the variation transferred to the 
assembly, applying then the costs for obtaining such 
tolerances. 

In this way, the initial model where tolerances are pre-
assignated with the only aim of satisfying functional 
exigences, is changed here into a concurrent process that 
incorporates functionality, the costs of tolerance 
manufacturing with certain processes, and the capability 
of such processes to obtain the tolerance, giving way to a 
new model with which to work until the next review. 

Other models can be applied that are more complex, 
and consequently also more precise. Thus, Zhang et al 
[21] developed a model for tolerance robust design that 
links together: functional requirements, costs, parameter –
geometric and non-geometric– design, and tolerances. 
This model can be used to determine simultaneously 
those tolerances and the associated design parameters 
that minimize functional variations and satisfy the 
established limits for the manufacturing costs. These 
authors developed algorithms to evaluate system 
robustness taking as a reference the global variance 
obtained from each parameter’s individual variance and 
weight factor, while the sensitivity factors are expressed 
as the ratio between the global variance, modeled with 
weighting factors of the influence of each parameter’s 
variation on the functionality measure, and each 
parameter’s individual tolerance.   

4.3.3 Incorporation of the costs transferred to the 
user due to poor product quality to the tolerance 
concurrent allocation process 

As the distribution of the functional condition tolerances 
among the different components of the dimension chain 
was conceived in section 4.3.2, it wasn’t taken into 
account that as the product features move away from 
perfect quality or target value, so it increases the cost 
transferred to Society along its lifespan because of poor 
product quality. As a consequence, an increase in 
tolerance value reduces the manufacturing cost but at the 
same time it can result in an inadmissible quality loss. 

It is necessary in many applications to take into 
account simultaneously the cost of achieving each 
tolerance using a particular process, and the cost 
transferred to the customer due to quality loss entailed by 
that tolerance value. Some proposals have been 
developed to minimize the combined total cost of 
tolerance manufacturing and the losses transferred to 
Society by the actual deviations from the target value. In 
this paper, the function developed by Cheng and 
Maghsoodloo [18] to optimize the combined total cost for 
the components of a dimension chain is proposed, 
because of its easiness of use. 

In practice, often several critical dimensions coexist for 
the assembly that must be evaluated. In this conditions, 
frequently the same dimension (Di) is involved in more 
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than one dimension chain, and as a consequence, 
besides the variance of Di –it is assumed that the 
variation of dimensions is statistically normally distributed, 
and that an amplitude of the tolerance zone of Ti = 6·σi is 
adopted– Var(Di) = (Ti/3)1/2, a co-variance exists among 
the critical dimensions for assembly that share one same 
dimension among their dimension chains. The model 
developed by Peng et al [22] allows to optimize tolerance 
allocation, thus minimizing the combined effect of the 
manufacturing costs and the quality loss costs tranferred 
to the user, in those cases in which interrelationed 
dimensions with more than one critical dimension for 
assembly exists.  

Regarding the cost of obtaining a tolerance using a 
particular process, some manuals exist, such as Todd et 
al [23], that provide orientating data based on which the 
costs for similar processes can be estimated. Little data is 
available about the costs transferred to the user because 
of poor product quality, as very wide studies are required 
for each of the possible mechanical functions, product 
types, conditions of use, etc. 

When product competitiveness requires it, a tolerance 
concurrent allocation must be performed where, besides 
Design, Manufacturing and Inspection Engineering 
departments, also Product, Quality and Market 
Engineering departments must participate, with the aim of 
finding an optimized solution that achieves a balance 
among functionality, costs incurred to obtain tolerances, 
and losses caused to the product users because of poor 
quality. 

4.3.4 Influence of product re-processing, 
rejections and guarantees on tolerance optimized 
allocation 

There is always a difference between the number of 
units for which the raw material is supplied in the first 
operation of the manufacturing process for a part or 
component and the number of units being accepted –
units conform to drawing specifications– at the end of the 
process. In each of the stages of any process a number –
higher or lower– of parts are rejected, in some cases due 
to non-conformance to tolerances specified in drawings, 
having an impact on the costs that must be considered 
when optimizing tolerance allocation.   

In some cases the parts out from tolerance can be 
recovered through re-processing operations, thus causing 
an over cost for the parts that must be considered when 
optimizing tolerance allocation, as a cost to reach that 
tolerance by means of the process being used. The cost 
of part rejections and re-processing are specific to each 
company, and therefore cannot be incorporated to cost-
tolerance functions. Each company will obtain specific 
values to be incorporated to the optimization algorithm, 
according to the manufacturing process and the product 
to be manufactured, even if some initial estimation can be 
made based on values obtained from similar processes. 

Furthermore, product issues and malfunctions along its 
guarantee period can be caused by unsuitable tolerance 
allocation, and in these cases it must be studied whether 
these costs are considered as manufacturing costs or as 
poor quality costs. 

4.3.5 A function for optimization of tolerance 
allocation for a product 

The considerations from sections 4.3.1 to 4.3.3 lead to 
the fact that, taking the mentioned general application 
methodologies for tolerance allocation as a starting point, 

for each product, process and company, a function exists 
that best optimize tolerance allocation, allowing to achieve 
the desired balance among functionality, tolerance 
manufacturing costs and poor quality costs.   

As a consequence, the Product Engineering, Design, 
Manufacturing, Inspection, Quality, Maintenance, 
Marketing and Cost Management departments must 
participate in the process of concurrent allocation of 
tolerances, from the initial tolerance allocation each of 
them being progressively incorporated to the process, in 
order to perfection the successive tolerance splitting 
models that are generated at each planned entry for the 
tolerance concurrent design process. 

The methodology for tolerance allocation proposed in 
this paper allows the planning of different concurrent 
levels, according to the demands, the manufacturing 
volume, the available processes … as in any case the 
cost and cost-effectiveness of the concurrent optimization 
study must be considered. It will be convenient in some 
cases to perform the optimization considering only the 
tolerance functionality and cost, while in other cases the 
cost of poor product quality for the user, rejections and/or 
guarantees … must be taken into account.   

4.3.6 GPS specification of the obtained tolerances 

The specification on drawing of the tolerances obtained 
in the optimization process can sometimes be performed 
by combining different specification elements, what could 
result in different meanings and interpretations of the 
same tolerance. This circumstance is seldom taken into 
consideration in the majority of research studies on 
tolerance optimization, which often disregard the fact that 
“a good optimization process for tolerance allocation, 
when it is not properly managed, results in a poorly 
efficient work”. 

The concurrent design team must define which GPS 
specifications get to express, univocally and without 
ambiguity, how each of the tolerances must be 
interpreted, as often different interpretations of the same 
specification are reached in the traditional treatment of 
tolerances when independent interpretations are 
performed in each stage of the product design and 
development process.    

5 Conclusion 
- When tolerance management is performed according 

to traditional practices, for any functional condition, 
the decisions on the tolerance splitting among the 
functional elements that are involved in such 
condition are mainly focused towards guaranteeing 
an optimal product performance, and seem to help 
poorly to face the current product competitiveness 
challenges. 

- Geometric specification according to the current ISO-
GPS standards is an essential tool for obtaining 
products with lower costs and improved quality. 

- Implementation of the ISO-GPS standards is a 
fundamental requirement for an organization to be 
able to develop a concurrent tolerance design, but it 
must go together with a previous training about its 
knowledge and an efficient application, and also with 
an awareness of the firm management about its 
advantages and competitive contributions. 

- When concurrent engineering incorporates 
concurrent tolerance design, it chooses the right path 
to achieve better costs and quality optimizations on 
the company’s products, to reduce its development 
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cycle time, to increase its reliability and to raise the 
user’s trust. All of the mentioned together are 
fundamental elements to improve the product’s 
competitive level. 
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Abstract 

In tolerancing activity, surfaces are usually considered without any defects (i.e. no waviness 
and no rugosity). Consequently, only size and position defects of surfaces are taken into 
account. The focus of this paper is to show the importance of these surface defects on 
assembly; it is highlighted that even if the real surface respects the geometrical 
specifications, it is possible to have a non-conform assembly. The developed method is 
applied on an assembly which uses two carters composed in parallel of a ball and cylinder 
pair and of a planar pair. 

 

1 Introduction 

The design of manufactured products requires special 
attention when defining the geometric quality of the 
different parts of the product. Indeed, this geometric 
quality is closely related to the expected technical 
performance of the product and to the production costs of 
every part. It is based on geometric specifications 
resulting from conditions on the characteristics of shape, 
orientation, position and size. The product performance 
directly depends on the quality of each part. These 
specification transfers are linked to the geometric product 
specification. 
During this phase, the designers base their approach on 
strong hypotheses like no form defects on the part and all 
surfaces supposed to be infinitely rigid. 
In many applications, if surface defects are not taken into 
account, it could lead to a particular assembly which 
respects all geometrical specifications but does not 
respect the global requirement, due to interactions with 
other parts. 
This paper proposes to focus on surface defects of 
mechanical links between two carters (2 and 3) 
composed of a ball and cylinder pair and of a planar pair 
(see Fig. 1). This type of mechanical link is commonly 
used for pump bodies, turbo shaft engine carter... 
In such mechanism, it is crucial to precisely position the 
part 2 and then the point A compare to the part 3 and its 
point E. These two points will ensure the good position of 
a rotor 1 in the carter. 
We have studied a particular feature of part 2 located in C 
joint. The geometrical specifications according to ISO 
standards 8015 to be respected are detailed in Fig. 2. 
Using the technical drawings of this part, all the possible 
extreme configurations are determined by a deviation 
domain (c.f. Fig. 4). This approach corresponds to a 

classical tri-dimensional calculation based on the worst 
case hypothesis. For this calculation, it is assumed that 
there are no form errors on parts. This point is detailed in 
section 2. 
In section three, form errors are introduced. For this case, 
it is necessary to generate a base of particular defects. 
These defects are defined by a modal decomposition of 
the initial surface. Then, a configuration of defects is 
randomly formed in the modal basis. 
In section four, we propose to quantify the non-conformity 
rate of no respect of the geometrical requirement through 
a stochastic simulation. This solving is based on the 
previous two approaches, considering both cases (with or 
without surface defects). Then we estimate the no-
conformity rate of the assembly in regard to the tested 
defect types. 

  

A E 

C 

1 

2 3 

 

Fig. 1 Simplified representation of the mechanism. 

  

A 

A   B t 

L 

C 
2 

plane C1 

B 

A  

Fig. 2 Detail of the geometrical specifications of the part 2. 
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2 Functional requirement  

We have delimited the domain corresponding to the 
geometrical specification imposed by the designer. This 
domain defines all the extreme positions of the surface 
C2 (surface C belonging to part 2, Fig. 2) related to the 
geometrical specification (location). These calculations 
are derived from the previous works of [1, 2, 3, 4]. 

To do so, let us consider a point Pi of the C2 planar 
surface. To respect the location specification, all Pi points 
must remain within two parallel plans, a distance t 
(tolerance) a part and centered on the nominal value L 
from the reference A (see Fig. 2). In this study the value 
of t corresponds to 80 mm and the inner and outer radii of 
the carter are 90mm and 120mm. 

 
  L 

t 

pi 

x 

y 

z O 

 

Fig. 3 Simplified representation of the geometrical 
specification of the C2 annular flat surface 

The allowed displacements of Pi are thus defined by the 
eq. 1. 

dpi . z≤ t (1) 
Where dpi corresponds to the small displacement of pi. 

 
The pi coordinate is defined by: 
pi  = (cos(q)*D/2, sin(q)*D/2, D) (2) 
Where, D/2 is the external diameter of part 2. 
 
Thus, all of the allowed displacements of pi expressed 

in point O are determined according to eq. 2. 
d pi = do + opi x r (3) 
With r  corresponding to rotations of C2 planar surface 

along x and y axes; do is the translation component of the 
small displacement of C2 :(Tx, Ty, Tz). Then, 

d pi .z = Tz + cos(q)*D/2. Ry - sin(q)*D/2. Rx (4) 
 

According to eq.1, the geometrical specification could 
be expressed by: 

Tz + cos(q)*D/2 . Ry - sin(q)*D/2 . Rx ≤ t (5) 
Such as q Î [0, 2p]  

Ry 
(10-3rad) 

Rx  
(10-3rad) 

Tz 
(mm)  

Fig. 4 Representation of all possible displacements of the 
surface C2. 

 
 

This relation determines the extreme possible value of 
every geometrical parameters Rx, Ry and Tz 
corresponding to the small displacement of the surface 
C2. The geometrical representation of this domain is 
displayed in Fig. 4. 

3 Introduction of surface defects 

The process (e.g. lathe) used to machine the functional 
surfaces C of part 2 (Fig. 2) leads to the development of 
superimposed defects ranging from the material grain 
scale (roughness) to the scale of the surface itself (form 
error). 

Taking into account such defects is not a usual 
approach in tolerancing calculation. The simplest 
approach consist in characterizing the deviation from the 
ideal surface (a plane in our case) by a unique scalar 
value t representing the maximum amplitude of defects, 
as shown in Fig. 5 [5]. The alternative would be to 
discretize the surface using a set of points (dotted line in 
Fig. 5), the parameters being their associated 
coordinates. This last approach leads to drive tremendous 
number of parameters. An intermediate approach has to 
be found to take into consideration surface defects with a 
minimal number of parameters. 

 

t 

 

Fig. 5 Geometric parameters [6] 

Several approaches can be considered like polynomials 
including Lagrangian interpolations, Bezier splines and 
surfaces [7] that are often used in Computer Aided 
Design. This class is usually well fitted for particular types 
of surface; to be applied whatever the surface is, it is 
necessary to split it into sub-surfaces. Another important 
class of methods based on periodic decomposition is also 
widely used. These methods could be based on Fourier 
series like the discrete cosine transform used for stamping 
process [8], Zernike polynomials [9] used on disk shaped 
surfaces in optics, Fourier and Chebyshev polynomials 
used on cylindrical turned surfaces [10]. 
The Modal Discrete Decomposition (MDD) is another way 
to model the surface defects with few parameters. This 
last approach has been chosen for the present work to 
generate surface defects. 

3.1 Definition of the Modal Discrete 
Decomposition (MDD) 

The MDD is based on the vibration theory of discrete 
mechanical structures. Every eigen vibration modes 
defines a particular geometry and these modes are used 
as parameters defining the surface [11, 12].  
To generate form error and waviness using the modal 
decomposition, the eigenmodes of the annular flat surface 
must be determined first. They are obtained based on the 
solution of the dynamic conservative equilibrium given by 
the equation  

0
2

2

=×+
¶

¶
× uK

u
M

t
 (6) 

where M and K are the mass and stiffness matrices and u 
is the displacement vector.  
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The solution of eq. 6 provides a linear system which 
solutions are the eigenmodes Qi corresponding to the 
pulsation wi. 

0
1

2

1 =×÷
÷
ø

ö
ç
ç
è

æ
-×-

i

i

QIKM
w

 (7) 

where I is the identity matrix. 
 
Solving eq. 7, taking into account the free boundary 
conditions of the annular flat surface, leads to find: 

· The three first modes Q1 to Q3, corresponding to 
rigid body modes (rigid displacement of the 
surface) 

· The other modes Qi (i = 4,n), corresponding to 
the vibration modes of the surfaces. 

Each eigenvector is normalized according to the infinity 

norm so that 1=
¥iQ . 

Fig. 6 illustrates the six first modes obtained with this 
approach. 

Q1 Q2 Q3 

   

Q4 Q5 Q6 

   

Fig. 6 The six first natural modal shapes of the surface 

3.2 Generation of the defect surfaces 

From now on, the annular surface is generated with a 
radius r ranging from 90 to 120mm. It is discretized with 
9800 shell elements composed of four nodes (with 
N=NrxNq, Nr=71, Nq =140). All elements have three 
degrees of freedom (two rotations and one translation).  

Based on the eigenmodes Qi (i=1,n), the annular 
surface, V, includes the surface defects (i.e. form errors, 
waviness and rougthness). All surfaces are defined by a 
composition of modes computed through eq. 8. 

mQV ×=  (8) 
Q is a N x n matrix of eigenmodes Qi and m is the 

vector of modal coefficients mi (i=1,n). 
Since Qi are unit vectors, a metrics can be attributed to 

mi. Fig. 7illustrates the surface defect generation. 
 

m1.Q1 mi.Qi 
V  

Fig. 7 Illustration of the surface defect generation 

3.3 Assembly case 

As we have detailed above how to create a theoretical 
surface having form errors, we present here the method 
that allows to assess the assembly of the two imperfect 
surfaces C2 onto C3 (surface C belonging to part 3).For 

that, it is supposed a particular boundary condition such 
as a vertical load (ie. along z axis) is applied 
corresponding to the different screws and nuts used to 
assembly the carter (see Fig. 8).  

All defects are supposed to be hold by one of the two 
surfaces, the other one being perfectly flat. In a real 
contact, this hypothesis can be satisfied while making use 
of the surface-sum concept [13]. So we first create a 
virtual surface which is the sum of the two surfaces 
defects C2 and C3 reported on C2. That assumes that C3 
became perfect. This surface is shown in Fig. 8. For each 
generated surface, we compute the convex hull of the 
surface. The solving of the intersection of the matting 
force whit this convex hull gives the matting facet thus the 
contact configuration. 

 

Fig.8 Convex hull surface with contact face in red 

As shown in Fig. 8, we identify the facet (triangle) of 
contact that is selected by the force for positioning the 
carter. After this, the surface is rotated with the angle 
calculated to find support on 3 points. 
Then we determine the small displacements torsor (one 
translation along z axis -Tz- and two rotations about x and 
y axis -Rx,Ry-) corresponding to the normal direction 
(vector) of this facet. We calculate this position of the 
surface without deformations (least-squares plane). Thus, 
the resulting torsor can be used for the test specification. 

4 Tolerancing analysis 

4.1 Position and orientation models 

We assume that all bodies are rigid. We use a model 
based on the Small Displacement Torsor (SDT) that 
allows computing assemblies. The skin model is reduced 
to its associated surfaces [14]. A frame is attached to 
each surface. Their possible deviations are position and 
orientation. In order to model those two types of 
deviations, we can use a kinematic based model defining 
displacements parameters. Bourdet and Clement [3] 
defined the Small Displacement Torsor (i.e. 6 components 
of translation and rotations of frames) that provides a 
unified model based on positions and orientations of 
frames (of associated surfaces). The SDT model allows 
calculating deviations without taking into account the 
observation frame (for example the “global frame” in Fig. 
9). We can make simple operations on SDT (addition, 
transportation…). The model of SDT domains of Giordano 
[15] is based on the duality of contact conditions and SDT 
components inequalities. It builds a mathematical 
representation of those inequalities from a convex hull in a 
space of 6 dimensions (or less, as for the cases of planar 
or axisymmetric mechanisms with 3D domains). Each 
(position or orientation) specification or functional 
requirement can be expressed as a domain in this space. 
The Functional Requirement (FR) verifications consist in 
checking that the resulting SDT of all the involved 
deviations are within the FR domain (inclusion test in a 6D 
space). 

We will suppose that only the two contact surfaces 
have geometric deviations. All other surfaces are 
considered perfect, but their deviations could be taken 
into account using a stack up assembly method [16]. We 
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matting facet Vertical load 
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add all errors on one surface while the other will have no 
form errors. Then we can study the influence of form 
errors on the assembly by using an equivalent error 
surface on only one side of the contact (Fig. 9). 

First, to simplify the approach, we consider that Ry is 
equal to zero. As a consequence, the space of admissible 
displacements is reduced to Exy(Tz, Rx) that is the Error 
SDT of the y frame from the x frame in the reduced space 
(Tz, Rx) of displacements. Before switching to a 3D 
assembly in 4.2, Fig. 9 shows the coincidence of the 
curves in the (x, z) plane where we study the contact of 
two parts (1 and 2) linked by a joint A. 

 

Fig. 9 Two surfaces A1 and A2 in contact with form error 

We compute the surface-sum by adding displacements of 
A1 and A2 (Fig.  10). The convex hull of this surface is the 
set of all possible contact facets. The force axis selects 
the contact facet allowing the identification of the 
assembly SDT E1A2 of A1 from A2. 

 

Fig. 10 Equivalent error surface 

Fig.  11 displays the three references necessary for 
assembling surfaces with form errors. The overall 
reference is the reference where the surfaces would have 
been if they were perfect. The reference of the rigid 
surface is the summed deviations of A1 and A2, without 
taking into account form errors: the clearance ER1A2 
(Difference between Rigid parts 1 and 2 at the connection 
A) is then obtained for this configuration/case. 

If we take form errors into account, we can determine 
the contact facet attached to the reference, and get the 
clearance E1A2 (Rigid and Form Clearance between parts 
1 and 2 at the connection A). Subtracting the previous 
clearance from this one provides the clearance due to 
form errors alone: EF1A2 (Form Clearance between parts 1 
and 2 at the connection A). 

 

Fig. 11 SDT with and without form errors  

To check if these assemblies meet the specifications, 
we only need to verify that the corresponding components 
of all the assemblies SDT remain within the domain 

specified in the space of small displacements (Fig.  11). 
Since we work in a space of 3 parameters, it results a 3D 
domain (Tz, Rx, Ry).Each torsor is a 3D point and it is 
possible to analyze a batch of assemblies which will be 
shown in the following section. 

4.2 Results with only position and orientation 
defects  

First, we generate 10 000 assemblies only composed 
by position and orientation defects. As expected, all the 
displacement torsors are included in the deviation domain 
(Fig.  12): consequently, the non-conformity rate is 0%. 

 

Ry 
(10-4rad) 

Rx  
(10-4rad) 

Tz 
(mm) 

 

Fig. 12 SDT with no form errors 

4.3 Results with only form defects  

The resulting SDT of the 10 000 assemblies generated 
with only form defects may be observed in Fig. 13. 157 of 
them are out of the deviation domain: so the non-
conformity rate goes up to 1,6%. 

 

Ry 
(10-4rad) 

Rx  
(10-4rad) 

Tz 
(mm) 

 

Fig. 13 SDT with only form errors 

4.4 Results with all defect types  

Finally, we generate 10 000 assemblies with all defect 
types and get 2576 of them out of the deviation domain 
(Fig.  14). In this case, the non-conformity rate is 22,6%. 
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Fig. 14 SDT with all combined defects 

5 Conclusion 

Assembly simulations are necessary to analyze 
deviation influences on the functional requirements. We 
have presented how this goal can be reached taking into 
account form errors on a static mechanism. Surface form 
errors are defined by the modal method. The natural 
mode shapes of the theoretical feature automatically build 
a geometric basis with several interesting properties as 
automaticity and natural sorting of shape complexity. In 
order to compute the assembly of two surfaces, we define 
a filtered equivalent form error. Contact points must be on 
their convex hull. The set of corresponding facets define 
all the possible contact configurations. Assembly 
determination is solved by a static method: the 
intersection of the force assembly axis with the convex 
hull of the filtered equivalent form error determines the 
contact facet. Then SDT model is used to transport this 
contact deviation to the functional requirement surface. 
By the domain method, this result is compared to the 
functional requirement domain. A simulation of a pilot 
production shows a Non-Conformity Rate with or without 
taking into account form errors. The supplier can use this 
approach in order to better answer the customer needs 
(NCR mastering at a good cost). We are making routines 
in order to analyze several types of contact surfaces. 
Libraries of modal shapes are being made for this 
purpose. 
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Abstract 

Prompted by the development of algorithms for analysing geometric tolerancing, this article 
describes a method to determine the Minkowski sum for 3-dimension polytopes. This 
purposed method is based exclusively on intersection operations on normal cones, using the 
properties of the normal fan of a Minkowski sum obtained by common refinement of the 
normal fans of the operands. It can be used to determine from which vertices of the operands 
the vertices of the Minkowski sum derive. It is also possible to determine to which facets of 
the operands each facet of the Minkowski sum is oriented. 

First, the main properties of the duality of normal cones and primal cones associated with the 
vertices of a polytope are described. Next, the properties of normal fans are applied to define 
the vertices and facets of the Minkowski sum of two polytopes.  

An algorithm is proposed which generalises the method. An example shows the application of 
the method on an assembly made up of two parts. Lastly, there is a discussion of the features 
of this algorithm, developed using the OpenCascade environment. 

1 Introduction 
Minkowski sums can be used in many applications. 

Some of the most important ones that should be 
mentioned are for determining the envelope volume 
generated by displacement between two solids, whether 
in geometric modelling, robotics or for simulating shapes 
obtained by digitally controlled machining [1]. There are 
other applications concerning more precisely the 
Minkowski sum of polytopes, such as satellite antenna 
deployment systems [2], collision detection [3], optimising 
the arrangement of templates when cutting out parts from 
sheet metal [4] and applications in biology [5]. 

In geometric tolerancing Fleming established in 1988 
[6] the correlation between cumulative defect limits on 
parts in contact and the Minkowski sum of finite sets of 
geometric constraints. A detailed synthesis of this is given 
in [7]. For examples of modelling dimension chains using 
Minkowski sums of finite sets of constraints, see [8], [9], 
[10] and [11]. In tolerance analysis, it is necessary to 
check that the cumulative defect limits specified for the 
component parts of a product are compliant with the 
functional requirements expected of the product. Defect 
limits can be modelled by tolerance zones constructed by 
offsets on nominal models of parts [12]. Cumulative 
defect limits can be modelled using a calculated polytope, 
the result of a set of intersections and Minkowski sums of 
polytopes. A functional requirement can be qualified by a 
functional polytope, in other words a target polytope. It is 
then necessary to verify whether the calculated polytope 
is included in the functional polytope [13], see fig. 1. 

 

To optimise the filling of the functional polytope (see 
fig. 1), it is crucial to know. 

- from which vertices of the four operands the vertices 
of the calculated polytope derive, 

- from which facets of the four operands the normals of 
the facets of the calculated polytope derive. 

 

Fig. 1 Verification of inclusion of 3-polytope [13]. 

The purpose of this article is to determine the 
Minkowski sum of 3-dimension polytopes and apply this 
effectively in order to optimise the filling of the functional 
polytope. Our approach is based on polytope properties, 
most of which are described in [14] and [15]. 

Several different approaches have been proposed in 
the literature to determine the Minkowski sum, most of 
which relate to 3-dimension geometrical applications. 

When applying the Minkowski sum to any geometric 
shape, some methods use sampling techniques to 
generate a volume consisting of points, then apply 
selection filters to the points [16], others use algorithms to 

Functional 3-polytope
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extract the external and internal envelopes on which 
facets are triangulated [17]. 

Another type of approach is to decompose a 
Minkowski sum into several sums of convex polyhedra 
[18]. 

Fukuda [19] demonstrates a generalisation of the 
Minkoswki sum of k-polytopes by constructing a 
zonotope, adding segments of lines in   thus 
complementing the work of Gritzmann and Sturmfels [14]. 

A dual representation of a polytope (cubical Gaussian 
map) has been used, to determine a Minkowski sum 
exactly [20]. 

In addition, [21] improves the concept of slope 
diagrams introduced by [22] to determine facets of 
connection. The same principle is used by [23] who 
proposes an algorithm called a Contributing Vertices-
based Minkowski Sum. 

2 Some properties of polytopes 

2.1 Two dual definitions for polytopes 

A polytope P  is a bounded intersection of many 

finitely closed half-spaces in some nn  (see fig.1) [15], 
[19], [24]. This is the h-representation of a polytope [19]. 

 

In this article, a system of inequalities for m  half-

spaces -H  has been chosen to define a polytope P  as 
eq. 1: 
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£.Ax b  is usual shorthand for the following system of 

inequalities £ £. ,..., .1 m mb b
1
a x a x where ,..., m1

a a  are 

the rows of matrix A and ,..., mb b
1

 are the components of 

vector b. 
A polytope P  is a convex hull of a finite set of points 

in some nn (see fig. 1) [15], [19].  

Let us consider V , a finite set of points in some nn  

(see fig. 1): ( )P Vconv= .  

This is the v-representation of a polytope [19]. 

 

Fig. 2 Definitions of a 2-polytope in �
2 [15]. 

A polytope of dimension k  is denoted a k -polytope in 
nn  with ( )³n k . 

A 0-polytope is a vertex, a 1-polytope is an edge and a 
2-polytope is a 2-face. 

2.2 Primal cone and dual cone 

A cone is a non-empty set of vectors that with any 
finite set of vectors also contains all their linear 
combinations with non-negative coefficients [15]. 

Let us consider { }=Y iy  a finite set of m points in 

some 
nn

. The cone associated to Y is  [15]:  
 { }= + + + + ³1 1Cone(Y) . ... . ... . : 0i i m m it t t ty y y  (2) 

There is an equivalent definition with half-spaces such 
that the border contains the origin (see fig. 3): 
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x a x  (3) 

 

 

Fig. 3 Cone 
3
. 

Every vertex v  of a polytope P  has an associated 
primal cone and dual cone. 

In 3-dimension, the boundary of the primal cone 

( )PrimalCone v  consists of the vertex v , the facets pif  of 

P  converging at the vertex v  and the edges pije  

converging at the vertex v  so that an edge pije  forms a 

common boundary between adjacent facets pif  and pjf  

(see fig. 4). 

 

Fig. 4 Primal cone of a �
3 
polytope.  

Let us consider an objective function of the shape: 
= a +b + g +l( , , ) . . .p x y z x y z  and polytope P  together 

define the function ( , , )p x y z . The objective function is 

maximal on one face F  (2-face, edge or vertex) of P . 
Let d  be a normal to the objective function oriented 
towards the exterior of polytope P  (see fig. 5). The set of 
objective functions that reach their maximum in F  is 
characterised by a polyhedral cone DualCone( )F  defined 

by the set of normals d , thus in 33 [15]:  

{ }{ }Î
= Î Í Î =

P
P:{{Í Î{3DualCone( ) : : . max .F F

y

d x dx dy  (4)  

 
DualCone( )F  is called the dual cone of polytope P  in 

F . 
It is called the normal cone of polytope P  in F  [15], 

[19]. 
The dual cone associated with a face of dimension i  

has a dimension ( )-n i  in n [14]. 

 

Convex hull of a finite set points in �
2
 

Intersection of many finitely closed 

halfspaces in �
2
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Fig. 5 Definition of a dual cone. 

Let us consider the dual cone of polytope P  

( )DualCone v  associated with the vertex v . In 33  this 

cone is 3-dimension given that the dimension of vertex v  
is 0. It consists of the vertex v , facets dijf  that converge 

at v  with their normals being respectively edges pije  and 

edges die  converging in v  and these are in turn normal 

to facets pif . 

Fig. 6 shows the primal cone and the dual cone 
associated with the vertex v  of polytope P . 

 

Fig. 6 Dual cone and primal cone attached to a vertex. 

2.3 Fan and normal fan 

A fan in nn  is a family { }F = 1,...., kC C  of polyhedral 

cones with the following properties: 
- each non-empty face of a cone in F  is also a cone 

in F . 
- the intersection of two cones in F  is a face common 

to the two cones. 

 

Fig. 7 Complete 22  fan. 

The fan F  is complete if and only if: 
=

==
1

k
n

i
i

C  [15]. 

For any facet F  of polytope P , the set of dual cones 

DualCone( )F  partitions nn . The set of dual cones 
defines a fan, which we will call the normal fan [14], [15]. 

The normal fan associated with polytope P is: ( )PN . 

Let 1F  and 2F  be two fans of nn . 

Then the common refinement of 1F  and 2F  [15] is:  

 { }1 2 1 2 1 1 2 2: ,C C C CF ÙF = Ç ÎF ÎF  (5) 

 
To determine the common refinement of two fans 1F  

and 2F  a normal fan has to be determined which consists 

of the set of all the intersections of the dual cones of the 
two fans 1F  and 2F  considered two by two. 

3 Minkowski sum by operations on 
dual cone 

3.1 Problems in determining the Minkowski sum 
for two polytopes 

The definition of a Minkowski sum is given in equation 
(6) [14]. 

 

 { }| , :n+ = = Î $ Î $ Î = +c a b c a bA B C A B| ,| ,nC A| ,C A| ,n
c a| ,| ,| ,| ,| ,| ,| ,n  (6) 

In the rest of the article: 
- the operand polytopes will always be represented as 

A  and B . 
- the Minkowski sum polytope of A  and B  will always 

be represented as C . 
- a  represents a point that can sometimes be a vertex 

of polytope A . 

- a  represents the vector associated with a  in nn . 
- in 1-dimension, a  is reduced to a simple real number 

a . 
 
In 1-dimension, this consists of adding together 

variables with boundaries at certain intervals. 
 
For 2 and 3 dimensions, the Minkowski sum consists of 

carrying out a sweep from a reference point on one 
operand at the boundary of the other operand [21], [23]. 

In 22 , the edges of the polytope sum are translations 
of the edges of the two operand polytopes [21], [23]. This 
is illustrated in fig. 8. 

 

Fig. 8 Minkowski sum of 22  polytopes. 

In 33 , certain facets of the polytope sum are 
translations of the facets of the two operand polytopes. 
However, other facets are created, which we will call 
facets of connection. Thus it is not possible to deduce the 
facets of the polytope sum knowing only the facets of the 
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operand polytopes. This property is illustrated in fig. 9 and 
discussed in [21], [23]. 

 

Fig. 9 Minkowski sum of 33  polytopes. 

The work of [21], [23] can be further justified. The 
following property developed in [14], and also mentioned 
in [15] and [19], shows that the normal fan ( )N C  of 

polytope C , the Minkowski sum of polytopes A  and B , 
is the common refinement of the two normal fans of 
polytopes A  and B : 

 
 ( ) ( ) ( ) ( )+N N N N= = ÙC A B A B  (7) 

 
According to (4), determining the common refinement 

of two normal fans is based only on intersections of dual 
cones considered two by two. It is therefore not possible 
to create new edges in 2-dimension when determining the 
normal fan ( )N C . This is the reason why there is no 

facet of connection in the Minkowski sum for two 
polytopes. In 3-dimension, new edges can be created. 
According to (3) and the properties of the dual cones cited 
in §2.2, these new edges are normals to the facets of 
connection of the polytope sum. 

The maximal number of facets of the Minkowski sum of 

polytopes for a number k  of polytopes in nn  is defined in 
[20]. 

In this article we propose a method to construct facets 
of the polytope sum C  based solely on intersections of 
dual cones on operands A  and B . 

We can then determine: 
- the Minkowski vertices of C , 
- the dual cones associated with the vertices of C  

- the normal fan ( )N C . 

From the vertices of C  and the respective dual cones, 
the facets of C  can be defined. 

Finally, using the proximity of the dual cones in the 
normal fan ( )N C , the ordered edges defining the limits of 

the support hyperplane will be determined in order to 
define each facet of C . 

3.2 Determining the vertices of the Minkowski 
sum of polytopes 

3.2.1 Properties of dual cones 

Let the points of a face of polytope A  maximising the 
objective function characterised by the vector be α :  

{ }S( , ) : . max .
Î

= Î =
y

α x αx α y
P

A : A  (8) 

Let us consider the following property: 
Let a  be a vertex of A  and DualCone( )a  the 

associated dual cone. 
We have:  

 ( ) ( ) { }DualCone ,a S
°

Î Û =α α aA  (9) 

Let A , B  and C  be three polytopes such that: 
+ =A B C . 
Let a  and b  be two vertices of A  and B  

respectively. 
Let us consider the following property: 

 

 
( )

{ } { }
is a vertex of 

: S( , ) et S( , )

+

Û $ ¹ = =

a b

γ 0 γ a γ b

C

A B
 (10) 

 
This property expresses the fact that if the same objective 
function reaches its maximum at A  in a single vertex a  

and at B  in a single vertex b  then ( )+a b  is a vertex of 

C . 
 
Any vertex of = +C=A B  is the sum of a vertex of A  

and a vertex of B  according to Ewald's 1.5 theorem [25]. 
 
Using the previous properties, we can deduce eq. 11: 
 

( ) { } ( ) { }
( ) { }

( )
( )

Let us consider and two vertices of and :

vertex of the Minkowski sum +

such , and ,

such ,

o
DualCone

dimension of DualCone

a b

S a S b

S c

c

c n

=

Û $ ¹ = =

Û $ ¹ =

Û Î

Û =

c =a+b

γ 0 γ γ

γ 0 γ

γ

A B

A B= C

A B

C  (11) 

 
Let us consider DualCone( )a  and DualCone( )b  the 

respective dual cones of polytopes A  at vertex a  and 
B  at vertex b . 

 
If ( )DualCone( ) DualCone( )a bÇ  is 3-dimension, then 

( )+ =a b c  where c  is the vertex of C : see fig. 10. 

+

=
A

B

+ =A B C + =A B C

without facets of connection with facets of connection

+

=
A

B

+ =A B C + =A B C

without facets of connection with facets of connection
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Fig. 10 Intersection of dual cones generating a vertex. 

 
If ( )DualCone( ) DualCone( )a bÇ  is clearly less than 3-

dimension, then ( )+a b  is not a vertex of C : see fig. 11. 

 
There is a corollary which consists in determining the 

number of non-coplanar edges in 

( )DualCone( ) DualCone( )a bÇ  which should be at least 

equal to 3. 

 

Fig. 11 Intersection of dual cones not generating vertex. 

3.2.2 Proposal for an algorithm 

From eq. 11, we are able to formulate an algorithm to 
determine the vertices of the Minkowski sum. In addition, 
determining ( )ÇDualCone( ) DualCone( )a b  for all the 

vertices of A  and B  gives the common refinement of 
A  and B  according to eq. 5 and hence we can deduce 

the normal fan ( )CN . 

Polytope A  is characterised by its list of vertices ,v AL  

and its list of facets ,f AL . 

Let ia  be the ith vertex of ,v AL . We have: £ £ ,1 v Ai n  

where ,v An  is the number of vertices of A . 

 
In the same way, polytope B  is characterised by ,v BL  

and ,f BL . 

Let jb  be the jth vertex of ,v BL . We have: £ £ ,1 v Bj n  

where ,v Bn  is the number of vertices of B . 

 
Polytope C  is characterised by its list of vertices ,v CL , 

its list of dual cones DualCone,CL  and its normal fan ( )CN . 

Let kc  be the kth vertex of ,v CL . We have: £ £ ,1 v Ck n  

where ,v Cn  is the number of vertices of C . 

Let ( )kcDualCone  be the kth dual cone of C  

associated with kc  of DualCone,CL . 

The fig. 12 presents the algorithm to determine the 
vertices of the Minkowski sum of 3-polytopes. 

 

Fig. 12 Determining the vertices of the Minkowski sum of 3-

polytopes. 

3.3 Determining the facets of the Minkowski 
sum of polytopes 

3.3.1 Properties of dual cones 

We shall go straight to eq. 4 developed in [15].  
 

3Property 1: In , dual cones associated with

 vertices  of the same facet of a polytope share

one and the same edge in the polytope's normal fan.
ik v

3 , dual co3

(12) 

 
Fig. 13a shows the 4 dual cones ( )DualCone kc  

associated respectively with vertices 1 2 3 4, , andc c c c on the 

same facet f  of polytope C . The 4 dual cones 

( )DualCone kc  are translated on vertex 1c . They define a 

sub-set of the normal fan ( )N C  translated into 1c . The 

+
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Require: two 3-polytopes A  and B  

Ensure: determination of ,v CL , DualCone,CL  and ( )CN  with + =A B C  

1: = 0k  

2: for each vertex ofia A  with ,f AL  do 

3:  ( )DualCone ia  

4:   for each vertex ofjb B  with ,f BL  do 

5:   ( )DualCone jb  

6:   compute ijI = ( ) ( )ÇDualCone DualConei ja b  

7:    if dimension of = 3ijI  then  

8:    = +1k k  

9:    compute = +k i jc a b  

10:   add kc  in ,v CL  

11:   add ( )=DualConeij kI c  in DualCone,CL  

12:   end if 

12:  end for 

13: end for 

14: =,v Cn k  

15: ( ) ( ){ } ( )= ÎC DualCone,N DualCone with DualConek k Cc c L  
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edge common to the 4 dual cones ( )DualCone kc  

associated respectively with vertices kc  (where 1 4k£ £

) is normal to facet f : see fig. 13b. 
 

 

Property 2: the two dual cones associated with

the two vertices of the same edge of a polytope

share a single face in the polytope's normal fan

 (13) 

 (1 
Fig. 13c illustrates property 2 for the edge of polytope 

C bounded by vertices 1c  and 2c . 

 
 (14) 

 

Fig. 13 Dual cones associated with the vertices of a facet of 

polytope C . 

3.3.2 Proposal for an algorithm 

From the two properties described earlier, an algorithm 

can be formulated to search for the facet edges of a 33  
polytope when its vertices, its normal fan and the dual 
cones associated respectively with the polytope vertices 
are known. 

From property (1) in the normal fan of a polytope, the 
edge common to the dual cones associated with the 
primal vertices of the same facet can be identified. From 
property (2), we can turn around this common edge and 
identify the vertices of this facet in order. 

 
Polytope C  is characterised by its list of vertices ,v CL , 

its list of dual cones DualCone,CL  and its normal fan ( )N C . 

Let kc  be the kth vertex of ,v CL . We have: ,1 v Ck n£ £  

where ,v Cn  is the number of vertices of C . 

Let ( )DualCone kc  be the kth dual cone C  associated 

with kc  of DualCone,CL . 

We postulate ( ) { }d dDualCone , ,k k u vc c e f=  where: 

due  is the uth edge of ( )DualCone kc  and dvf  is the vth 

facet of ( )DualCone kc . 

Let ,f CL  be the list of facets of C . 

We represent as Clf  the lth facet of ,f CL  ( ,1 f Cl n£ £  

where ,f Cn  is the number of facets of C ). 

Let ,h CL  be the list of support hyperplanes for C . 

Let Clh  be the lth hyperplane of ,h CL  ( ,1 f Cl n£ £ ) 

Let  be the ordered list of the edges of facet Clf . 

Two consecutive edges of , Cle fL  share a single vertex and 

the first and last edges. 
Let 

Clwfe  be the wth edge of Clf .( ,1
cle fw n£ £  where 

, cle fn  is the number of edges of Clf ). 

The fig. 14 presents the algorithm to determine the 
facets of the Minkowski sum of 3-polytopes. 

 

Fig. 14 Determining the facets of the Minkowski sum of 3-

polytopes. 

Fig. 15 shows stages 7 to 18 of the algorithm for 
determining the edges of a facet clf  of polytope C  of 

vertices 1 2 3 4, , andc c c c .  

Figure 15 corresponds to a case where: 

1 ,1 and 3 4
clk e fk c c q n= Þ = = Þ = . 
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Require: ,v CL , ( )CN  and ,v Cn  ( )DualCone kc  

Ensure: ,f CL  and , Cle fL  for each Clf  

1: for each ( ) CDualCone of ( )kc N  do 

2:   for each due  of ( )DualCone kc do 

3:   compute Clh  defined by kc  and due  

4:     if Clh  is not in ,h CL  then 

5:     add Clh  in ,h CL  

6:     find the q  ( )DualCone mc  in ( )CN  such that:  

        ( ) ( )Í Çd DualCone DualConeu m ke c c  with ¹m k  

7:      find ( )1DualCone mc  among the q  ( )DualCone mc  such that:  

         ( ) ( )Ç =1 1DualCone DualConem k dvc c f , facet of ( )DualCone kc  

8:       find ( )2DualCone mc  among the q  ( )DualCone mc  such that:  

          ( ) ( )Ç =2 2DualCone DualConem k dvc c f , facet of ( )DualCone kc  with ¹1 2dv dvf f  

9:       Clh  is the support hyperplane of Clf  and = +, 1
cle fn q . 

10:      kc  and 1mc  limit the first edge 
1Clfe  of Clf , add 

1Clfe  in , Cle fL  

11:      ( )DualCone mpc = ( )1DualCone mc  

12:           while ( ) ( )¹ 2DualCone DualConemp mc c  do 

13:           find ( )+1DualCone mpc  among the q  ( )DualCone mc  such that: 

                ( ) ( )+ Ç =1DualCone DualConemp mp dmpc c f , facet of ( )DualCone mpc  

                with ( ) ( )+ -¹1 1DualCone DualConemp mpc c  

14:          mpc  and +1mpc  limit the next edge 
Clwfe  of Clf , add 

Clwfe  in , Cle fL  

15:           ( ) ( )- =1DualCone DualConemp mpc c  

16:           ( ) ( )+= 1DualCone DualConemp mpc c  

17:            end while 

18:        = 2mp mc c  and kc  limit the last edge 
Clqfe  of Clf , add 

Clwfe  in , Cle fL  

19:         determine Clf  with Clh  and , Cle fL  

20:         add Clf  in ,f CL  

21:     end if 

22:   end for 

23: end for 
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To be more precise, fig. 15a shows the determination 
of the first edge, bounded by 1 2andc c  and vertex 4c , 

the last vertex in the outline of clf  where: 

1 22 and 4m m= = . 

 
Fig. 15b, 15c and 15d show respectively the 

determinations of the edges bounded by: 
- 2 3andc c  where 12 and 3p pm m += =  

- 3 4andc c  where 13 and 4p pm m += =  

- 4 1andc c  where 2 4 and 1pm m k= = = . 

 
Fig. 15e shows the final result of the definition of the 

outline of clf . 

 

Fig. 15 Definition of the edges of a facet of polytope C  

using the properties of its normal fan ( )N C . 

4 Application to an example 
Let us consider the example illustrated in fig. 16. Part 1 

and part 2 are in contact by a planar pair along the y-axis

. A functional condition FC is defined by the following 
relation: 
 : min maxFC d d d£ £  (14) 

 
d  is the distance between surface 1S  and surface 2S  

along the y-axis . 

Eq. (14) must be ensured at any point N  of surface 1S

, so we have by a linearization of the displacements [13] 
(see fig. 17 and fig. 18): 
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Fig. 16 Example. 

We define : 
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 (16) 

 
where : 
3

2

h
 is the nominal value of d  

4t  is the dimension of the tolerance zone (defined by 
two parallel planes spaced with a distance 4t ) in wich 

surface 1S  must lie [13]. 

So we have: 

( )1 , 1/ 2 1/ 2

4 4
(14) : .

2 2O S S S S

t t
N SÞ" Î - £ + ´ £ +ε NO ρ y (17) 

 

Fig. 17 Definition of part 1. 

 

Fig. 18 Definition of part 2. 

Finally, eq. (14) characterizes the functional polytope 
D  [13] illustrated in fig. 19 by its h-representation, with: 
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Fig. 19 H-representation of the functional polytope D . 

The location specifications defined on part 1 and part 2 
(see fig. 17 and fig. 18 respectively) ensure the respect of 
the functional condition FC defined by eq. 14. The fig. 20 
and fig. 21 define the polytope A  by its h-representation 
and its v-representation respectively. The polytope A  
characterizes the location specification of part 1 (see fig. 
17). The fig. 22 and fig. 23 define the polytope B  by its 
h-representation and its v-representation respectively. 
The polytope B  characterizes the location specification 
of part 2 (see fig. 18). 

 

Fig. 20 H-representation of polytope A . 

 

Fig. 21 V-representation of polytope A . 

 

Fig. 22 H-representation of polytope B . 

 

xr

zr

,O ye

, 1

, 2

, 3

, 4

4
. .

2 2 2
4

. .
2 2 2

4
. .

2 2 2
4

. .
2 2 2

o y x z d

o y x z d

o y x z d

o y x z d

a a t
f

a a t
f

a a t
f

a a t
f

e + r - r £ + Þ

e + r + r £ + Þ

e - r + r £ + Þ

e - r - r £ + Þ

, 5

, 6

, 7

, 8

4
. .

2 2 2
4

. .
2 2 2

4
. .

2 2 2
4

. .
2 2 2

o y x z d

o y x z d

o y x z d

o y x z d

a a t
f

a a t
f

a a t
f

a a t
f

-e - r + r £ - Þ

-e - r - r £ - Þ

-e + r - r £ - Þ

-e + r + r £ - Þ

1df 2df

4df

3df

8df

7df

6df

5df

xr

zr

,O ye

, 1

, 2

, 3

, 4

4
. .

2 2 2
4

. .
2 2 2

4
. .

2 2 2
4

. .
2 2 2

o y x z d

o y x z d

o y x z d

o y x z d

a a t
f

a a t
f

a a t
f

a a t
f

e + r - r £ + Þ

e + r + r £ + Þ

e - r + r £ + Þ

e - r - r £ + Þ

, 5

, 6

, 7

, 8

4
. .

2 2 2
4

. .
2 2 2

4
. .

2 2 2
4

. .
2 2 2

o y x z d

o y x z d

o y x z d

o y x z d

a a t
f

a a t
f

a a t
f

a a t
f

-e - r + r £ - Þ

-e - r - r £ - Þ

-e + r - r £ - Þ

-e + r + r £ - Þ

1df 2df

4df

3df

8df

7df

6df

5df

 

, 1

, 2

, 3

, 4

1
. .

2 2 2
1

. .
2 2 2

1
. .

2 2 2
1

. .
2 2 2

o y x z a

o y x z a

o y x z a

o y x z a

a a t
f

a a t
f

a a t
f

a a t
f

e + r - r £ + Þ

e + r + r £ + Þ

e - r + r £ + Þ

e - r - r £ + Þ

, 5

, 6

, 7

, 8

1
. .

2 2 2
1

. .
2 2 2

1
. .

2 2 2
1

. .
2 2 2

o y x z a

o y x z a

o y x z a

o y x z a

a a t
f

a a t
f

a a t
f

a a t
f

-e - r + r £ - Þ

-e - r - r £ - Þ

-e + r - r £ - Þ

-e + r + r £ - Þ

xr

zr
,O ye

1af 2af

4af

3af

8af

7af

6af

5af

, 1

, 2

, 3

, 4

1
. .

2 2 2
1

. .
2 2 2

1
. .

2 2 2
1

. .
2 2 2

o y x z a

o y x z a

o y x z a

o y x z a

a a t
f

a a t
f

a a t
f

a a t
f

e + r - r £ + Þ

e + r + r £ + Þ

e - r + r £ + Þ

e - r - r £ + Þ

, 5

, 6

, 7

, 8

1
. .

2 2 2
1

. .
2 2 2

1
. .

2 2 2
1

. .
2 2 2

o y x z a

o y x z a

o y x z a

o y x z a

a a t
f

a a t
f

a a t
f

a a t
f

-e - r + r £ - Þ

-e - r - r £ - Þ

-e + r - r £ - Þ

-e + r + r £ - Þ

xr

zr
,O ye

1af 2af

4af

3af

8af

7af

6af

5af

xr

zr
,O ye

1af 2af

4af

3af

8af

7af

6af

5af

 

5a

xr

zr
,O ye

1a

2a
3a

4a

6a

1

1
0,0,

2

t
a
æ ö

-ç ÷
è ø

2

1
0,0,

2

t
a
æ ö

+ç ÷
è ø

3

1
,0,0

t
a

a

-æ ö
ç ÷
è ø

4

1
,0,0

t
a

a
æ ö
ç ÷
è ø

5

1
0, ,0

t
a

a
æ ö

-ç ÷
è ø

6

1
0, ,0

t
a

a
æ ö
ç ÷
è ø

5a 5a

xr

zr
,O ye

1a

2a
3a

4a

6a

1

1
0,0,

2

t
a
æ ö

-ç ÷
è ø

2

1
0,0,

2

t
a
æ ö

+ç ÷
è ø

3

1
,0,0

t
a

a

-æ ö
ç ÷
è ø

4

1
,0,0

t
a

a
æ ö
ç ÷
è ø

5

1
0, ,0

t
a

a
æ ö

-ç ÷
è ø

6

1
0, ,0

t
a

a
æ ö
ç ÷
è ø

1

1
0,0,

2

t
a
æ ö

-ç ÷
è ø

2

1
0,0,

2

t
a
æ ö

+ç ÷
è ø

3

1
,0,0

t
a

a

-æ ö
ç ÷
è ø

4

1
,0,0

t
a

a
æ ö
ç ÷
è ø

5

1
0, ,0

t
a

a
æ ö

-ç ÷
è ø

6

1
0, ,0

t
a

a
æ ö
ç ÷
è ø

5a

 

, 1

, 2

, 3

, 4

3 2
. .

2 2 2
2

. .
2 2 2

2
. .

2 2 2
3 2

. .
2 2 2

o y x z b

o y x z b

o y x z b

o y x z b

a a t
f

a a t
f

a a t
f

a a t
f

e + r - r £ + Þ

e + r - r £ + Þ

e - r - r £ + Þ

e - r - r £ + Þ

, 5

, 6

, 7

, 8

3 2
. .

2 2 2
2

. .
2 2 2

2
. .

2 2 2
3 2

. .
2 2 2

o y x z b

o y x z b

o y x z b

o y x z b

a a t
f

a a t
f

a a t
f

a a t
f

-e - r + r £ + Þ

-e - r + r £ + Þ

-e + r + r £ + Þ

-e + r + r £ + Þ

zr

,O ye

xr

4bf

2bf

3bf

1bf

5bf2bf

7bf

8bf

, 1

, 2

, 3

, 4

3 2
. .

2 2 2
2

. .
2 2 2

2
. .

2 2 2
3 2

. .
2 2 2

o y x z b

o y x z b

o y x z b

o y x z b

a a t
f

a a t
f

a a t
f

a a t
f

e + r - r £ + Þ

e + r - r £ + Þ

e - r - r £ + Þ

e - r - r £ + Þ

, 5

, 6

, 7

, 8

3 2
. .

2 2 2
2

. .
2 2 2

2
. .

2 2 2
3 2

. .
2 2 2

o y x z b

o y x z b

o y x z b

o y x z b

a a t
f

a a t
f

a a t
f

a a t
f

-e - r + r £ + Þ

-e - r + r £ + Þ

-e + r + r £ + Þ

-e + r + r £ + Þ

zr

,O ye

xr

4bf

2bf

3bf

1bf

5bf2bf

7bf

8bf

zr

,O ye

xr

zr

,O ye

xr

4bf

2bf

3bf

1bf

5bf2bf

7bf

8bf

 



529

D. Teissandier et V. Delos Algorithm to calculate the Minkowski sums of 3-polytopes dedicated to tolerance analysis 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

 

Fig. 23 V-representation of polytope B . 

The tolerance stack-up of part 1 and part 2 are defined 
by the Minkowski sum of polytopes A  and B  [6], [8], 
[10], [11] and [13].  

We obtain the following relation: 
 + =A B  =C  (19) 

The h-representation and the v-representation of the 
polytope C  are respectively illustrated in fig. 24 and 25. 

By the application of the algorithm “determining the 
vertices of the Minkowski sum of 3-polytopes” (see 
fig. 12), each vertex of polytope C  is defined by the 
addition of a vertex of polytope A  and a vertex of B : 
see fig. 25. 

 

Fig. 24 H-representation of + =A B  =C . 

By the application of the algorithm “Determining the 
facets of the Minkowski sum of 3-polytopes” (see fig. 14), 
each facet of polytope C  is computed. 

The respect of the functional condition defined by 
eq. 14 is finally characterised by the inclusion polytope 
= +C A B in polytope D  [13]: see fig. 26. 
 
We obtain the following results on polytope C  (see 

fig. 25): 
- the facet defined by vertices ( )4 5 12, ,c c c  is deduced 

from the facet 3af  of polytope A  by a translation 

defined by 6b , 

- the facet defined by vetices ( )4 12 13, ,c c c  is deduded 

from the facet 2af  of polytope A  by a translation 

defined by 6b , 

- the facet defined by vetices ( )9 10 14, ,c c c  is deduded 

from the facet 7af  of polytope A  by a translation 

defined by 5b , 

- the facet defined by vetices ( )4 10 16, ,c c c  is deduded 

from the facet 6af  of polytope A  by a translation 

defined by 5b . 

 
Furthermore, we have 5 6a a= - : see fig. 23. This 

property is due to the symmetry of polytopes A  and B  
with respect to the origin. 

 

Fig. 25 V-representation of + =A B  =C . 

 

Fig. 26 Inclusion of polytope + =A B  =C  in polytope D . 

In this example, the maximisation of 1t  and 2t  is 

obtained when the facets defined by vertices ( )4 5 12, ,c c c , 

( )4 12 13, ,c c c , ( )9 10 14, ,c c c  and ( )9 10 16, ,c c c  are superposed 

with facets 3df , 2df , 6df  and 7df  from polytope D  

respectively (see fig. 26). 
These 10 vertices and these 4 facets are influent on 

the fonctional condition defined in eq. 14. 
The respect of the functional condition defined in eq. 14 

can be finally characterised by: 
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This result is easily obtained by solving the equation in 
which the vertex 4c  is on the support hyperplane of the 

facet 2df  or 3df . 

With the proposed algorithms to determine the Minkowski 
sums of 3-polytopes, it is possible to identify the vertices 
and the facets of operands A  and B  from which the 
influent vertices and the influent facets of C  derive. 

5 Discussion of the proposed method 
The determination method proposed in this article is 

based solely on intersections of pairs of dual cones 
associated with searches for common edges and faces of 
dual cones in a normal fan.  

Using this algorithm, , ,v A v Bn n´  intersections of pairs of 

dual cones have to be calculated in order to determine 
the vertices of polytope C  and the normal fan ( )N C . 

In addition, it is necessary to carry out 
,f C

n  searches 

for a common edge among the dual cones in the normal 
fan ( )N C . 

Finally, 
,

,
1

f c

cl

Cl n

e f
Cl

n
=

=
å  searches are needed for a common 

face between dual cones to determine the edges of 
polytope C . Each search for a common face is carried 

out in a sub-set of dual cones in the normal fan ( )N C  

which share an edge. 
 
Each vertex of polytope C  is the sum of two vectors 

associated respectively with two vertices of polytopes A  
and B . From the , ,v A v Bn n´  intersections of pairs of dual 

cones it is possible to determine from which vertices of 
operands A  and B  the vertices of C  derived. 

 
In addition, the normal for each facet of C  is 

characterised by an edge in the normal fan ( )N C . Thus 

the translated facets can be differentiated from the facets 
of connection.  

Each normal of the facets of connection is generated 
by the intersection of two dual cones and more precisely 
by the intersection of two faces of dual cones. In this way, 
we can identify the facets of operands A  and B  from 
which the normals of the facets of connection derive. 

The normals of facets that are different from the facets 
of connection derive either from operand A , or operand 
B . 
 

The method proposed here gives complete traceability 
of the vertices and facets of polytope C  from the vertices 
and facets of operands A  and B . In tolerance analysis, 
this traceability is used to optimise the filling of a 
functional polytope by a calculated polytope. In this way, 
the geometric defect limits of the parts can be distributed 
in relation to a geometrical requirement. An example has 
been given in section 4. 

The choice has been made to work only with planar 
surfaces because we can directly take advantage of 
graphics in 3 dimensional space. However the same 
principles can by applied to any kind of surfaces. It is 
possible to characterize the displacements limited by a 
tolerance zone of any surface classes: planar, cylindrical, 
spherical, helical, prismatic, revolution and complex. The 

dimensions of the corresponding polytopes are 
respectively 3, 4, 3, 5, 5, 5 and 6. 

 
These algorithms are currently being developed in the 

topological structure of an OpenCASCADE distribution 
[26]. 

The intersection algorithm used in this work is the 
OpenCASCADE 6.2 distribution algorithm. 

6 Conclusion and future research 
We have shown how to determine the Minkowski sum 

for two 33  polytopes from intersections of polyhedral 
cones and using the properties of the common edge and 
common face between dual cones in a normal fan. The 
algorithms for determining the vertices and the facets 
have been described. Ultimately, this method will be 
applied in a tolerance analysis procedure in an 
environment that can be multi-physical [11]. 

Work is currently underway on a method to determine 
the intersection of two polyhedral cones so that this can 
be generalised for n  dimension polytopes. It will allow to 
transpose the algorithms of this article in a n dimension 
according to the property computing common refinement 
(7). This work will be described in a later publication. 
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Abstract 

In tolerancing, numerous works deal with the theory of tolerance analysis and synthesis of 
mechanisms, others deal with verification of isolated parts, but no study has focused 
specifically on the metrology of mechanisms. Nowaday, the metrology of mechanisms begins 
to be a key parameter for validating the theoretical model of joint. 
At first, a measuring system is presented; it allows to determine experimentally joint 
behaviours. This device is based on a set of displacement sensors, located outside the joint, 
to capture every spatial displacement. From the measures, the three rotations and three 
translations of displacement are computed. The originality of the system is to allow the 
visualization of the gap hull of the joint. Moreover, the distribution of the local form defects of 
the surfaces in contact inside the joint may be determined. In parallel, the surfaces in contact 
are measured with an area surface texture measuring instrument. From these 
measurements, it is proposed to compute theoretically the gap hull. Finally, a comparison of 
both hulls is presented. 

1 Introduction 
The coordinate metrology has been intensively used to 

measure part individually. With it, it is also possible to 
measure static asssemblies (ie. without any mobility 
between the part constituting it). If it is not the case, how 
is it possible to characterize it? Furthermore, how is it 
possible to determine the gap with this classical 
metrology tool? Several applications were developed for 
particular cases, but there is a lack of general framework 
on this topic. 

In the litterature, papers are mainly focused on models 
and methods for tolerance simulation. The more relevant 
models are based on particular hypotheses like no form 
defects and non-interference constraints between the 
surfaces of the parts.  

For the tolerancing, these constraints define the bound 
of feasibility spaces initially introduced by [1]. Giordano et 
al. have greatly developed this concept. They complete 
this previous approach by considering the gaps of joint  
without any consideration of the form defect of the 
constituting part. They introduce the terms of clearance 
and deviation spaces [2, 3]. This approach is more and 
more used through various terms and variant approaches 
according to the authors: variation zones [4], polytopes 
[5], interface and specification hulls [6, 7] and, more 
recently, Tolerance-Map [8, 9].  

However, all these concept are theorical and there is 
no confrontation between these models and experimental 
data. This last point represent one of the main originality 
of this paper. 

This work is focused on a planar joint. The aim is to 
determine experimentally the relative positions of the 
parts and to compare the experimental data to the 
theoretical models. 

The experimental joint is made of a rectangular bar 
sliding through a rectilinear groove. A measuring device 

has been specially developed for this study. It is 
composed of linear displacement sensors which are in 
contact with the bar and fixed to the groove. Thus, it is 
possible to measure the relative displacements between 
these parts mainly due to the gap of this planar joint. 

In the third section, a numerical processing is 
developed to treat the measures and determine the 
displacements between these two parts. The gap hull of 
the displacements and the envelope of the positions may 
be represented with a good accuracy. 

A 2D exploitation of the results is proposed in section 4 
followed by a 3D study in section 5. Particular attention is 
paid to compare all along this paper theorical 
developpement and experminental results. 

2 Experimental device 
The main principle is to measure relative 

displacements due to the gap between the parts 
constituting the planar joint with linear displacement 
sensors. In a general case, the default number of sensors 
corresponds to six for measuring displacements according 
to the six degrees of possible displacements, three 
translations and three rotations. For a particular joint, the 
minimal number of required sensors is equal to the 
number of kinematic constraints. 

The sensors used in this work are DP5 probes of 
Solartron Metrology. They are based on LVDT technology 
with a measurement range of 5mm and an accuracy lower 
than 0.5µm. 

The determination of the position of every sensors 
depends on the components of the displacements to 
measure. For a bilateral planar joint, the number of 
sensors, is equal to three. Figure 1 represents the 
measurement device designed for measuring the gaps of 
such a pair. The position of the three sensors allows to 
obtain displacements in translation along the z axis and 
rotations around x and y axes. 



533

H-N. Lê et al. Experimental evaluation of convex difference surface 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

  
Part 1 Part 2 

3 LVDT 
sensors 

y 

z 

O x 

 

Fig. 1 Experimental device. 

A typical experiment consists in manually moving the 
part according to the clearance of the pair. During this 
operation, measurements are automatically and regularly 
recorded  Every experiments are realised with an 
aquisition frequency of 100Hz during 30s and lead to 
record 3000 measurements. 

3 Numerical processing 
The determination of the displacement of the part from 

measurement is realised by a numerical processing. The 
great deal of interest in the obtained results comes from 
this numerical processing carried out on a PC through 
procedures developed into Labview software. The details 
of the calculations are available in the next section. 

3.1 Small displacements parameters 

The rigid motion of a part can be decomposed into a 
spatial rotation and a spatial translation. Let us consider, 
the origin O of the affine space and an arbitrary point 
initially called (M) and become (M’) after the 
displacement.  

It is defined:  
 
the vector of the point M before the displacement 

  
 
the vector of the point M’ after the displacement 

   
 

The rigid motion is described by the following equation: 

With : a rotation matrix around an axis passing 
throught the point O, 

and  : a translation vector. 

Since the angles due to the gap are small, a first order 
approximation of rotation matrix can be used as written in 
equation 2. 

 
The rotation is then defined by three angular 

parameters α, β and γ, representing respectively the 
angles around x, y and z. We can notice that: 

 
Then 

Where  

 
According to the previous results, the displacements 

between the parts can be expressed by a small 
displacement torsor (SDT) defined at the point O [10, 11]: 

3.2 Small displacement determination 

Let n be the number of sensors. 
Let Pk and nk be a point and a collinear vector of the 

axis of sensor k. 
Let mk be the measured value obtained with the 

sensor k. 

 

Fig. 2 Deviation mesured by the sensor k. 

For each sensor, the displacement mk is: 

 
So, we obtain six linear equations for six unknown 

parameters corresponding to the translation and 
orientation values. 

With  

 
The resolution of this system allows to determine the 

relative displacement of a part by: 
 

Before displacement 

Sensor k 

nk 

O 

Pk mk 

After displacement 
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3.3 Gap hull 

The set of measured displacements belongs to the gap 
hull [2], but they represent only “several points” of this 
hull. The visualization of two or three parameters by 
points is not sufficient. A better visualization of the results 
could be based on the representation of the limits of the 
gap hull. 

With the assumption that the gap hull is convex , the 
limit of a gap hull is given by a polygon (in dimension 2) or 
a polyhedron (in dimension 3), minimal convex, 
containing the points representing the displacements. 
Several examples of convex hull are given in figures 5 
and 10. The determination of these polygons and 
polyhedrons is not detailed in this paper. 

The characteristic values of these gap hulls can be 
compared with the theoretical values obtained from 
geometrical measurements of the concerned parts. 
Experimental gap hull can even be compared graphically 
with the theoretical hull; we will see that thereafter. 

4 2D study of a bilateral planar joint 
The planar joint consists of an assembly composed 

with a parallelepiped of section 25x15mm (part 2) and a 
groove for the part 1 (see figure 3). The length of the 
groove is 50mm long (along y axis). Three sensors allow 
the measurement of the three small displacements of this 
joint. 

 

Fig. 3 Detail of the planar joint. 

This three sensors are defined by the following points 
and vectors: 

P1(10,-35,0), P2(10,35,0), P3(-10,-35,0) 
  

 
Then, for each sensor k : 

 
In our case,only sensors 1 and 2 are used because in 

the planar study, the rotation aroud y axis (β) is 
considered as equal to zero. The displacement 
parameters are solutions of the following system of 
equations 11. 

4.1 Experimental hull 

The resolution of the equation 11, for each 
measurement, gives w and α. All these calculated points 
(w, α) are plotted in figure 4. 
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Fig. 4 Displacement α = f(w).
 

From these measurements, the minimal convex 
polygon can be determined and graphically represented 
(figure 5). The next section consists in determining the 
theoretical shape of this hull. 
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Fig. 5 Convex hull. 

4.2 Comparison with theoretical hull 

Based on the geometrical dimension of every elements 
composing the joint, the determination of the theoretical 
gap hull is possible.  

 

Fig. 6 Detail of the pair. 

In a traditional way, the non-interference constraints at 
point A and point B located at the ends of the joint (figure 
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6) give: 

 
These four non-interference constraints expressed in 

function of the displacement parameters give: 

Then: 

 
The hull delimited by these four constraints 

corresponds to a rhombus. In figure 7, a comparison 
between the theoretical and experimental gap hull is 
proposed. 
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Fig. 7 Comparison of experimental  
and theoretical gap hulls. 

The four vertices of the rhombus correspond to the 
four extreme configurations of displacements in rotation 
and translation. These configurations correspond to: 
- for the right vertex: the maximum rotation, 
- for the left vertex: the minimum rotation, 
- for the top vertex: the maximum translation, 
- for the bottom vertex: the minimum translation. 

 
The two gap hulls have similar forms. Nevertheless 

different characteristics appear. One can notice in 
particular that the bottom side is truncated and leads to a 
round form. This point is discussed in the next section. 

4.3 Surface defects 

The values of displacements for each measurement 
allow todetermine the position of the axis of the part 2 
compared to the part 1 (figure 8). 

This figure represents the envelope of the local 
clearance above and below the bar. Considering that the 
bar is perfect, the graph represents the form of the 
surfaces of the groove. In this case, for the presented 
hull, one can observe that the bottom surface presents a 
convex curvature. In fact, the bar and the groove can be 
both convex, the result relates to both. We can not 
distinguish the contribution from each part. 

From the experimental device, it is possible to obtain 
knowledge of the surfaces without measuring them 
directly. So, a form defect lower than 0,01mm can be 
detected. 
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Fig. 8 Positions of the axis in the plane Oyz. 

Moreover, according to the visual analysis of the hull, it 
is possible to determine the type of form defect. It could 
be identified various classes of defects for this type of 
planar joint which could be directly related to the hull 
defects: 
- top or bottom vertices truncated means that top or 

bottom surfaces are convex, 
- left or right vertices truncated means that groove or 

bar are twisted, 
- vertical shift of the left and right vertices (the two 

vertices are not on the same horizontal line) means 
that the origin point O is not centered, 

- horizontal shift of the top and bottom vertices (the two 
vertices are not on the same vertical line) means that 
top or bottom surfaces are not parallel. 

5 3D study 
For the 3D study, it is considerated an other angle b 

around y axis.  
From the three measured displacements associated to 

the sensors, it is proposed to compute the different 
position parameters (w, a, b) by solving  the following 
system of equations: 

5.1 Experimental gap hulls 

Once the displacements are computed, it is possible to 
represent them on a 3D graph. To simplify the 
representation , the minimal convex polyhedron 
containing all the measured points is represented in figure 
9.  

As explained in section 4 for the planar study, the 
theoretical gap hull can be computed from sizes of the 
parts constituting the joint. In that case, eight non-
interference constraints are written: two for each vertex of 
the part with a rectanglar shape corresponding to the 
surfaces of contact. The hull delimited by these eight 
constraints formed an octahedron. The gap hull obtained 
from experimental data shown in figure 9 is very close to 
an octahedron. 

As it can bee seen in figure 9, the hull obtained from 
experimental data is very close to the theoretical 
octahedron shape. 
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Fig. 9 3D gap hull. 

In figure 10 is presented the minimum translation 
vertex of the previous gap hull, it corresponds to the 
minimal value of displacement in translation according to 
the z-axis. One can observe that the extremity is not 
exactly a point resulting from the intersection of four 
planes as defined with the theory. 
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Fig. 10 Minimum translation vertex. 

5.2 Envelope surface 

Similarly to the 2D study, it is possible to determine the 
position of the symmetry plane of the part 2 with respect 
to the part 1. Two envelope surfaces are obtained, one 
corresponding to the contact of the bar on the top surface, 
the other one, to the contact on the bottom surface.  

Figure 11 represents the below envelope (contact on 
the bottom surface) of all the measured position of the 
plane. If we consider that the bar is perfect, the graph 
represents the form of the bottom surface of the groove. 
Like the 2D study, it is impossible to distinguish the 
contribution from each surface in contact. 

 

Fig. 11 Below envelope surface of the plane. 

5.3 Difference surface and comparison 

In parallel, the two bottom surfaces in contact have 
been measured individually with a confocal chromatic 
probe fitted on an AltisurfÓ 500 developed by Altimet. The 
two surfaces are represented in figure 12. One point has 
been measured every millimeter according to the two 
principal directions. 
  

Surface of the bar 

Surface of the groove 

 

Fig. 12 Measured surfaces. 

After that, the difference surface is determined. It 
consists in calculating the elevation difference of the two 
surfaces for each point [12]. Figure 13 represents the 
envelope surface of the planes positions (above) and the 
difference surface (below). The difference surface 
corresponds to the local gaps between the surfaces. 

 

Y 
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Z 

Sdisp  

 
Ssurf 

 

Fig. 13 Difference surface and envelope surface. 

If it is supposed that the bar is perfect (no surface 
defect), the difference surface is identical to the groove 
surface. Theoretically, the envelope surface would be 
identical to the convex surface associated to the 
difference surface. The envelope surface would be the 
envelope of the planes tangent to the difference surface, 
i.e. the envelope surface of a plane rolling on the 
difference surface. 
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From difference surface, the gap hull could be 
represented. The comparison of the two gap hulls can 
then be performed (figure 14). One can notice a good 
accordance, on one hand, between the two gap hulls 
obtained and, on the other hand, the surfaces of these 
two hulls are very similar in shape and size. In order to 
facilitate the comparison, the envelope surface has been 
shifted along the z-axis of 0.05mm. 
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Fig. 14 Comparison of gap hulls. 

6 Conclusion 
This paper describes a measuring system consisting of 

three linear displacement sensors located between the 
parts of the joint which allows to observe the behaviour in 
displacements of a planar joint. It allows to perform a fast 
and accurate measurement of the displacements in 3D 
space. A graphic output lets us visualize (the above row of 
figure 15):  
- the displacements, 
- the gap hull, 
- the envelope of the displacements of the parts. 

From the surface measurement, the difference surface 
is computed and a comparison with the envelope surface 
is achieved. Moreover, the gap hull can be represented 
(the below row of figure 15). 

The obtained results from the measurements of 
displacements and surfaces can be compared in terms of 
the gap hulls as well as of the surfaces (the middle row of 
figure 15). For a bar with an important form defect (0.1 
mm), the results are particularly enthusiastic. The next 
step consists in validating the measurement protocol for 
the lower form defects. The study of the small 
displacements characterizing the deviations of a surface, 
the setting deviation of a workpiece or the gap in 
connection linkage is consequently possible. The 
applications of the measurement of gap hulls in product 
life cycle are numerous from design to maintenance: 
- validation of the geometrical joint models, 
- control of the tolerancing simulation loop, 
- measurement of the geometrical requirements of a 

manufactured product, 
- evolution of the joint behaviour along the product 

duration for predictive diagnosis in maintenance 
activity. 

 

 

 

  Gap hull Envelope of the 

difference surface 
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Fig. 15 Synoptic view of the developed methods. 
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Abstract 

The aim of the paper is to define guidelines for integrating the effects of plastic deformations 
into a tolerance analysis model so to better describe the dimensional quality of compliant 
assemblies, in which sheet metal parts are subjected to tolerances and are joined by 
resistance spot welding. 
It is developed a FEM computational model that considers the plastic effects of the complete 
spot welding process. Two worst cases were analysed for a butt joint, the first with parts 
mismatching with a gap and the second with parts mismatching for loading interference. 
The analysis results show an important role of material plasticity: the fixture clamping, the 
electrode closure on flanges and the welding thermal cycle cause permanent deformation on 
the parts and affect the assembly dimensional quality. 
In conclusion, to improve the result of tolerance stack-up analysis for compliant assemblies it 
is advisable to consider: isotropic plastic behaviour of material, two distinct solution models 
for gap and interference geometrical conditions, the loading sequence, contact surfaces, 
fixture locator position and dimensions. 

1 Introduction
In the automotive field, the tolerance stack-up analysis 

is an important task [1], which is focused to improve 
assemblability and product quality, already from the first 
engineering stages of new projects, with the intent of 
highlighting and take methodological action towards the 
resolution of potential dimensional and geometrical 
problems, so to reduce quality related problems during 
prototyping, fixturing and production ramp-up.  

The analyses are useful to support the definition of 
welding and assembly methods, production fixtures and 
control tools, to define reachable tolerances for each sub-
process phases, to verify the reachability of the final 
results for the whole body and then set the tolerance 
limits for controlling the production lines, during 
production. 

 With a correct variational management it is possible to 
obtain a more robust design, to increase product quality, 
to reduce tool modification costs in pre-series and 
production validation phases and to reduce the adjusting 
costs of defective  

 Currently, many studies deal with compliant assembly 
tolerance analysis, with common assumptions of linear 
behaviour (small deformations in the elastic range, 
isotropic material, constant stiffness matrix...) also when 
parts are joined with the widespread resistance spot 
welding process (RSW). 

However, other studies with a prevalent technological 
focus, shows clearly that plastic deformations are indeed 
present near the welding nugget. Though those papers 
doesn’t analyse the full welding process with fixture and 
tolerance effects, they raise a doubt regarding the validity 
of linear behaviour assumption in tolerance stack-up 
analysis.  

To evaluate the role of plasticity in variation analysis for 
compliant assemblies, welded with RSW, this paper 
develops a set of guidelines to define a plastic analysis 
model, which consider the principal Body-in-White (B.i.W.) 
process steps with the aim of providing a more accurate 
calculation of the tolerance stack-up.  

To integrate both the dimensional quality problem and 
the technological parameters, for better evaluating the 
actual part springback when released from the welding 
fixtures, a FEM model has been developed to simulate a 
complete welding operation cycle (loading, clamps 
closure, heating, cooling, clamps release, fixture release 
and key points measurement according to a specific 
datum reference system).  

In section 1.1, the works concerning tolerance analysis 
on compliant assemblies are recalled to outline the 
aspects the common formulation of linear behaviour. In 
section 1.2, the papers concerning the welding of 
compliant parts are discussed to point out the plastic 
deformations caused by RSW process and to summarize 
the recent models, which do not consider parts tolerance. 

In sections 2.1 and 2.2 it will be proposed a model set-
up to describe the whole B.i.W. process as an 
improvement of those recalled in section 1.2. Its result will 
be compared to some existing works in section 2.3, to 
provide validation and the extended results of the B.i.W. 
process will be discussed in detail in section 2.4. The 
conclusion regarding plasticity effects on tolerance 
analysis will be drawn in section 3. 

1.1 Variational analysis with compliant parts 

The production technology is mainly based on the 
joining of many compliant sheet metal parts, which are 



540

Moos et al. Assembly analysis for spot welded compliant assembly:  
Guidelines for formalizing the plasticity contribution to tolerance analysis 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

located, supported and clamped on fixtures, then welded 
by means of resistance spot welding. In this process, the 
compliant behaviour of the assembled sheet metal parts 
cannot be neglected. Hu and Liu in 1997 [2] had already 
outlined a mechanicistic FEM modelling of compliant parts 
to predict assembly variation, using the influence 
coefficients method to evaluate the parts’ and whole 
assembly’s sensitivity matrix. In [3] has been outlined a 
methodology aimed to the prediction of dimensional 
variation considering complex hierarchical assembly 
trees. The results highlighted that the propagation of 
variation during assembling is driven by the stiffness of 
the parts and subassemblies being assembled.  

Technical papers which address the problem of 
defining a methodology for tolerance stack-up analysis of 
compliant assembly were developed: [4] proposed an 
offset beam element able to consider the shear stress 
provided by spot welding and also suitable for 1D 
assembly variation prediction. [5,6] combined engineering 
structure analysis with statistic methods to consider the 
effects of parts and tools variations, clamping 
deformations, joining and springback. [7] grouped parts 
and tooling as features from which a variations and 
displacements were represented by contact chains and 
were propagated by vector equations considering 
geometric compatibility, force continuity and constitutive 
relations at nodes.  

[8] proposed a FE method based to calculate spring 
back effects in a butt joint considering the complete B.i.W. 
process and with the assumptions of friction free and 
linear behaviour. The real springback of the parts, once 
released from the fixture, is sketched in figure [8, fig. 4d]: 
the part returns to an undeformed shape with ux equal to 
the initial gap δu and a vertical displacement u which is 
mainly determined by the boundary condition sketched in 
[8, fig. 4b], namely one electrode is still and the other 
deforms the left part only.  

Moreover, though being the deformations calculated by 
FEM in good agreement to Hooke’s law, they are 
calculated in a measurement reference frame ([8, fig. 4e]), 
that is coincident to the closed fixture configuration. This 
means that the closed clamps exerts a hyperstatic 
constraint on the parts and are forcing their geometry on 
the fixed locators.  

In a real application, the freed parts will springback 
accordingly to a deformed shape corresponding to [8, fig. 
4d] or, if welded inside a higher level assembly, will exert 
their reaction on the assembly, so modifying its geometry.  

This approach will be recalled in section 2.4 for a more 
detailed comparison to the result of the present study.  

[9] with a geometrical model, considering parts 
deformations and tools variations, highlighted the different 
sensitivity of an assembly to slip joints or butt joints and 
so the importance of a properly designed product 
structure and process fixtures.  

[10] presented an approach to integrate the Datum 
Flow Chain analysis [11,12], with a commercial 3D 
variation analysis software (3DVA) and FEA. The first 
step of the proposed method was to define the 
compliance and sensitivity matrix of each part by means 
of influence coefficients [2]. The sensitivity matrix is 
computed once for all by FEM, with the parts located on a 
set of isostatic locator and then applying a unit 
displacement to the overconstrained joint at each part. 
The forces and deformations are stored. The compliance 
matrix of the whole assembly is computed similarly 
applying a unit force on each joint. The displacement 
resulting on the control points can be defined as a linear 
combination of the effects computed on parts and 

assembly, which is well suited for Monte Carlo simulation, 
to calculate the probability function of variations and their 
contributors.  

[13] “superimposed” the local spot welding plastic 
distortions to the nominal FE assembly mesh, of welding 
flanges already matching. The simulation predicted the 
same mode of deformation experimentally measured on 
real parts: distortion of the assembly with a twist induced 
around a diagonal axis, but underestimated the 
magnitude. The measured assembly deformation were 
also compared with the variational simulation made with 
TAA software, which considers only the parts deviation 
from their nominal dimension, and the results show a 
different deformation profiles. The suggested approach for 
obtaining more accurate simulation is to combine local 
joint distortion with the elastic global deformation of 
components. The paper does not consider the parts 
deformation necessary to couple welding flanges which 
are subjected to tolerances.  

In the aircraft field, [14] set up an experimental rig for 
large deformable aluminium components, in which 
simulated the load the external wing panel apply to any of 
the internal reinforcement rib and measured its 
deformation. These loads come from the parts’ mismatch 
due to manufacturing tolerances and cause lateral 
deformations of the ribs, which make difficult fastening 
and other final assembly operations. A rib FE model was 
set up with constraint and loads similar to the ones of the 
experimental rig and the calculated displacement of 
control points resulted similar to the measured value.   

Other papers put many efforts on the definition of the 
contact properties between parts: [15] applied a fractal 
geometry approach to model the variation of surface 
microgeometry of parts being assembled, that is used in 
FEM to evaluate the final assembly variation. It is shown 
that different tool releasing schemes produce different 
assembly variation distributions, which can also be 
asymmetrical, and that microgeometry of assembly 
components should not be neglected for high precision 
assemblies. The results were further expanded in [16] 
were a wavelet methodology was employed to identify 
different scale components of part variation in the 
tolerance zone. [17] setup a method to simulate correctly 
the contact problem with contact finite element method, 
also considering the friction forces between assembly 
surfaces. The case study showed a weak dependence of 
the assembly dimensional variations to friction coefficient 
variations.  

Other papers dealt with a proper fixture design: [18] 
developed a designated component analysis to extract 
from production data the significant variations patterns 
and correlated them to the fixture faults while in [19] 
focused on an optimisation algorithm which combines 
FEA, to consider the effect of part variation, tooling 
variation and assembly springback. Nonlinear 
programming methods were used to determine the 
optimal fixture position to minimize assembly variations.  

Other authors considered the problem of tolerance 
synthesis: [20] presented a framework to gather available 
information to develop an integrated tolerance synthesis 
model, based on assembly architecture and 
manufacturing process, with FEA to predict the influence 
of geometric tolerances on part and assembly distortions. 
[21] applied the analytical target cascading process to the 
tolerance allocation problem, translating the product 
variation targets to tolerance specifications for 
subassemblies and single parts. The part deformability 
effect on assembly variations has been considered by 
FEA.  
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Other aspects were considered by [22], which used the 
principal component analysis to extract part covariance, 
deformation patterns and their contributions from parts 
production data and then a FEA to determine the effect of 
each deformation pattern on the global assembly 
variation. [23] proposed a method to define the optimal 
assembly sequence so to optimise a multivariate process 
capability index, considering the variation propagation 
with compliant parts.  

[24] highlighted the importance of assessing the 
dimensional variation of compliant assemblies, which 
should be considered as one of the many design activities 
to be carried out and maintained in the perspective of 
Product Lifecycle Management. [25] emphasized the 
importance of Visual Quality appearance and presented 
tools for non-rigid variation simulation and photorealistic 
presentation capabilities, to guide the Virtual concept 
verification.  

To summarize, the above mentioned methodologies 
[4– 10,14] assumed the sheet metal deformation being in 
the elastic range, with isotropic material, neglected 
thermal deformations and considered the stiffness matrix 
as constant and linear, for small part deformations. A 
common approach is to firstly perform a FEA to calculate 
the stiffness matrix that is later used for variation 
calculation with Monte Carlo simulation, instead of 
running a FEA for many simulations, so to reduce the 
computation time. [13] is the only work which considers 
some welding plastic distortions effects on the parts 
geometry.  

Moreover, [15–17] showed the importance of parts 
contact to obtain a better modelling of the compliant 
behaviour; [18,19] outlined the effects of the fixtures on 
assembly quality, [22,23] pointed out the importance of 
the loading sequence and [24,25] discussed the positive 
effects of a correct tolerance management and 
representation in the product life cycle.  

Before describing guidelines to improve the validity of 
the above-mentioned papers, in the following section are 
also reviewed the papers that deal with the welding 
process with particular attention to the plastic deformation 
present near the welding nugget.  

1.2 Spot welding modelization 

Spot welding has been deeply analysed for many 
purposes: in the mechanical field to define and model the 
mechanical strength or the fatigue behaviour, while in the 
technological field to define the optimal process 
parameters.  

[26] in modelling the welding process considered the 
specific heat variation during melting, the heat generated 
by Joule effect, the electric current density governed by 
an electric potential expressed with Quasi-Laplace 
equation in the parts’ volume and on the contact surface 
and the heat transfer inside parts by conduction. The 
section and thickness of the welding nugget have been 
calculated with 3D FEA for elliptical and cylindrical 
electrodes geometry, concluding that the cylindrical 
electrode produces the largest nugget under the same 
welding conditions, while strongly elliptical electrodes 
degrade the nugget dimensions.  

[27] modelled the welding process considering the 
electric contact conductivity dependent from the 
electrode/sheet and sheet/sheet contact pressure. The 
results show that after few welding cycle, the electrode tip 
is flattened, then the nugget formation is greatly delayed 
because the heating moves toward the periphery of the 
contact region and the effect is stronger for thicker sheets. 

The pressure graph of the contact pressure versus radial 
distance also shows that the heating of the first few 
welding cycles cause a thermal deformation which 
reduces the contact area, when temperature further rise. 
The material softening induced by the temperature raising 
provide a levelling of contact pressure.  

[28] considered the welding of sheet parts with an initial 
gap through a thermal-elastic-plastic sequentially coupled 
FEA. The conclusions show an initial mismatch between 
electrode and sheet, caused by the part deformation, that 
will start a delayed nugget formation, with a ring shape, so 
negatively influencing weldability.  

[29] simulated the nugget formation and the effects of 
the process parameters on it (welding current, welding 
time, sheet thickness and material, electrodes geometry 
and closing force, current shunting). It concluded that 
electric flow should not exceed an optimal flow limit for 
nugget growth, otherwise the nugget size raises until melt 
spattering occurs. To reduce the current shunting effects 
the spot weld locations should be carefully spaced, not 
below a minimal distance. Increasing welding times brings 
to a bigger contact surface and a bigger nugget, while 
increasing the closing force of electrodes decreases the 
nugget size because it raises the contact surface area. 
Increasing the plate thickness also require a bigger 
current flow, needed for an appropriate weld nugget 
formation. Decreasing the plate thickness lowers the 
electrode diameter.  

[30] with a 2D axisymmetric model of coupled thermo-
elastic-plastic FE model investigated the mechanical 
behaviour of spot welding process considering 
temperature dependent properties and plastic behaviour 
of materials. The calculated history of the contact 
pressures showed high pressure values near the edge of 
the faying surface and at the edge of the electrode-
workpiece contact. During the welding cycles, the stress 
component along welding axis was of high compression in 
the contact area of faying surface. The deformation of the 
weldment near the electrode edge, the detachment of 
welded sheets and the electrode displacement due to the 
thermal expansion and contraction were also described.  

[31] with a 2D electro-thermo-mechanical model 
predicted temperature and residual stress distributions 
during different stages of resistance spot welding. The 
model results, when compared to measured residual 
stresses, showed good agreement: the circumferential 
residual stresses are tensile in the weld centre and 
change to compressive state towards the edge of the 
sheet. The radial residual stresses are tensile in the weld 
centre and compressive at the edge of the nugget. Higher 
welding times lead to reduced tensile residual stresses, 
while increasing the welding voltage, brings to enhancing 
the tensile residual stresses.  

[32] defined a detailed FE model in which the spot 
weldment was divided into three subzones with different 
material properties (particularly yield and strain 
hardening) due to the thermal, metallurgical and 
mechanical deformation process. The 3D FE model 
coupled with a fracture model predicted the deformation 
of spot-welded slip joints well beyond initial yield under 
tensile-shear loading. The computed deformation mode 
and force-displacement data were in good agreement with 
experimental results.  

[33] defined a sample spot weld element with 
shell/plate, beam and rigid elements, able to transfer from 
one mesh to another membrane and bending stresses. 
The application of the spot weld element on a slip joint 
and butt joint, with a load time history, allowed the 
analysis of the fatigue behaviour of spot welded sheets 
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under variable amplitude loading and highlighted how the 
spot diameter and thickness greatly influence the fatigue 
life of spot welded structures.  

Other authors dealt with the problem of parts and 
electrodes contacts: [34] defined a electro-thermal contact 
model suited to improve the calculation of the heat flux 
due to dissipation effects when the meshed 
electrode/sheet nodes are not linked face to face, so 
allowing independent mesh dimensions on parts and 
large displacement between contact surfaces. [35] 
experimentally measured the electrical contact resistance 
of mild steel, stainless steel and aluminium, considering 
different contact pressures and temperatures. It is clearly 
shown that contact resistance decreases with pressure, 
while the temperature role is complex.  

Other information regarding the modelling of spot 
welding process can be found in [36], which performed a 
thermal analysis of welding caps cooling and also 
evaluated that convective and radiant heat losses outside 
the electrode are negligible.  

The above papers mainly considered geometrical 
matching between sheets and focused only on 
technological properties of RSW and mechanical 
properties of welding nugget. The initial part mismatch 
problem has been dealt with by [28] but only for the 
consequences on welding nugget dimensions.  

These detailed and complete analyses are a starting 
point to integrate the plasticity effects of RSW into 
assembly variation evaluation. 

1.3 Aim of the paper 

Considering the effects hinted by the results of [13] and 
by [27,29,30,34], where a local detachment of the welded 
parts was clearly showed, this paper will assess how an 
acceptable assumption is to neglect the effects of thermal 
deformations and plasticity in the welding area.  

To accomplish this objective, it will be developed a 
FEM computational model able to investigate the spot 
welding process with a variational point of view also 
considering the further progression of the process, when 
parts subjected to tolerances are unclamped and the 
springback occurs. It will also be considered the plastic 
effects of the welding process. 

2 Resistance spot welding modelling 
with parts subjected to variations 

The model has been defined on a case study 
considering butt joints subjected to form tolerance, which 
is very diffused in automotive sector. For simplicity, a 
common datum scheme has been used through the 
complete assembly process: part tolerance measurement, 
assembling and assembly tolerance measurement after 
welding.  

2.1 Geometrical conditions 

Figure 1a shows the datums used to clamp two sheet 
metal parts shaped for realizing a butt joint; here, the 
locator scheme for the assembly consists in four local 
datum to define the parts position in the Y direction (A1-
A4); one hole (B) coupled with one slot (C) define the Z 
position and the hole (B) also define the part position in 
the X direction. The same datum scheme has been 
repeated for the other part (D1-D4, E, F). Each joint 
flange is subjected to the form tolerance shown in figure 
1b, defined using the same datum reference frame used 

for the assembly. Finally, the assembled parts measured 
using the datum reference frame shown in figure 1c. 

A schematic example of a fixture is shown in figure 1d, 
where on the fixture base are positioned the locator 
supports on which will be positioned the sheet parts in Y 
direction, two pins will fit in the hole/slot couple of each 
part to prevent rotation around Y axis and translations 
along X, Z axes. When closed, the movable clamps will 
lock the sheet against the locator supports preventing any 
other movement. 

 

Fig. 1  Datums and parts positioning on fixtures. 

Figures 1e-g show a section made on the symmetry 
plane of the assembly with different situations. Figure 1e 
shows what happen in a worst case condition when both 
parts are at minimum dimension, within the tolerance 
range: between the two flanges is present a gap that will 
be closed by welding guns during the welding phase.  

Figure 1f shows what would be if the two parts where 
in the opposite worst-case condition, when both are at the 
maximum dimension within the tolerance range. The 
compenetration is physically impossible, so the last 
loaded part will assume a position like the one sketched in 
figure 1g: the back side rest on the fixture locator and the 
bending radius of the flange lean on the vertical flange of 
the other part. The contact of the last part with the fixture 
supporting locator, in Y direction, is then limited or it’s 
present a gap. When the movable clamps close tightly the 
parts against the support, they clearly cause a 
deformation along Y axis. The parts loaded after the first 
one, if in condition to interfere, will not be correctly loaded 
on the fixture, so, during the fixture clamping they will be 
deformed and a significant elastic energy will be stored 
into the parts. This elastic energy, if not absorbed by 
plastic deformation will be released on clamp opening and 
cause springback effect. 

2.2 Model setup 

The FE models will deal with the geometrical condition 
described in figure 1e, 1g with the aim of measuring the 
deformation induced by clamping and welding, after 
fixture release using the datum reference frame of figure 
1e. The parts are not in the nominal conditions, for the 
effects of the tolerance of fig. 1b. In the first analysis, it’s 



543

Moos et al. Assembly analysis for spot welded compliant assembly:  
Guidelines for formalizing the plasticity contribution to tolerance analysis 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

considered a gap between the welding flanges, while in 
the second one the parts are interfering and loading 
problems arise. 

The analysis has been divided into step corresponding 
to the B.i.W. phases: fixture clamping, weldgun closure, 
heating, cooling, weldgun opening and fixture release. 
The approach is described in figure 2. The steps have 
been computed in three stages using three different 
models: a first general static analysis computes the 
deformed configuration of the sheets caused by weldgun 
closure, then this deformed state is exported to a second 
model in which is performed a coupled thermal-electric 
simulation so to calculate the temperature distribution 
during the welding and cooling phases. A last model 
performs another general static analysis with all the 
simulation steps, importing the temperature distribution 
from the second model as a predefined field.  

 

 

Fig. 2   Analysis setup 

For the static analysis, the datum references of figure 
1a and the fixture shown in figure 1d have been further 
simplified into the FE model. Considering figure 3, the 
boundary condition enforced by Y locator have been 
realized locking the Y displacement of a transversal band 
at the end of each sheet, the effects of the pin/hole and 
pin/slot locators have been modelled locking the XZ 
displacement of the sheets rear section. The weldguns 
have been constrained so that only X motion is available 
and on their rear side has been applied a pressure 
equivalent to a welding force of 2500N.  

 

 

Fig. 3   FEM model with boundary conditions. 

The sheet geometry has been defined considering the 
dimensions shown in [28]. Sheets and weldgun have 
been meshed using 3D stress C3D8 elements from 
Abaqus/Standard library.  

For all the general static analyses, in the materials 
models have been specified temperature dependent 

properties for elastic modulus, expansion coefficient, 
plastic strain and plastic yield, according to the data 
employed by [30]. The plasticity has been considered 
isotropic with Mises yield surface formulation.  

As sheet thickness, it has been chosen 0.75mm, which 
is often used for bodyside parts, frames, rear light 
housings, some parts of upper rails in underbody. The 
sheet/sheet and electrode/sheet contact pairs were 
defined using surface to surface enforcement. Friction 
was considered between contact pairs: 11.0/ 0FeFef , 

53.0/ 0CuFef .  

In the coupled thermal-electric model, the electric field 
in the conducting material is described by Maxwell’s 
equations of charge conservation for steady-state current, 
rewritten in a form suitable for discretization as 

V V
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E dVrJdSdV
xx crcJddVE ,       (1)  

where V  is a volume of surface S  of normal n  
positive outward,  is the electrical potential field, J is 

the electrical current density, nJJ J  the current 

entering S  surface, cr  is the internal volumetric current 

source per unit volume. 

The Ohm’s law has been introduced: EJ , 

where )( )(E  is the electrical conductivity matrix,  is 

temperature, xE x  is the electrical field intensity. 

The energy balance describes the heat conduction:  
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 is the material’s density, U  is the internal energy, 

k  is the thermal conductivity matrix, q  the heat flux per 
unit area flowing into the body and r  is the heat 
generated inside the body.  

The electrical and thermal problems described by 
equations 1 and 2 are coupled by the temperature 
dependence of the conductivity in the electrical problem 
and by the electrical current dependence of the internal 
heat generation in the thermal problem. In fact, the Joule 
effects is the heat source inside the material volume: 

ccPr ccPcc  with EEJEP E
cc EE )( )(E  and  an 

energy conversion factor. 
The external surface S  of the body can be divided into 

patches for which boundary conditions can be prescribed 
and patches that interact with surfaces of other bodies. 
The boundary conditions regarding the electrical potential 

),( tx( , temperature ),( tx(x , electrical current 

density ),( txJJ J , heat flux ),( txqq q  can be directly 
specified.   

The heat conduction across the surface interfaces of 
different parts can be modelled considering a gap thermal 

conduction coefficient gk : ))(( ))()(( Bgc kq  and 

analogously the electrical current flow ))(( ))()(( BgJ  

can be modelled with a gap electrical conduction 
coefficient gg . BB  is the temperature of adjacent body’s 
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surface, BB  its electric potential, )(2/1 BB(1  is the 

average temperature at surfaces of the two bodies.  
The specifications for thermal and electrical bulk 

conductivity, specific heat d
dUC dU)( , latent heat, gap 

thermal and electrical conductance at surface interfaces, 
where took from the same source [30]. On a rear side of 
an electrode has been defined an alternating surface 
current equivalent to 7900A, with 50Hz frequency and on 
the opposite electrode a potential of 0V has been set. The 
heating phase duration has been considered 0.15s and it 
is followed by a cooling phase of 0.6s. Thermal 
convection and radiant heat losses were neglected 
accordingly to [36]. 

In the third model, after the first deformation imposed 
by weldgun, the temperature distribution is loaded from 
the thermal model, for the two phases of heating ad 
cooling. At the end of heating step, the portions of parts 
meshes that passed the melting temperature were 
manually identified in a set and during cooling phase, they 
were locked together, to simulate the joining effect.  

 Then the fixture release phase has been implemented 
by progressively removing the constraint only on a sheet 
part: the XZ constraint are released first so to evaluate the 
springback in the X direction only, then the Z constraint is 
also removed to evaluate the overall springback. The 
other part has been held on the constraint to simulate the 
measurement phase, in which a reference system for 
measure is fit on the part considering the datums shown 
in figure 1c.  

The mesh dimension has been chosen as a 
compromise between simulation time and results 
precision.  

In the following section, the results of this model are 
discussed to provide for validation. 

2.3 Comparison with other studies 

The results of the analysis performed in this paper are 
here compared to those obtained in literature, always 
considering an important difference of the model setup: 
while the literature works solve the problem under axial-
symmetric condition given by parts matched together 
before the welding, the present model is not symmetrical 
along the welding axis because the contact surfaces are 
the results of the deformation imposed by welding gun, 
starting from a part geometrical situation which is affected 
by tolerances. For this reason the results are here shown 
on two planes passing through the weldgun axis: the 
medial plane Z and the Y plane, which is normal to the 
first.  

The unsymmetrical contact surface has a weak effect 
on the electrical current distribution shown on figures 4a 
and 4b. The electrical potential difference calculated at 
the end of the two clamps is 1.2V.  

The temperature distribution of figure 5b is flattened 
because of the small sheet thickness here considered. 
This affects the temperature distribution in two ways: the 
cooling effects of the copper electrodes are more effective 
on the nugget given its narrow thickness and the heat 
production by joule effect is differently split between 
material resistance and contact resistance. The 
equivalent circuit could be simplified to a series of three 
resistors, the first and the last consider the sheet 
resistance and are proportional to the sheet thickness, the 
middle one consider the contact resistance, which is 
inversely proportional to the contact pressure [35, fig. 
3,4,5]. Because the electrode force is adjusted 

accordingly to the sheet thickness, it could results that the 
contact pressure does not vary much, so, reducing the 
sheet thickness, the contact resistance plays a more 
important role for the joule heat production.  

 

Fig. 4    Electrical Current Density distribution on a) Z 
plane and b) Y plane. 

In the medial plane Z, the non-symmetric contact 
condition plays an important role in the heat conduction, 
as can be seen in figure 5a. Above the electrodes axis the 
sheet are completely matched for all their length, while 
below the axis they are separated by a gap widening 
toward the bottom, so the first geometrical condition is 
more capable of heat conduction than the latter, thus 
leading to temperature distribution higher above the 
electrode than below.  

Figure 5a reports the temperature variation of the core 
node of the welding nugget during the welding time and 
the central node of the contact interface of sheet and 
electrode. The heating time is shorter than those 
calculated on other studies for the smaller thickness of the 
welding sheets, and the heating curve for the nugget core 
presents itself with a high elongation after the welding 
current has been stopped. The last effect is due to the 
material specific heat, which acts as a capacitance into 
the conduction laws. 

The detailed results of the present model, compared 
with the results of existing studies is presented in table 1. 

 
Case study results Other studies results 

Electrical potential 
difference 

1.2 V 
[0.88; 1.53]V depending 

on sheet thickness 
[31] 

Sheet/electrode 
temperature (centre) 

450°C 
775°C [30] 
1000°C [29] 

Temperature at 
faying surface (centre) 

2115°C 
2050°C [30] 
2000°C [29] 

Contact pressure at 
faying surface (centre) 

80MPa 85Mpa [30] 

Maximum contact 
pressure around 
welding nugget 

91Mpa 90Mpa [30] 

Tab. 1 Present model result compared to existing studies. 

The Von Mises stress distribution of figure 6b is similar 
to the one obtained by [29], and it is confirmed that the 
maximum stress occurred at the edge of the contact 
surface between the electrode and the sheet. Figure 6a 



545

Moos et al. Assembly analysis for spot welded compliant assembly:  
Guidelines for formalizing the plasticity contribution to tolerance analysis 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

show a clear lack of uniformity of the Mises stress: at the 
lower end of the sheets contact there is a bigger section 
of material subjected to high stress values, because those 
elements are the first to be deformed during the initial 
closure of the welding electrodes against the sheets. The 
figure also shows a stress distribution along the sheet 
thickness, which is attributable to the bending the 
deformation, which the electrodes subject the parts. 

 

Fig. 5 Temperature distribution on a) Z plane and b) Y 
plane. c) Temperature variation at the centre of faying 

surface and at sheet/electrode interface. 

Figure 7b presents the results of equivalent plastic 
strain distribution (PEEQ) which is calculated as 

t
pl

pl dt
00pl
& .  Though the mesh resolution is smaller, 

is still recognizable a plastic strain concentration near the 
edge of sheet/electrode contact, like in [30, fig. 9]. 

Figure 7a shows again a bigger deformation at the 
lower end of the sheets contact, which is congruent to the 
results of Von Mises stress in figure 6. 

To conclude, figure 7c shows that more plastic 
deformed areas of the sheet parts are immediately below 
the electrode axis, that the plastic deformation is laterally 
extended on both sides of the electrode and that the 
sheet is also plastically deformed near the fillet between 
the vertical flange and the horizontal plane. 

Figure 7 shows analogies and evident differences to 
the other studies of welding simulation [29–31,34], the 
latter to be attributed to the initial part mismatch that 
should be considered when dimensional and geometrical 
tolerances are present.  

The above discussed comparison is summarized in 
table 2. 

At the end of this comparison, it is possible to conclude 
that the proposed model setup is able to consider the 
main aspect of the welding process, though being 
simplified.  

 

 

Fig. 6 Von Mises stresses a) on Z plane b) on Y plane.  

 
Fig. 7 Equivalent plastic strain (PEEQ) a) on Z plane b) on 

Y plane c) distribution on the sheet surfaces. 
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Case study results 

Other results 

Figure / 

Reference 

Comparison 

Electrical 
current 
distribution 

4a 
13 [29] 

Slight unsymmetry 

4b Comparable 

Temperature 
distribution 

5b 
8 
3 
4 

[29] 
[30] 
[31] 

Comparable (1mm) 
Very comparable 
Comparable (1.52mm) 

5a 8,3,4 [29,30,31] Unsymmetric 

Temperature 
transient 

5c 
9 
4 

[29] 
[30] 

High elongation 
Lower electrode 
temperature 

Von Mises 
stresses 

6a 

6 [29] 

Unsymmetric + 
bending stress 
distribution 

6b 
Comparable + 
bending stress 
distribution 

Plastic strain 
(equivalent) 

7a 

9 [30] 

More plastic 
deformation below 
electrode contacts 

7b Comparable 

7c 

Large section of 
sheet parts are 
plastically deformed 
outside welding 
nugget area 

Tab. 2 Correspondence of the present model result with 
other studies. 

2.4 Results for butt joint 

Other important aspects of the welding process that 
influence the geometrical and dimensional quality of the 
joined parts are taken into account with the complete 
welding process simulation. The plastic behaviour is 
sketched in figures 8, 9 for each process step and figure 
10 provides a comparison of the total parts deformations.  

Starting from the initial worst condition in which the 
parts present a gap for dimensional and geometrical 
mismatch of figure 8a, the electrodes are closed against 
the vertical flanges and bend one toward the other. This 
produce a bending stress distribution which will remain 
superimposed to the stresses calculated in the other 
process phases (figure 6). After the upper trim of the two 
flanges have made contact, the contact constraint makes 
the vertical flange to reverse bend under the electrode 
effect and shortly determines material plasticization, 
particularly concentrated at the lower edge of the 
electrode/sheet contact area. The plastic area grows to 
the limits of figure 8b, where the weldgun is completely 
closed and applies the total welding force. 

Then, the heating caused by the welding current 
changes the plastic distribution: the material near the 
electrodes becomes plastic 8c. 

After the parts cooled down and the welding gun is 
removed 8d, it is possible to identify a slight vertical 
spring-back of the welded flanges, directed toward Z-, of 
0.66mm. This vertical displacement calculated 
considering the analytical solution of [8, eqn. 1] for elastic 
material, will lead to an overestimated result of 0.85mm 
(with 3030a mm, 1212b mm, 5.00uu mm for each part).  

To simulate the CMM measurement, in the FEM 
software has been removed the constraint of one sheet 
accordingly to the datum system specified in figure 1c. 
The removal has been performed in two stages, the first 
to evaluate the X springback in the welding direction 8e, 
the second to completely free the sheet. The X 
springback resulting from the plastic simulation, removing 
the corresponding constraint, is -0.22mm which is a 

significantly small fraction of the initial 1mm gap. Then, 
the sheet is completely freed and another springback 
effect is evidenced in figure 8f. The sheet rotates around 
Z axis of an angle of 2◦. This behaviour is quite different to 
the one predicted with an elastic model by [8, fig. 4, 5].  

The results of the case described in figures 1f, 1g, 
when parts are in a geometrical and dimensional situation 
which hinders the loading onto the fixture, are shown in 
figure 9. The parts would compenetrate of 1mm, so after 
the first part is normally loaded onto fixture, the second 
part lays down against the first one and only partially on 
the fixture fixed locator. In the first step has been 
simulated the effect of the fixture clamps closing on the 
sheets and deforming them into the expected position 
(figure 9b). Here, it is evident a first plastic deformation of 
the left sheet, near the edges of the clamping fixture 
constraint, which has a deleterious effect on the part 
geometric quality.  

The parts behaviour during squeezing step has been 
detailed in figures 9c and 9d. The left vertical flange is 
deformed by the electrode that push it on the upper 
contact point above the welding axis, so the flange will 
bend outward. At the base of the flange, just above the 
fillet, the bending causes a pronounced plasticization of 
the material. The right flange is also bended outward in 
the other direction, by the contact with the electrode 
below the welding axis. The material at the base of the 
flange also becomes plastic, though with a smaller extent. 
The two flanges are bended and curved in opposite 
directions, so when the complete squeezing force is 
applied, they are counter-bended and another 
plasticization occurs in the right sheet near the lower 
contact edge of the electrode.  

Heating and cooling steps extends the material 
plasticization around the welding nugget (figures 9e, 9f).  

When the left sheet is freed along X direction, as in 
figure 9g, the springback effect measured is +0.3mm and 
at the upper edge of the vertical flanges occurs a 
displacement of 1.7mm in X direction and -1.9mm in Y 
direction.  

After the complete release shown if figure 9h, the left 
sheet it is subjected to a considerable springback being 
−1.8mm the Y maximum displacement and 5◦the rotation 
around Z axis.  

In both analyses has been found a notable plastic 
permanent deformation of the parts caused by electrodes 
squeezing (figures 8b, 9c–d) and in the case of loading 
interference also by fixture clamping (9b). The calculation 
of the plasticization extent is dependent on many factors, 
like explicit part, tolerances, initial part disposition, loading 
sequence, flange shape and dimensions, fixture locator 
position and dimension, but FE analysis are well suited to 
deal effectively with all of them.  

Figure 10 proposes a vectorial representation of the 
part deformation during the main welding steps. Figures 
10c-g and 10d-h evidence the remarkable differences of 
the spring-back effect when the parts present a gap 
mismatch or loading interference caused by the 
geometrical and dimensional tolerances.  

This complex behaviour cannot be modelled with 
elastic assumptions in a tolerance stack-up analysis for 
compliant assemblies subjected to resistance spot 
welding. 
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Fig. 8 Plastic deformation at the conclusion of welding steps. Gap condition. 

 

Fig. 9 Plastic deformation at the conclusion of welding steps. Loading with interference.
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Fig. 10 Sheet part deformations during welding 

operations. a-d) refer to gap initial condition. e-h) refer to 
loading with interferences. 

3 Conclusions 
The results of the present model of RSW process show 

some peculiar behaviour when parts are mismatching for 
tolerances reasons. When parts to be welded presents a 
gap condition (fig. 8), it occur the following phenomena: 

- plasticization occur near the fillet at the base of 
the welded flanges, caused by weldgun closure; 

- the material plasticization significantly reduces the 
springback along the welding axis; 

- it is present a bending moment near the welding 
nugget that causes a relative rotation of the parts 
when freed from the fixture. 

Moreover, when parts are presenting interference and 
cannot be correctly loaded on fixtures (fig. 10), it occur: 

- plastic deformation caused by fixture clamping, 
with significant change to parts’ morphology; 

- a more pronounced plastic deformation near the 
flange’s fillet; 

- a reduced springback along the welding axis; 
- a relative rotation of the parts. 
The extent of the above mentioned phenomena 

depends on the actual gap or interference the parts 
experience when joined. 

So far, the approaches here reviewed of compliant 
assembly tolerance analysis cannot model such 
behaviour, thus, to improve stack-up models for compliant 
assemblies, it advisable to consider:   
- isotropic plastic behaviour of sheet parts to be 

welded,  
- two distinct solution models for gap and interference 

geometrical conditions,  
- the loading sequence, contact surfaces, fixture 

locator position and dimensions to correctly describe 
the misplacement of parts interfering between 
themselves and only partially resting on fixture 
locators,  

- the welding sequence. 
As a future development, the integration of these 

improvements into existing approaches [2, 10, 13], will 
permit to evaluate the stiffness matrixes of each model as 
dependant on the deformation imposed during influence 
coefficient calculation, to be later combined with Monte 
Carlo simulation so to obtain a statistical description of 
assemblies dimensional and geometrical quality. 
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Abstract 

Purpose: 
The aim of this work is to present a method for the verification of form tolerances in free-form 
geometries. 

Method: 
New free-form error parameters, in accordance with ISO GPS standards are defined. 
Geometrical errors in 2D e 3D geometries are calculated using a new fitting method 
consisting in an association operation where nominal profile/surface is resized (with an 
offset), located and oriented on the non-ideal geometry. Form tolerance is estimated using 
peak-to-valley deviation after the best fit. 

Result: 
Automatic algorithms are implemented to analyse 2D free-form profiles of moulds for 
ophthalmic lenses obtained with grinding and polishing operations and to analyse 3D free-
form surfaces of an injection moulded lamp lens for automotive industry.  

Discussion & Conclusion: 
The comparison between results obtained using this approach and using traditional fitting 
methods shows differences on the fitting and errors parameters estimation. In particular in the 
traditional fitting there is a repartition of the size error contribution in the translation and form 
errors. The differences increase proportionally to the offset value estimated. The calculation 
of offset parameter allows the separation of size from geometric errors in free-form 
profiles/surfaces and the “true” form error estimation. 

1 Introduction 
Profile tolerance specification is extensively used to 

specify complex free-form and regular geometric features. 
It is a powerful method because it offers the possibility to 
simultaneously control size, form and position tolerances 
[1]. In industry, there exists a great need to inspect parts 
with complicated and free-form surfaces to ensure high 
quality for manufactured products [2]. However, actual 
standards regarding free-form surfaces verification are 
inadequate, because measurement methods and 
parameters for errors assessment are not yet defined [3]. 

The importance of free-form profile/surfaces for 
functional performances of the products requires the 
definition of a unified and unambiguous method for the 
verification of complex features, coherent to most recent 
ISO standards regarding inspection of the parts. 

1.1 GPS standards related to profile tolerancing 
and inspection 

In order to guarantee functionality, safety and reliability 
of the part, geometric requirements are defined during the 
design stage. The indication of profile/surface tolerance, 
its interpretation and the definition of the tolerance zone 
are stated in ISO 1101 [4]. The specification and the 
verification are strongly related to each other; but the 
reference document for the measurement of geometric 
errors is the old ISO/TR 5460 [5]. 

A more recent GPS approach for the product 
verification is given in ISO 17450 [6][7]. When regular 
geometries are considered, ISO GPS standards can be 

used to verify straightness [8][9], flatness [10][11], 
roundness [12][13] and cylindricity [14][15]: an association 
operation is used to fit ideal feature to non-ideal feature 
according to a specific criteria. When profile tolerances is 
used to control complex profile or surfaces no specific 
standards for the verification of conformity are available 
[16][17]. 

1.2 Research background 

Many scientific works have described methods for the 
inspection of free-form profile/surface. These works are 
focused on the CAD-based inspection method, due to the 
increasing of reliability of contact and non contact sensor 
technology, the possibility to acquire many data points on 
the surfaces and the improving of automatic inspection 
systems [18]-[20]. The general approach consists in 
aligning clouds of measured points on the virtual model 
(usually a CAD model), using a fitting algorithm, to 
perform the geometric characterization of the part.  

A review of the main free-form surface inspection 
techniques is given in Li and Gu [21]: the inspection 
problem regards determining rigid rotation and translation 
components which best align the measured points on the 
surface. Different algorithms for the localization of 
measured data on nominal surfaces are presented and a 
software for automatic comparison of free-form 
geometries is implemented [20][22][23]. Ristic et al. [24] 
and Zhu et al. [25] implement a method to locate points on 
a NURBS surface and [25] introduces an unified algorithm 
to orientate/position clouds of points on complex 
parametric surfaces. Other works [26][27] propose a pre-
fitting to improve the computing efficiency. A review of 
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algorithm used to accelerate the localization process is 
given in [28]. 

 Cerardi et al. [29] propose a method for identifying 
and separating the size error from form, position and 
orientation error in 2D profile inspection. 

In this paper a method for the verification of form 
tolerances for free-form geometries is proposed and new 
parameters, in accordance with ISO GPS standards, are 
defined. 

2 New approach to free-form 
inspection 

According to ISO/TS 14638, this work proposes a 
method for the geometric verification of free-form profiles 
and surfaces. The method influences chain link 3 and 
chain link 4 of standards on form of line and form of 
surface in the general GPS matrix. 

2.1 Definition for actual feature – characteristic 
or parameter 

According to ISO/TS 17450 concepts, it is proposed an 
association operation to fit ideal profile/surface to non-
ideal feature using a specific criteria. Reference 
profile/surface, intended as the associated profile/surface 
to which the deviations are referred, is calculated from 
nominal feature, for example a CAD profile/surface, that is 
resized (with an offset), located and oriented on the non-
ideal feature. 

In accordance it’s consistent defining size and 
geometric errors as: 
- Offset parameter: characteristic which indicate the 

variation in size of the reference feature from the 
nominal feature, 

- Local profile/surface deviation: minimum distance 
from a point on the extracted profile/surface to the 
reference profile/surface. 

2.2 Assessment of the deviations of the 
workpiece – comparison with tolerance limits 

According to ISO standards regarding form tolerances 
the following parameters can be defined: 
- Peak-to-valley profile/surface deviation FFPt/FFSt: 

sum of the largest positive local profile/surface 
deviation and the largest negative local 
profile/surface deviation 

- Peak-to-reference profile/surface deviation 
FFPp/FFSp: value of the largest positive local 
profile/surface deviation from the least squares 
reference feature 

- Reference-to-valley profile/surface deviation 
FFPv/FFSv: value of the largest negative local 
profile/surface deviation from the least squares 
reference feature 

2.3 Discussion 

The analysis of the ISO standards highlights the lack of 
a specific standard regarding the verification of free-form 
profile and surface tolerances. Moreover the study of the 

state of the art brings out that the use of advanced 
technologies in verification stage is increasing. The 
prevalent approach used to have the geometric 
characterization of a free-form feature compares clouds of 
measured points with the CAD model of the parts. It 
consists in an optimization process that minimize the sum 
of the squared distances between the measured points 
and the nominal feature, as a function of the rotation and 
translation parameters. 

Differently, in this paper the optimization process is  
performed as the fitting an offset of the nominal feature to 
a non ideal feature. The determination of the offset 
parameter is necessary because in the traditional fitting 
there is the repartition of the size error contribution in the 
position, orientation and form error: geometric errors can 
be overestimated and the rejection of a conformed part 
can be expected [29]. According to ISO/TS 17450, the 
separation of size from geometric errors allows more 
effective machine setting adjustments and the control of 
process parameters. Furthermore the determination of the 
offset parameter, and its interpretation as the size error, 
makes it possible to use a similar approach for the 
verification of regular as well as free-form features. 
Unfortunately the computation cost is higher than in the 
traditional fitting, because the offset parameter is added in 
the optimization problem. 

3 Examples of free-form errors 
calculation 

Some example of free-form profiles and surfaces 
inspections are reported in the following. The algorithm 
proposed in [29] has been improved: nominal profiles are 
defined as NURBS, that are supported in CAD systems 
and can describe any kind of curves. The algorithm has 
been extended in 3D and it has been implemented in a 
CAD environment. The aim of those experiments is to 
demonstrate the efficacy of the method for the “true” form 
error calculated. 

3.1 Free-form profile inspection 

Free-form profiles of moulds for ophthalmic lenses 
obtained with grinding and polishing operations were 
studied (Fig. 1). Nominal profile, described by the 
equation used for aspheric curve 

 221
)( xpRR

p

xz  (1) 

where p is the asphericity coefficient and R is the 
radius of curvature in the center, is replaced with a 
NURBS curve (the maximum deviation from the nominal 
profile is 3.0e-6 mm). Measured points are obtained using 
the profilometer Zeiss TSK SURFCOM 1800D. In figure  2 
the nominal profile and the measured points are shown. 
To analyse a 2D feature, the algorithm is implemented in 
MATLAB using functions of MATLAB Optimization 
Toolbox Library (Fig. 3). 

Estimate parameter, as define above, are summarized 
in table 1. In figure 4 the local deviations estimated for 
both profiles are reported.  
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Fig. 1 Measured surfaces: 
(a) polished lens; (b) ground lens. 

 

Fig. 2 Nominal profile (a), 
p and R are respectively -1.8 and 132.45 mm; 
measured points (12000) on ground lens (b) 

and polished lens (c) 

 

 

Fig. 3 Inspection process and tools for 3D free-form characterization. 

Fig. 4 Local deviation: ground lens on the left; polished lens on the right 

 
 

Ground lens Polished lens 

 
Parameter 

Proposed 
approach 

Traditional fitting 
LSM 

Proposed 
approach 

Traditional fitting 
LSM 

Fitting 
 parameters 

Offset [mm] -0.032916 n.c. 5.888558 n.c. 

Translation [mm] 
in x 0.449679 
in y 1.228043 

in x 0.441914 
in y 1.194840 

in x -1.394877 
in y -3.212377 

in x 0.311799 
in y 2.718983 

Rotation [rad] -0.023729 -0.023786 -0.035240 -0.022560 

Form tolerances 
parameters 

FFPt [mm] 0.010632 0.010790 0.030455 0.167603 

FFPp [mm] 0.005173 0.005073 0.010913 0.041776 

FFPv [mm] 0.005460 0.005717 0.019543 0.125826 

Tab. 1 Parameters obtained for the optical lenses 
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(a) 

 

(b) 

Fig. 5 Best alignments obtained for ground mould lens (a)  
and polished mould lens (b) 

3.2 Free-form surface inspection 

Free-form surfaces of an injection moulded lamp lens 
for automotive industry was analyzed. Points on the 
surface lens are acquired using a measuring arm (FARO 
Arm Platinum) equipped with the laser sensor V2. 
Measurement data are compared with the nominal CAD 
model. The inspection algorithm for the analysis of the 3D 
features is implemented in Rhinoceros by the use of 
Python programming language in order to directly 
visualize the results of the inspection process (Fig. 6). 

The estimation of errors is performed in 3 steps: the first 
step consists in a pre-localization, using three data points 
chosen by the user; the second step consists in an 
automated fine localization, where measured points are 
aligned as close as possible to the best offset of the CAD 
model; in the last step, parameters for geometrical 
characterization are calculated. 

Results of the process are summarized in Tab. 2 and 
shown in Fig. 7. Local deviation distributions are reported 
in Fig.8.  

 

 

Fig. 6 Inspection process and tools for 3D free-form characterization. 
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Fig. 7 Colored local deviation calculated on left lamp lens (257000 points) 
 

 

Fig. 8 Local deviation distribution 

Injected left lamp lens 

 
Parameter 

Proposed 
approach 

Traditional fitting 
LSM 

Fitting 
 parameters 

Offset [mm] -0.25710 n.c. 

Translation [mm] 
in x -0.33407 
in y -0.34685 
in z -0.79474 

n.c. 

Rotation [rad] 
in x -0.00475 
in y 0.00198 
in z 0.00556 

n.c. 

Form tolerances 
parameters 

FFPt [mm] 0.74637 0.86078 

FFPp [mm] 0.35779 0.45581 

FFPv [mm] 0.38858 0.40497 

Tab. 2 Parameters obtained for the lamp lens 

4 Discussion  
 
The proposed method was applied to evaluate errors in 

free-form profiles of moulds for ophthalmic lenses and 
free-form surfaces of lamp lenses for automotive industry. 
For 2D profiles at the end of the fitting operation, an offset 
parameter of -0.032916 mm was calculated for the ground 
mould lens and of 5.888558 mm for the polished mould 
lens. The comparison between fitting parameters 
estimated using this approach and fitting parameter 
calculated using traditional fitting methods, reported in 

table 1, emphasizes the repartition of size error 
contribution in the translation parameter and form errors: 
the difference increases proportionally to the offset value. 
In addition when size contribution is not considered the 
form error (FFPt) is always overestimated as visualized in 
figure 4. Best alignments are showed in figure 5, which 
confirms the consistency of the values reported in table 1.  

For the 3D surface an offset error of -0.25710 mm was 
calculated, with the form errors smaller than those 
calculated using traditional approach. 
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5 Conclusion 
An advanced method for free-form profiles and 

surfaces verification was presented. The method consists 
an association operation to fit ideal profile/surface to non-
ideal feature as required in ISO GPS standards: unlike 
most traditional fittings, acquired points are aligned to an 
offset of the nominal profile/surface. Furthermore in this 
work are proposed new definitions for the geometric 
parameters, according with ISO GPS standards regarding 
form tolerances. Automatic algorithms were implemented 
to solve 2D and 3D dimensional problems. For 2D profiles 
the algorithm is implemented in MATLAB; the algorithm 
for the analysis of the 3D features is implemented in 
Rhinoceros by the use of Python programming language 

Some examples of free-form verification of optical 
lenses and lamp lenses are proposed in this paper. 
Results confirm that this advanced fitting approach 
implies the estimation of lower but more realistic form 
error. 
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Abstract 

The OBS (acronym of Ocean Bottom Seismometer) is a system to monitor the submarine 
seismic activity. To properly work, an OBS system needs a suitable auto-levelling base to 
maintain a fixed (horizontal) position during the measurement phases.    
In this work a new auto-levelling base for submarine seismic sensors has been designed. 
During the redesign process a preliminary phase of analysis of the state of art has been 
made. Afterwards, the technological solutions chosen by different manufactures have been 
critically analysed, and a full description of their functionalities, working principles and system 
performances has been carried out. Later, some innovative concepts have been proposed. 
Among these ones, the most interesting are the auto-levelling bases with spherical joint, 
based on: air bearings, ball bearings and magnetic levitation systems.  
The concept scoring method has been used to identify. as best concept, the auto-levelling 
base with spherical joint and air bearings system. 
Successively, the chosen concept has been implemented: the technical working principles 
have been studied to choose the best solutions in terms of dimensions, shapes, materials of 
all base components. A full parametric CAD model of the auto-levelling base has been also 
created.  
The new designed base, by using a very innovative auto-levelling system, allows to obtain 
very good results as regards the accuracy of positioning, so ensuring a remarkable 
improvement of the performances of the ocean bottom seismometers. 
   

1 Introduction 
It is well known that in countries surrounded by seas, 

like Italy, the observation of seismic and volcanic 
processes is necessarily restricted without measurement 
stations placed under the sea. 

Many of the earthquakes recorded by the land seismic 
networks, in fact, are from the sea but only few of them, 
whose magnitude is very high, are properly located using 
exclusively the seismic data coming from the land 
stations. 

In this way, a great part of seismic events generated 
on the submarine earth crust cannot be correctly 
measured, so important data for the study of the seismic 
activity and the geodynamics cannot be acquired. 

OBS/H (Ocean Bottom Seismometer with 
Hydrophone) stations are submarine systems used to 
detect the earthquakes in proximity of submarine faults 
and volcanoes. 

OBS/H stations allow to collect seismic data that are 
very useful for the localization of events, the study of the 
seismic activity and the geodynamics of the crust in the 
offshore areas. These stations, moreover, could be 
effectively connected to a global real-time system able to 
warn about the risk of tsunami events. 

For all this reasons, the OBS/H  stations represent, 
nowadays, ones of the most important seismic data 
measurement tools. 

Also basing on these observations, the so-called 
“OBS/H project” was planned and developed at the 
National Institute of Geophysics and Volcanology (INGV) 

of Gibilmanna (Cefalù-Italy) in 2005. In this context, 
moreover, a laboratory specialized in the design, 
production and management of OBS/H stations (the OBS 
LAB), has been founded at the INGV of Gibilmanna [1]. 

The purpose of the presented work is the conceptual 
redesign of a self-levelling base to be used in an OBS 
station prototype made at the OBS LAB. In particular, a 
new self-levelling base, suitable for the most innovative 
seismic sensor nowadays on the market (e.g. 
Nanometrics Trillium Compact), has been redesigned, 
starting from an OBS/H prototype by INGV.  

2 The OBS/H prototype by INGV 
The OBS/H prototype (fig.1) developed at the OBS 

Laboratory consists of the following main components: 
- a seismometer Nanometrics Trillium 120p [9]; 
- a Differential Pressure Gauge (DPG), a differential 

pressure sensor with a 500 seconds bandwidth at 2 
Hz frequency, suitable to detect the propagation of 
tsunami waves; 

- a digitizer SEND Geolon-MLS with 4 channels and 
maximum sampling frequency equal to 200 Hz; 

- the self-levelling base. 
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Figure 1 OBS/H station. 

The seismic sensor is fixed on the self-levelling base 
that is fastened to a “bentosphere” (a floating housing) in 
glass of which diameter is 17 inches. The self-levelling 
base is used to impose and to keep the correct 
positioning of the sensor along the horizontal direction; 
this represents a necessary geometric condition for its 
correct working and accurate measurement of the seismic 
signals [2] [3]. 

 

 

Figure 2 INGV self-levelling base 

The digitizer and the battery packs are placed in the 
lower part of the OBS/H, inside a canister in ERGAL. 

The measurement of the seismic and acoustic signals, 
performed by the seismometer and the DPG, starts as 
soon as the OBS station reaches the sea floor by free fall. 
This data acquisition phase goes on for a time depending 
on the used sensors and the range of the battery packs.   

At the end of the measurement phase, the acquired 
data (stored in the data logger) can be downloaded and 
post-processed for further analyses. 

Recent research activities are related to the real time 
monitoring of the measured seismic signals, in order to 
get, as soon as possible, any information on possible 
earthquake or tsunami events. 

2.1 The INGV self-levelling base  

The working principle of the INGV self-levelling base 
(fig. 2-3) is based on the passive gimbal (universal) joint. 
It has a locking system that through two radial clamps, 
activated by electric motors, blocks the rotation axes 
when the right position is reached (fig. 4). 

 

Figure 3 3D CAD model of the INGV self-levelling base  

The self-levelling base is welded to the bottom of the 
glass “bentosphere” using a resin having a high stiffness 
value. 

 

Figure 4 INGV self-levelling base: blocking system details 

As pointed out during the first long-time OBS 
campaign in the Ionian sea, carried out by INGV [2], 
different open issues must be solved to improve the 
performances of the INGV auto-levelling prototype. In 
particular, the main problems are related to the levelling 
accuracy and the natural frequencies of the structure. As 
regards the first problem, the measured data showed that 
all the sensors have worked for a long time period (more 
than one week) with an about ± 0.1° misalignment 
(inclination value referred to the horizontal plane). Even if 
the maximum acceptable value is ± 0.2°, because out of 
this range the sensor could not record any earthquake 
signal, more is the misalignment more energy is absorbed 
by the seismic sensor. The necessary energy can even 
raise from 600 mW up to 2.5 W, depending on the 
misalignment value, so making the batteries flat very soon 
and reducing the measurement time. Concerning the 
problem of the natural frequencies, it has been also noted, 
through experimental tests performed in laboratory, that 
the structure containing the seismometer filters many 
signal frequencies lower than 50 Hz, moreover its natural 
frequency is around 8 Hz. All these characteristics alter 
the level and the spectrum of the recorded signals. A 
solution to that problem could be, almost certainly, to 
reduce the size of the whole structure. Such a solution 
could allow, moreover, to use smaller seismic sensors 
with reduced power consumption (lower than 160mW). 

It has been also noted that the frame of the INGV base 
is extremely weak and causes distortion  and/or damping 
of seismic signals. That is mainly due to the used joining 
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solutions. The base, in fact, is welded to the bentosphere 
only through its bottom part; that generates a tuning fork 
effect that, because of the structure resonance, does not 
allow to detect very important (low frequency) signals. 

3 State of the art 
The first research activities addressed to the setting 

up of OBS prototypes were developed in the early 60's. 
One of the first OBS station prototypes was designed and 
built at the Columbia University [4]. 

In that case, the problem of the seismic sensor 
levelling was, for the first time, solved using the gimbal 
joint. The rotations of the two axes were managed by an 
electronic card equipped with a level feedback sensor 
(horizontal pendulum).  

Still nowadays, the gimbal is the most diffused 
working principle used in the self-levelling bases, both for  
active and passive-based levelling systems. The first 
ones reach the working (horizontal) position through 
actuators (little electric motors), the second, instead, level 
the base exploiting the gravitational forces, through the 
use of masses positioned on the bottom part of the 
seismometer base.  Even if they have low energy 
consumptions, the passive levelling systems amplify the 
problems concerning the influence of the stiffness of the 
cables (connected to the seismometer) that can affect the 
right positioning of the base. The cables stiffness of the 
cables, in fact, could generate a tangential force that does 
not allow the correct levelling of the base. For this reason, 
to obtain good alignment values of the base it needs 
materials and technical solutions minimizing the stiffness 
of the cables. 

 

 

Figure 5 Active self-levelling base developed at the 

Columbia University 

An update model of the previous OBS prototype, also 
developed at the Columbia University [4], is shown in 
figure 5. It uses an active levelling system whose 
rotations are applied by means of two electric motors 
connected to the moving parts of the gimbal joint. Each 
motor has a rotating pin mated with a knurled disk (Fig. 5) 
that is linked to the fixed parts of base; that allows the 
right positioning of the levelling system.  

In 1993 Timothy et al. [5] designed, at the University 
of Cambridge, a new OBS station. In this case, the 
levelling base, even if based on the (well-known) passive 
gimbal working principle, uses a new technical solution for 
the locking of the system. The self-levelling base, in fact, 
is immersed in a viscous fluid, properly designed, so as to 

ensure the locking but also the detection of seismic 
signals in useful frequency ranges. 

In 2005, Thwaites and al. [6], using the principle of the 
gimbal, designed and developed an OBS prototype (fig. 6) 
based on a passive levelling base. An innovative aspect 
of this prototype is the locking system. This OBS, in fact, 
uses a new locking system (Fig. 6) composed of two 
disks. These ones are made of frictional material and are 
linked to the moving parts. Through a screw-based 
mechanism (fig.7), driven by an electric motor, the two 
disks are pressed each other so ensuring the locking of 
the system [6]. 

 

 

Figure 6 Thwaites self-levelling base with disks locking 

system 

 

Figure 7 Particular of the CAD model of the Thwaites locking 

system  

The Nautilus (Fig. 8) is, nowadays, one of the most 
common self-levelling bases in the market. It uses the 
passive gimbal levelling principle but, unlike other 
products, it has a particular locking system working in the 
following way: when the right levelling is obtained, the 
base is moved down, by two electric motors, until its lower 
part comes into contact with the bentosfere. In particular, 
the base is pressed against the internal surface of the 
bentosfere so to ensure its rigid locking; to allow a correct 
mating between the surfaces, the contact occurs only in 
(four) restricted areas. 
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Figure 8 Nautilus self-levelling base  

The Guralp  self-levelling base, is also based on the 
principle of passive gimbal but, unlike the previous 
presented systems, it allows larger values of the tilt 
levelling angle, that can vary in the +/-120° range [7]. 
Figure 9 shows a CGM-40TOBS Guralp base. 

 

Figure 9 CGM-40TOBS Guralp self-levelling base 

To block the rotation axes, two electric motors act on 
two strips, made in flexible material that, pressed against 
the end (cylindrical) parts of the shaft, allow the locking of 
the system. However, from laboratory tests, it was noted 
that this locking system is not much accurate because it 
causes a remarkable rotation of the base around the two 
axes, due to the sliding of the strips on the rotating axles. 

 

Figure 10 OBS Guralp Triaxial Broadband 

 

The Guralp company also produces another kind of 
active self-levelling system (Fig. 10), called Triaxial 
Broadband Ocean Bottom [8].  

This base uses the spherical joint working principle. In 
particular, it is composed (fig. 11) of a sensor seat and a 
sensor package (containing the seismometer), linked to a 
rotating disk through a mobile joint.  

Through the rotation of the disk and the radial 
movement of the mobile joint, it is possible to obtain a 
correct levelling of the base. Both the disk rotation and the 
mobile joint translation are imposed, independently, by 
two electric motors.  

 

Figure 11 Guralp levelling system Triaxial Broadband 

This levelling system, unfortunately, allows very low 
misalignment (tilt) angles (about +/- 30°), if compared with 
other auto-levelling bases, but its very stiff structure 
allows a better acquisition of the seismic signal. 

4 Redesign of a new auto-levelling 
base 

The aim of the redesign activity was to overcome the 
limitations of the INGV prototype. This redesign process 
has been organized in: 
- a preliminary phase during which analysing the state 

of the art, identifying the goals and defining the 
product specifications; 

- a following stage in which different alternative 
concepts have been proposed and evaluated, and 
the best solution has been identified; 

- a final step where the analysis and the conceptual set 
up of the best solution were carried out.  

4.1 Guidelines of  the redesign process 

The first phase of the redesign process (reverse 
engineering [9]) has been initially addressed to the study 
of the state of art of different self-levelling bases, included 
the ING prototype. The results of this analysis have been 
described in section 3. From the study emerged that some 
of the most important characteristics of an OBS self-
levelling base are related to the levelling and signals 
measurement accuracies. The self-levelling base, in fact, 
must be able to automatically reach and maintain the 
horizontal position (with a very reduced error; e.g. lower 
than ± 0.2°) but, also, to ensure the transmission of 
seismic waves without any damping effect and 
interference.  

After the state of art analysis, the functional 
specifications of the levelling base have been identified. 
That has been made through both the study of the 
technical documents and the identification of the main 
users’ requirements. 

The most important specifications/requirements that 
the new system should respect, are related to the: 
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- kind of the seismometer; in particular, the new base 
must be suitable for containing the Nanometrics-
Trillium compact [10-11], available at the INGV OBS 
laboratory; 

- environmental working conditions, with particular  
reference to pressure and temperature values; 

- geometric constraints; the new self-levelling base, in 
fact, must be placed inside the frame of the existing 
INGV OBS station; 

- duration of the measurement period that could be 
also one year long; 

- low-energy consumption requirements; 
- constraints on the costs that should be minimized. 

So, basing on the most important functionalities of an 
OBS base, with the aim of overcoming the actual 
limitations of the INGV prototype, it was decided to 
redesign this base in order to:  
- modify the base structure, to avoid any noise during 

the signal acquisition due to the filtering effects of the 
low frequencies and to the structure resonance; 

- increase the accuracy of the base levelling; 
- increase the levelling tilt, to allow a high value of 

misalignment of the base; 
- reduce the energy consumption; 
- improve the structure reliability; 
- minimize the production and maintenance costs. 

4.2 New self-levelling base concepts 

The phase of new concepts generation has been 
conducted basing on the brainstorming approach [12].  
During this phase, several concepts have been proposed 
and their working principles, components and possible 
technological solutions have been analysed. 

Even if many possible solutions have been proposed, 
only the following three, selected using the concept 
screening method, have been considered: 
- auto-levelling base with spherical joint and air 

bearings system [13]; 
- Auto-levelling base with spherical joint and ball 

bearings system [14]; 
- auto-levelling base with spherical joint and magnetic 

levitation system [15] [16]. 

 

Table1 – Concept scoring matrix 

After, these three concepts have been carefully 
evaluated through an objective method based on the 
concept scoring approach [12]. The selection criteria used 
during the concept scoring phase are the:  
- production costs, 
- maintenance costs, 
- levelling accuracy, 
- reliability of the system, 
- levelling tilt, 

- energy consumption, 
- signal acquisition quality.  

The obtained results, summarized in the concept 
scoring matrix in table 1, have shown the best solution is 
the auto-levelling base with spherical joint and the air 
bearings system. By comparing the scores of the INGV 
prototype and the auto-levelling base with spherical joint 
with the air bearings system, it can be noted that, even if 
this last is slightly worse than the INGV system as regards 
the costs and levelling tilt, it is much better as regards 
very important functional characteristics like the levelling 
accuracy, the reliability of the system and the signal 
acquisition quality. The air bearing system, in fact, is able 
to drastically reduce the friction between the two spherical 
mating surfaces so allowing a higher accuracy during the 
levelling phases. Of course, the simpleness of the auto-
levelling base with spherical joint with the air bearings 
assures high levels of system reliability, whereas the rigid 
and compact structure allows to reduce the noise during 
the transmission of seismic waves and to eliminate any 
damping effect and interference.   

5 The new self-levelling base concept 
The last phase of the redesign process has been 

addressed to the analysis and modelling of all the base 
components. In particular the functional principles have 
been studied, the components materials have been 
defined, a full parametric 3D solid model and the detailed 
2D drawings of every component have been carried out. 

 

Figure 12 The new self-levelling base 

The functional principles that characterize the new 
system (fig. 12) are mainly two: the spherical joint, thank 
to which it is possible correctly positioning the 
seismometer, and the passive levelling, which ensures the 
self-levelling of the seismic sensor without the use of 
electric motors. 



561

M. D’Anna et al. Redesign of an auto-levelling base for submarine seismic sensor 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

 

Figure 13 Exploded model of the spherical cage 

The main components of the base are the spherical 
joint, composed of a spherical cage (fig. 13) and a 
support, and the pneumatic system. 

The spherical cage (fig. 13) is a thin-walled sphere, 
with a hole in its top part, containing the seismic sensor; 
the cage is coupled with its support, whose mating 
surface has a concave hemispherical shape.  

The support has, in its inner surface, three holes, 
placed at 120° each other, made to contain the air 
bearings (fig.14).  

 

Figure 14 Exploded CAD model of the air-bearings system 

The pneumatic system consists of three air bearings, 
a compressed air container in composite material [17], a 
differential valve [18] and an electrovalve. 

In particular, innovative spherical air bearings (fig. 15), 
made by the New Way Air Bearings [19][20][21], were 
chosen. They are able to assure the relative movement of 
the two components of the spherical joint with very low 
friction levels. 

 

Figure 15 New Way Air Bearings 

This kind of air bearings are made in a high 
performances porous carbon [22][23], which allows the 
distribution of the airflow and, consequently, of the 
pressure, uniformly over the whole contact surfaces. The 
air bearings in porous carbon have a negligible friction 
level (about 2 orders of magnitude lower than classical 
bearings), and are very suitable for high accuracy 
applications [20] [23]. 

 

Figure 16 Air bearing scheme 

The carbon porous air bearings to properly work, must 
be fed by a pneumatic system able to provide a constant 
flow of air (fig.16).  

In the new designed base, the constant air flow is 
assured by a high pressure cylinder controlled by two 
valves, a two-stage differential one, which is necessary to 
make constant pressure gradient between the two 
environments (inside and outside the air container 
cylinder), and an electrovalve, controlled directly by the 
datalogger of the station, that manages the activation of 
the levelling phases. 

The working principle of the base is the following: 
when the seismic sensor must be aligned, the pneumatic 
system is activated and, by means of the high-pressure 
air passing through the bearings, the spherical cage is 
lifted and so can float on an air cushion.  

The weight of some masses placed and the bottom of 
the cage allows, thanks to the gravitational force effect, to 
correctly align the seismometer base. When the right 
levelling is obtained, the pneumatic system is stopped and 
the cage sets down on the support; the base locking is 
assured by the friction between the two mating surfaces. 
Thanks to this working principle, the new designed base 
allows do not use any additional locking system that can 
require energy consumption.   

The new base, if compared to the gimbal-based ones, 
allows a better levelling accuracy, it has, in fact, three 
degrees of freedom (instead of two) and can be also 
rotated around the vertical axis z. Moreover, its compact 
structure assures very high accuracy in seismic data 
measurements, without any bad filtering or damping 
effects. 
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Finally, the new designed base, in comparison with 
other existing self-levelling bases (e.g. the Triaxial 
Broadband [8]) also allows a larger tilt angle (about ± 
60°).  

6 Conclusions 
 
In this work, the re-designing of a self-levelling base 

for an OBS submarine seismic sensor, designed and 
developed for the first time in 2005 at the Gibilmanna 
Geophysical Observatory of INGV (OBS Lab), has been  
carried out. 

Different concepts were analysed, through the 
description of the operating principles, components and 
technological solution. To evaluate the different concepts, 
an objective, structured and methodical approach was 
used. The concept screening and the scoring concept 
matrices were used to select the better solutions and to 
identify the best one. The best concept has been 
identified as the self-levelling base with spherical joint and 
air bearings. 

The new proposed concept meets all the product 
requirements and uses innovative technical solutions.  

It allows very accurate base levelling (thanks to the air 
bearings system) and data measurements, and has very 
low energy consumptions, so allowing long-time 
acquisition phases. The compact structure of the new 
self-levelling base allows to avoid any noise (e.g. due to 
interference or structural damping effects) during the 
signal acquisition phase. 

Desirable future developments involve the 
construction of a physical prototype of the new self-
levelling base in order to assess its performances through 
real tests. 
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Abstract 

Measurement of dynamical parameters like velocity or spin of spherical objects in movement 
is important for different purposes in areas like sports training, ballistic, games, aerospace 
applications, etc. To obtain these data, many different non contact measurement techniques 
have been applied. Common techniques include image processing, radar, ultrasound or 
optical devices. Most of the mentioned methods have important drawbacks to be used in real 
applications. The paper describe a developed device to measure dynamical parameters of 
moving objects based on electro-optical sensors and its application to sports training .The 
device avoids most of the drawbacks and can be used on the field or in industrial 
environments. 

1 Introduction 
Measurement of dynamical parameters like speed or 

spin of spherical objects is important for different 
purposes in areas like sports training, ballistic, games, 
aerospace applications, etc. Many different techniques 
and algorithms, like image processing [1][2], Doppler-
radar [3][4] or electro-optical devices [5][6] have been 
used to measure such parameters. 

Most of the mentioned methods have several important 
drawbacks that prevent them to be used on practical 
systems. Image processing methods require high-speed 
cameras that are expensive, it is also very dependent on 
the position of the cameras in relation to the object 
trajectory and the techniques are complex and it is not 
easy to do in real-time. Radar devices present similar 
drawbacks. Most commonly used methods are based on 
electro-optical devices. Two or more optical sensors are 
placed in the trajectory of the object to measure the time 
spent by the object to travel between detectors and 
calculate the velocity [7][8]. These procedures give the 
mean velocity in the area between the detectors. 

The proposed device uses large detection area optical 
barriers to measure the instant velocity and position of the 
object when crossing the barrier, providing the instant 
velocity at this point. The fact of measuring the instant 
velocity and position in two points allows us to calculate 
other dynamic parameters like accelerations and then the 
forces that are acting on the object.  

2 Device description 
The developed device consists in two large detection 

area optical barriers, similar to the ones described in 
[9][10], placed at a fixed separation distance. The object 
trajectory must pass through the two barriers. Fig. 1 
shows the prototype built and used for the tests. 

 

Fig. 1 Final Prototype Image 

Each optical barrier consists in two lines of detectors 
mounted along the Y and Z axis. Fig. 2 shows the axis 
convention used and represent, as red lines, the detection 
lines from the detectors placed in the Y axis. There are 
also horizontal lines from the detectors placed along the Z 
axis. Each detector consists in a pair emitter-receiver built 
using a low power laser as emitter and a phototransistor 
as receiver. Let call activation to the fact that an object is 
placed between the emitter and receiver cutting the 
reception and deactivation when the object stops cutting 
the beam from the emitter.  

Fig. 3 shows the block diagram of an optical barrier. 
Main blocks are the power supply, a control CPU and the 
lasers and phototransistor blocks. The CPU controls the 
laser through a relay that switches on and off the power 
supply line. The phototransistor signal is connected to I/O 
pins in the CPU. A microcontroller is used because it 
simplifies the electronic design because all the required 
peripheral, like memory, EEPROM, timers, I/O, etc, are 
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included in a single package. Each optical barrier gets 
connected through an RS-232/USB port. 

 

Fig. 2 Axis convention 

 

 

Fig. 3 Optical barrier block diagram 

The main functionality of the barrier is provided by the 
firmware that runs in the CPU. The firmware working 
mode consists on waiting for commands received through 
the RS-232/USB port and then processes it. The 
processing consists on performing some actions 
depending on the received command. The more 
important command initiates a data capture. Fig. 4 shows 
the flow diagram of the data capture command. 

The data capture process is initiated switching on the 
lasers. The input from the receivers is read and stored to 
be used as reference value. A timer is started to initiate 
the time count. The receivers are polled to detect a 
change in the input (comparing with the reference value 
stored) that will signal a detection start and to detect 
when the input comes back to the initial state that means 
the detection has finished. When all the detections are 
finished or a timeout expires, the capture command 
finishes and the captured data is sent via the same RS-
232/USB port. Timeout can expire if no ball is sent as 
security mechanism to switch off the lasers. Both optical 
barriers are synchronized using a special line to assure 
that the timers are started at the same time in both 
barriers. 

The information measured in the optical barriers is time, 
the time the detection starts and ends for each affected 
detector. There are four detection lines corresponding to 
the Y and Z axis in both barriers and the procedure is 
carried out in all detection lines. 

The information is sent to an external computer. The 
software running in the external computer is responsible 
to use the time information to perform the calculations and 
obtain final parameters like velocity, spin and position.  
The calculations are carried out in an external computer to 
give more flexibility to the system. 

The program that runs on the external computer is 
called the Control Application and it has been specially 
designed to be used on soccer training. The application 
extracts information about the velocity and spin and 
includes a database to store user information and keep 
track of the information obtained in trainings. Fig. 5 shows 
the application window after a capture and Fig. 6 shows 
the application window for user configuration. 
Modifications in the Control Application allow changes in 
the scope of the application or in the algorithms used 
easily without changes in the optical barriers. 

 
Fig. 4 Data capture command flow diagram 

 
Fig. 5 Control Application Results. 
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Fig. 6 Control Application. User info. 

 

3 Parameter measurement 
From the basic timing information provided by the 

optical barriers parameters like velocity or spin rate are 
calculated.  

The velocity is calculated in each of the optical barriers 
and this way two velocity vectors are obtained in each 
transit. 

The velocity value (v) is calculated using the time 
measured for a transit (t) and the diameter of the object 
(e) using the expression: 

 
t

e
v =  (1) 

This value corresponds to the velocity value in the 
movement direction, the module of the velocity vector. 
The incidence angle θ can be calculated from the delay in 
the activation of two consecutive detectors. A 
perpendicular incidence angle means that all the 
detectors are activated symmetrically. Deviations from the 
perpendicular are seen as delays on the activation time 
for consecutive detectors respect the perpendicular case. 
The incidence angle, from geometrical considerations, 
can be expressed as: 
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Where d is the ball diameter, t12 the time delay between 
consecutive detector activation, t the transit time and dsep 
the distance between detectors. 

Fig. 7 shows the activation time for detectors in the 
case a perpendicular trajectory (the pattern is the same in 
both detection lines, vertical or horizontal). Flat line 
means no detection in this detector; change from 0 to 1 
indicates the beginning of the detection and change from 
1 to 0 the end of the detection. It is clearly seen the 
symmetry of the detections. Fig. 8 shows the case the 
trajectory is not perpendicular, the detection time for each 
detector is the same than in the perpendicular one, but 
the time the detections begins have changed, some 
detections start in advance and some other are delayed. 

 
Fig. 7 Time diagram for a perpendicular trajectory. 

 

 

 
Fig. 8 Time diagram for a no perpendicular trajectory. 

Using the calculated v and θ values for each detection 
line, the values of vx, vy and vz are obteined. 

The main error source in the velocity calculation comes 
from the gap between detectors because the calculation 
uses the diameter of the object as a known fixed value but 
in a real transit, depending on the position of the centre of 
the object in relation with the detectors, the real transit 
measured could not correspond to the actual diameter but 
a smaller value. This error can be expressed as:  

 ( )
2

2

22
2 ÷

ø

ö
ç
è

æ--= sepddddd  (3) 

Where d is the diameter of the object and dsep is the 
separation between two consecutive detectors. For a 
typical soccer ball with d=0.20 m and using dsep=0.05 m 
the error is under 2.7%. If the separation is reduced to 
0.01 m, the error falls under 0.1%. 

4 Experimental results 
Several experiments have been carried out to test the 

developed device. All the tests were done using a soccer 
ball. Because of the nature of the shoots, manual kick, no 
special launching device was used, the velocity range is 
limited to low values between 1 to 10 m/s. The incidence 
angle of the shots is not important because the system 
gives a 3D vector.  

The velocity measurement test consists on measuring 
the vx component using two calculation methods. One 
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calculation method uses each optical barrier to calculate 
the instantaneous velocity in the barriers position (vx1 and 
vx2) and the second method calculates the mean velocity 
(vx12) in the space between barriers by measuring the 
time the object takes to fly from one to the other barrier. 
Only the X component is tested because the second 
method is limited to the X axis because the time 
measured is for the travel along this axis. The vx12 value 
must be equal to the mean value of the two velocities 
calculated in both barriers: 

 
( )

2
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12

xx
x

vv
v

+
=  (4) 

Table 1 shows test results at low velocity range.  
 

Test Vx(m/s) Vx12(m/s) Error(%) 
1 4.37 4.48 2.56 
2 6.32 6.49 2.53 
3 8.16 8.39 2.72 
4 9.39 9.52 1.46 

Tab. 1 Experimetal results. 

The optical barriers used in the test have a dsep=0.05 m. 
The measured error is under 2.8% that meets the 
expected range because it is caused by the separation 
among detectors. 

5 Conclusions 
An operational instrument has been developed to 

measure dynamical parameters of a moving object. The 
instrument has been used for sports training. The 
measurement algorithms used avoids most of the 
drawbacks found on previous instruments of that type 
being independent of the position of the measurement 
device in relation to the object trajectory. The procedure 
used to measure velocity gives instantaneous values in 
two points enabling the possibility to calculate 
accelerations and forces acting on the object.  

Apart of its current use for sports training, the device is 
an open platform to continue working on the 
measurement of dynamical parameters of moving objects. 
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Abstract 

This work focuses on implementing and applying procedures to optimize the structure of a 
robot. This research addresses the problem of determining the optimal topology which 
maximizes the rigidity of bodies subject to local stress by uniting structures with different 
densities and materials. 

This methodology provides a functional analysis of the robot in operation from a three-
dimensional elastic perspective with a view to deriving the best configuration. 

After a description and an analysis of current optimization techniques, topological and 
geometrical methods, SKO (Soft Kill Option) are implemented in a FEM code to appraise the 
robot’s components and to allow multiple dynamic loading conditions. We discuss about 
some solutions obtained by the classical approach of scaling the stress maximum associated 
only by assigning weights and dimensions, and then the results obtained with the new 
methodology. 

The proposed methodology was applied to studying a ‘Tribot’ robot (fig. 1). The Tribot has 
three parts: two split driving parts and a manipulator with modular behaviour. 
Topological optimization includes aspects such as redrawing size and shape of component. 
By using the methodology of rapid prototyping (RP) the solutions were assessed quickly and 
particularly lightweight. Reliable modular structures were built. 

1 Introduction 
Robotics research is currently focusing on developing 

autonomous robots to perform tasks in uneven and 
hazardous environments. Today, there are a growing 
number of situations which endanger human life (e.g. 
landmine clearance) and evermore inaccessible 
environments (e.g. space, marine and volcanic environ-
ments) hence the need to develop self-organizing robots 
for a variety of environments. So, what is required is a 
robot with high static and dynamic stability which can 
operate in different environmental conditions, climb over 
obstacles and carry a considerable payload. Over the last 
decade, therefore, numerous researchers have developed 
robots based on the behavioural or architectural 
characteristics of insects [1, 2 and 3]. 

The main purpose of this study was to optimize an 
existing robot called ‘Tribot’ [4] (Fig. 1). 

 

Fig. 1 Tribot robot. 

Tribot is a wheeled robot that takes advantage of the 
solutions proposed by other researchers and combines 
some positive aspects of existing robots. It was inspired by 
the great agility and adaptability of insects which 
manoeuvre in harsh terrains by virtue of their physical 
structure and which can be mimicked by control 
mechanisms coordinating the movement of wheels. 

Tribot’s optimization is based on the experimental 
observations of insects with regard to mechanical design 
and locomotion control strategies [5 and 6]. In particular a 
procedure for structural and topological chassis 
optimization was developed. The optimization phase of the 
new robot, using FEM and multibody models [7], was 
aimed at improving specific characteristics: speed, payload 
and climbing capabilities. 

The bending-torsional characteristics of the robot’s 
chassis are fundamentally important for guaranteeing 
performance in terms of stability and low vibration. Lacking 
suspension units, chassis and locomotion sistem must be 
able to completely absorb surface irregularities. An original 
modular wheel mechanism was developed with the aim of 
ensuring stability for the images scanned by the cameras 
which must recognize the morphological characteristics of 
objects and obstacles. Chassis optimization is performed 
increasing torsional stiffness to favour a more rapid vehicle 
response, while restricting bending stiffness. After the 
optimization process some control components (for 
example electronic cards) have structural functions and 
some structural parts simultaneously perform several 
functions. 

High structural efficiency in terms of stiffness/weight 
ratio was obtained by harmonizing bending and torsional 
characteristics of robot. 
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2 Robot structure 
To evaluate robot performance and propose innovative 

ideas aimed at improving the mechanics of the system, a 
3D flexible multibody robot model was developed, using 
parametric software to define its geometry and mass 
properties. 

To duplicate the extraordinary agility of insects, at least 
in part, the robot has three sections: two split driving ones 
and a manipulator with modular behaviour. 

The robot prototype represents a good compromise in 
terms of number of D.o.F. The drive parts are jointed with 
an elastic gimbal that allows for correct vehicle tilt during 
various manoeuvres. This constraint is the right 
compromise between the need for rigidity of the drive part 
joint and the necessary deformability which allows the 
robot to adapt to different surfaces. A rigid revolute joint 
connects the manipulator to the front drive part. The robot 
prototype is shown in fig. 2. 

 

Fig. 2 3D complete model of Tribot. 

Fully assembled, Tribot weighs 2.1 kg. It is 30 cm long, 19 
cm wide and 24 cm high. 

2.1 Locomotion systems 

Several studies have considered the control and 
modelling processes in walking robots, but few have 
reported quantitative results regarding the motion 
characteristics of the system, that is an analysis of the 
mechanical forces developed during movement. So, this 
research aimed at redesigning and developing an existing 
prototype of the robot’s wheels. 

With the aim of obtaining a bio-inspired wheeled robot 
which is adaptable, able to operate in harsh terrain, and 
climb over obstacles, a modular wheels mechanism was 
developed. A wheels system which achieves significant 
speed was obtained by coupling two-wheels. Each wheel 
is made up of three hook-shaped arc segments allowing 
the robot to jump and climb obstacles. 

To actuate the angular shift between the two wheels of 
each system a jaw clutch was used. An electromagnetic 
piston actuator imposes a translation of the jaw clutch and 
the angular shift (60 degrees) between the two wheels is 
achieved when the control chip supplies the input. In this 
way, the two different configurations are possible. In the 
first configuration (fig. 3a) a complete circular surface is 
available, in the second (fig. 3b) only the three hook-
shaped arc segments can operate. 

a)     b) 

Fig. 3 Configuration of wheel unit parts: a) complete circular 

surface   b )three hook-shaped arc. 

The use of rapid prototyping to achieve the three parts 
(wheel 1, wheel 2 and jaw clutch) of the wheels 
mechanism allows to get a quick determination of optimum 
tolerance through a simple and effective verification of the 
same. Realizing, in fact, the parts of the wheels 
mechanism through prototyping and using the allocation of 
tolerances on profiles which engage with composite 
tolerance in accordance with ASME Y 14.5m [8, 9 and 10] 
you can use references A and B and A' and B' (fig. 4a). 

To proper operation of the wheel 2 of the wheels 
mechanism must fit perfectly his face f2A on the face f1B of 
the wheel 1. The wheel 1 must rotate coaxially to the 
wheel 2 about an axis perpendicular to its face f1A. 

The plan A for the wheel 1 and the plan A' for the wheel 
2 are the primary reference for the allocation of tolerances 
and coincide with the base surface in the process of 
prototyping. The references (B and B') will be the main 
axis of symmetry of the two wheels. 

With such references, using the composite tollerance 
and a precise definition (with tolerances of flatness and 
total oscillation) of the surfaces f1B and f2A you get a 
perfect fit of wheel 1 and wheel 2. A system of similar 
references (A", B") is used to check for errors in fit of the 
jaw clutch on the wheel 2. After verifying that the parts are 
modeled in ABS with a precision between the tenth and 
the hundredth of a millimeter over possible "theoretically 
correct" it was possible to calculate the best composite 
tolerance (tolerance of shape, orientation and position of 
cylindrical surfaces) shown in fig. 4b. 

The easy verification of the tolerance values directly in 
the construction phase can improve the errors of the 
features with great benefits to the accuracy of the 
couplings obtained. 

 

Fig. 4a Datum in wheel unit parts. 

A multibody model of the mechanism was simulated 
with Hertzian cylinder-cylinder contact joints with friction 
applied which allowed us to estimate the optimum 
dimensions and geometrical tolerances. Rapid prototyping 

Plane A Plane A’ 

Axis B 

Axis B 

Wheel 1 

Wheel 2 
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of all the components of the system (in ABS plastics) 
initially allowed us to adjust the stiffness and damping 
values in the contact match simulated in ADAMS, and 
then test the merit of the results. 

 

Fig. 4b Composite tolerances in wheel unit parts. 

With modular wheels mechanism and using servomotor 
for torque, a simple and effective control of wheels 
position is achieved and the system is more adaptable. 

The velocities, accelerations and actuation forces were 
computed using the multibody model. The model’s joints 
are real and take into account clearance, mass and joint 
friction. By configuring the robot wheels non-continuously, 
the robot is better able to grip surfaces and move forward 
(fig. 5), bat only with complete circular surface is possible 
to minimize the vibration. 

 

Fig. 5 Multibody model during the jump of a step. 

The following graph (fig. 6) shows the forces 
exchanged with ground and the Centre of Mass (CM) 
velocity in the two configurations during the jump of a step. 

With modular wheels mechanism was possible have 
constant velocity, low vibration and regular contact force. 
The three hook-shaped arc segment became active only 
when Tribot climb over the step. In the other case a 
complete circular surface is available. 

a) 

b) 

Fig. 6 CM velocity and contact force for the anterior wheels: 

a) three hook-shaped arc   b) complete circular surface 

Increasing the friction force, leads to a reduction in the 
speed of the robot, while at the same time improving its 
precision in maintaining trajectory, as shown in the graph 
(fig. 7). 

 

Fig. 7 Trajectory error. 

3 Topological optimization 
Weight is a major factor in the performance and agility 

of a robot, which is why reducing it is a key objective. 
Weight must be reduced without compromising resistance 
to dynamic loads and the appropriate stiffness of the 
individual components and machine as a whole. Good 
design is achieved here by structural optimization tools. In 
particular, we used the geometrical methods of SKO (Soft 
Kill Option) [11, 12 and 13] which facilitates topological 
optimization with FEM used in engineering design. A 
numerical tool divided the structure into components and 
then split the desired components into finite geometrical 
sections, defining the material property of each finite 
element. A FEM algorithm identifies areas of high stress, 
and shows the simulated effects of adding or removing 
material. 

Topology optimization is an established tool for 
optimizing engineering components, for which linear 
analysis is sufficient to describe the performance of the 
component and where optimal strength, frequency, or 
stiffness are the objectives. In contrast to other methods, 
the SKO method is driven by the stresses in the proposal. 

This is the case for most cast parts in the robot chassis. 
Here, topology optimization helps find he optimal features 
of a component, such as the optimal cross-section or, for 
ribs the optimal number and shape. 

We restricted ourselves to issues where strength 
(stress) or maximum stiffness is desired. Usually, strength 
is the problem in practice, but there are indications that the 
results for both objectives are the same or at least similar. 

We used a tool for uniform strength even if the stiffness 
objective has yet to be verified. Usually topology 
optimization uses the homogenization or Simple Isotropic 
Material with Penalization (SIMP) approach. Here, the 
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structure is described in terms of elements with high 
density or stiffness, whereas elements with low stiffness 
values (void elements) correspond to void areas. This 
produces very flexible optimization where very simple 
initial designs can evolve into very complex structures. 
Often the price for this flexibility is that, after optimization, 
design proposals cannot be used directly. With the SKO 
method, we created a feasible design as close as possible 
to the proposal. 

3.1 Optimization of Tribot axle chassis with Soft 
Kill Option method 

Using the SKO method and using structural ABS it was 
possible to make the robot chassis components 
lightweight but still strong enough to withstand stress. In 
fig. 8 is showed the front axle chassis CAD model. 

 

Fig. 8 Initial geometry for front axle chassis. 

The front and rear chassis of the robot are U-shaped 
and they were discretized with 17750 Tet 10 element and 
35736 node. Loads are applied in correspondence of hole 
to simulate the wheels force and the payload; fixed 
constraints are used in the middle of structure (fig. 9). 

Using this FEM model it was possible to estimate the 
maximum Von Misses equivalent strength in the original 
structure (fig. 10). 

 

Fig. 9 FEM model of front axle chassis. 

 

 

Fig. 10 Maximum strength values on front axle chassis. 

In the SKO method, robot components are gauged by 
investigating which sections of each component can be 
reduced in weight to maximize dynamic response. The 
main issue is determining the ribs within the U-shaped 
structure. As a typical example fig. 11 shows the design 
space of an axle chassis and the proposal obtained with 
the topology optimization program SKO. 

 

Fig 11 Initial optimization geometry for front axle chassis. 

It is not difficult to identify the optimal cross-section, but 
the proposal is not sufficiently detailed to determine the 
optimal arrangement of the ribs inside. 

This leads to results which depend significantly on 
component size. The smaller the component, the clearer 
the details can be resolved. This leads to an effect where 
structure shrinks away and vanishes from the proposal, if it 
becomes smaller than the mesh size. This again changes 
the stress distribution of the current structure and, driven 
by the growth rule, evolves into the optimum design 
without details smaller than the element size. We can 
consider this effect as a kind of constraint, which enables 
the user to allow only details in the magnitude of interest. 

Here, an auxiliary model (fig. 12) can be used to 
optimize the rib shape. The idea of this model is that only 
the edges of the ribs are usually highly loaded, and that 
this area determines the optimal shape. Consequently, it 
should be sufficient to only apply topology optimization to 
the edge areas. Using this idea, a model of the cross-
section alone is created. This is closed on the open side by 
a layer of shells (layer 1), which has the same grid point 
arrangement as the elements at the bottom of the cross-
section. 
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Fig. 12 Schematic sketch of auxiliary model. 

This shell layer simulates the edge areas of the ribs 
where topology optimization was applied. Additionally, the 
coupling of the rib edges to the bottom of the cross-section 
is simulated by connecting every grid point of the shell 
layer to the corresponding grid point of the cross-section 
bottom with a rigid bar element. Finally, a shell layer (layer 
2) is added to the bottom to also couple the rotational 
degrees of freedom. Usually, topological optimization of 
the auxiliary model leads to a chassis-like structure in the 
shell layer, which reflects optimal rib arrangement. 

Figure 13 shows the results for the robot axle chassis 
optimized. Eight rib can be derived from the proposal with 
the small volume fraction, whereas the other proposal 
gives an indication for two additional ribs. Because of 
internal obstruction constraints, only four for each side of 
these ribs could be included in the final model. In the top 
two rigid beams stiffen the entire structure by making 
complete the topological optimization. 

 

Fig. 13 Optimized front axle chassis. 

4 Result's analysis 
The analysis of the final design shows that the stresses 

are not critical, and that the axle fulfils all the 
requirements. 

The optimization task of finding the optimal thickness of 
the ribs can be done with minimum effort using the 
auxiliary model. For strength issues however, a solid 
model is required to compute the stresses with the desired 
accuracy. For a complicated geometry neither algorithm is 
able to create the shape variations for rib thickness. 

Mesh deformations can occur very quickly for local 
shape variations, such as the variation in rib thickness. So 
a re meshing procedure its necessary after any change. 
The stress in final optimized front axle chassis is show in 
fig. 14. 

 

Fig. 14 Stress in optimized front axle chassis. 

Only small areas can reach the critical stress and Von 
Misses equivalent strength has little value and big security 
coefficients. In fig. 15 a we can see the displacement in 
original front axle chassis long z axis. The maximum 
displacement is over 2 mm and there are an high risk of 
interference between electronic cards. Obviously the total 
magnitude (fig. 15 b) is more elevate and the maximum 
value is about 5,5 mm. 

a) 

b) 

Fig. 15 Displacement in original front axle chassis: a) z 

component;  b) total vector. 

In fig. 16 is reported the total magnitude displacement in 
front axle chassis after the optimization process. The 
maximum value is only 1 mm and the component has an 
optimal stiffness. 
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Fig. 16 Displacement in optimized front axle chassis. 

5 Conclusions 
The main focus concerned the mechanical 

specifications of the robot motion mechanism, with the aim 
of proposing new mechanical configurations to optimize its 
performance. In particular, we proposed a new 
mechanism and new shape for the wheels. 

This research addresses the problem of determining 
the optimal topology which maximizes the rigidity of bodies 
subject to local stress. Some solutions were obtained 
using SKO optimization methodology to optimize the 
modular structure of the robot. By using the methodology 
of rapid prototyping (RP) the solutions were assessed 
quickly and particularly lightweight and reliable modular 
structures were built. 

A highly detailed dynamic FEM model of the Tribot 
robot component was built and a multibody and FEM 
simulation were used to study dynamic characteristics of 
motion. Several simulations were performed to investigate 
the response of the system under different working 
conditions. By acquiring position, velocity, force and 
torque data from the model, the maximum payload of the 
robot was estimated and its ability to climb over obstacles 
was assessed. 

At the end of the optimization process using the SKO 
method Tribot is 25 percent lighter yet 20 percent more 
stable. 
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Abstract 

The present work summarises some of the most relevant aspects of an activity for a 
preliminary design of a new bridge system for a modern Italian Navy mine hunter vessel. The 
authors have contributed to such activity as a naval consultant and a CAD consultant 
respectively. The solution proposed by the authors is an integrated bridge system, which is 
an original solution for Italian Navy. 
The first part of the work defines the optimum instrumentation for the implementation of 
operational tasks and analyses the correct positioning for each and every console within the 
integrated bridge. 
The second part of the work describes the design activity through the use of 2D and 3D CAD 
software, taking into consideration the functional, operative, dimensional and ergonomical 
aspects of the instrumentation. As a result of the activity, an operative methodology is 
proposed, aimed to reduce the design time. 
It is not possible to provide a complete design description as far as part of the information is 
confidential. 

 

1 Introduction 
The current mine hunter vessels employed by the 

Italian Navy were commissioned during the 80’s and have 
gradually been refitted and upgraded over the last few 
years. Even though they are still fully capable of carrying 
out all their assigned missions, the current bridge system 
installed is made up of separate and independent 
modules, as shown in Fig. 1, which are not as effective as 
an integrated bridge would be. The integrated bridge, as 
suggested by the authors, is designed to reduce the time 
spent on navigation by eliminating manual data 
processing and providing watch officers with several 
displays, which aid him in quickly evaluating the 
operational scenario. The term “integrated bridge” 
encompasses several possible combinations of 
equipment and software designed specifically for the 
individual needs of each vessel. Therefore, each 
integrated bridge system can be tailored to the specific 
need. 

 

Fig. 1  Current mine hunter bridge. 

Recently, in light of the changing world scenario and 
the threat posed by new improved mines, the Italian Navy 
has decided to design a new ship, called the New 

Generation Mine Hunter vessel (NGMHv) equipped with 
superior instruments and enhanced capabilities. 

The NGMHv [1] are designed to counter the mine 
threat in both littoral and deep waters. The former 
requirement is necessary in order to ensure that ships can 
navigate in shallow waters and can enter ports, while the 
latter is required so as to achieve the sea lane control in 
international waters in order to project naval forces at 
farther distances. Mines evolve constantly and very 
rapidly, with the main concern of most countries being the 
creation of very deep water mines, which are more difficult 
to detect and neutralize. Consequently, more effective 
search, detection, classification, identification and 
neutralization capabilities against Under Water IED, 
mooring and ground mines, are considered the target to 
pursue and therefore the new NGMHv requirements are: 

- Protect national naval shipping; 
- Give support to amphibious and maritime 

operations; 
- Survey access routes to the harbors, sea lines of 

communication (SLOCs) and all national 
maritime areas; 

- Counter terroristic activities inside ports; 
- Clear territorial waters from WW II mines; 
- Protect worldwide archaeological sites; 
- Search for sunken plane or vessel wrecks; 
- Acquire oceanographic data related to 

routes/areas of interest. 
Mine hunting operations are usually divided into 

several phases [2]: they generally involve an initial search 
to confirm the presence or absence of mines and if 
necessary, assess the limits of a minefield, allowing the 
establishment of diversion routes to avoid it. Clearance 
operations involve the NGMHv searching along parallel 
tracks in the channel or area to be cleared. On detecting a 
mine-like contact on the seabed or in the water column, 
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the NGMHv ‘hovers’ near the contact using its precise 
ship control system. Any mine identified can then be 
neutralized by remotely detonating a mine disposal 
charge laid in close proximity. 

Consequently, NGMHv require accurate maneuvering 
and position keeping to follow a predetermined track or 
maintain position relative to an object on, or tethered to 
the seabed. This is achieved through precise navigation 
and a ship control system. 

 

2 The operational concept 
During Mine Counter Measure (MCM) operations, most 

of the time the vessel is controlled by the operations 
officer located in the Combat Information Center, whose 
main concern is to keep the vessel on the planned tracks 
using the auxiliary propulsion. The watch officers, on the 
other hand, merely carry out collision avoidance duties 
and in case of emergency, if they need to maneuver, 
have to be ready to take control of the auxiliary 
propulsion. Therefore, within an MCM operation, even 
though different and many additional tasks are carried out 
by the watch officers, the main duties which they are 
involved in are generally similar to those on all other ships 
and can be summarized as follows [3]: 
Navigation: 

- They process navigation information from 
several different sources, take fix positions from 
satellite receivers, measure bearing lines and 
radar ranges to suitable navigational references 
points and plot all this information on a paper 
chart. 

- Once all the information has been plotted, they 
evaluate the operational scenario to determine if 
the ship’s current position is a safe one. By 
means of dead reckoning, they project the ship’s 
future position and plan for future contingencies. 
The evaluation step is very important in the 
navigation process. Properly executing this step 
is a measure of the watch officer’s skill and how 
well the ship’s actual navigation situation is 
represented on the chart. That representation, in 
turn, is an estimate of both plotter and sensor 
accuracy. 

Collision Avoidance: 
- They evaluate, both through  the use of the radar 

and by visual contact, the target situation and 
calculate the closest points of approach (CPA’s) 
for various targets. 

- They maneuver in accordance with the Rules of 
the Road to avoid close CPA’s and collisions. 

Ship Management: 
- They conduct ship maneuvers, both as an 

individual ship routine and when integrated 
inside a naval formation. 

- They are trained to promptly face any 
emergency that can occur when at sea/ashore. 

Further MCM activities: 
- They can direct, using a joystick, a Remote 

Operated Vehicle (ROV) from its launch position, 
normally at stern, towards the position of the 
mine; 

- They lead the RHIB (rigid hull inflatable boat), 
using an arrow indicator positioned outside the 
roof of the bridge, towards the mine’s position in 
order to lay a sonar reflector on the sea bottom 
in the vicinity of the mine. 

Preliminary tests indicate that time spent on navigation 
as a percentage of total watch officer duties drops 
significantly when using the integrated bridge. This does 
not necessarily lower the overall watch officer workload, 
but it does increase the percentage of time he can devote 
to other different tasks. 

The following section introduces the main equipment 
likely to be found in any integrated bridge system. 

Computer Processor and Network: This subsystem 
controls the processing of information from the ship’s 
navigation sensors and the flow of information between 
various system components. Electronic positioning 
information, contact information from radar, and gyro 
compass outputs, for example, can be integrated with the 
electronic chart to present the complete navigation and 
tactical picture to the watch officer. The system’s 
computer network processes the positioning information 
and controls the integrated bridge system’s display and 
control functions. 

ECDIS: At the heart of any integrated bridge system 
lies an electronic chart display. An electronic chart system 
meeting the International Maritime Organization (IMO) 
specifications for complying with chart carrying 
requirements is called an Electronic Chart Display and 
Information System (ECDIS). 

Electronic charts can display different types of data far 
better than conventional charts and they can display only 
the data the user needs. The database for a typical 
civilian electronic chart contains layers consisting of 
hydrographic aids to navigation,  obstructions, port 
facilities, shoreline, regulatory boundaries and certain 
topographic features. Other layers, called Additional 
Military Layers (AML), contain additional data such as 
detailed bathymetry, small bottom objects, large bottom 
objects and meteorological data. This allows the user to 
customize his chart according to his particular needs, 
something a paper chart cannot do. 

Conning Display: This unit provides information on 
sensor status and ship’s control systems. It displays 
heading data and ship’s speed and provides a station 
where the operator can input warning parameters such as 
minimum depth under the keel or maximum cross track 
error. 

Radar/ARPA(Automatic Radar Plotting Aid) : Radar 
for navigation and collision avoidance is also included in 
the integrated bridge. The radar is mainly designed to 
detect surface targets and, when feasible, low flying air 
targets. Moreover it can provide, through a navigation 
network, all detected targets to be visualized on a different 
display. 

The “picture” from either one can be overlapped on top 
of the picture of the other as a further layer. This allows 
the navigator to see an integrated navigation and tactical 
display and to avoid both navigation hazards and 
interfering targets. 

The ARPA system can also provide targets 
representation with courses and speeds. 

 

3 Integrated bridge proposal 
The Integrated bridge proposed by the authors includes 

all equipment supporting the navigation functionality 
needed to undertake mine counter measure operations. 

A dedicated piece of equipment, named the Ship Data 
Distribution Unit (SDDU), is in charge of collecting, 
weighting, filtering and redistributing data from all sensors 
in order to provide the other systems with a unique and 
reliable source of navigational and meteorological data. 
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The Navigation System includes all navigation and 
meteorological sensors, which are the raw sources of all 
cinematic and environmental data. Each navigation 
sensor is able to work on its own, displaying the 
measured data even when the other equipment is off. 

In particular, the Navigation System includes the 
following main equipment, as shown in Fig. 2: 
- Electronic Chart Display and Information System 

(ECDIS); 
- Radar/ARPA Displays; 
- GPS; 
- Fibre Optic Gyrocompass (FOG) with Gyrocompass 

Repeaters; 
- Doppler Velocity Log (DVL); 
- Echo Sounder; 
- Meteo Station; 
- Ship Data Distribution Unit (SDDU); 
- VHF/DSC Radio; 
- Automatic Identification System (AIS). 

 

 

Fig. 2  Block diagram. 

Most Navigation System equipment is accessible from 
the Bridge, a unique location that allows for a centralized, 
safe and efficient management of Ship navigation. 

The integrated bridge, which is part of the Navigation 
system, is made up of 8 main modules hosting the 
following instrument: 
- two radar/ARPA systems; 
- ECDIS system; 
- control and monitoring system; 
- auxiliary control system; 
- main propulsion control system 
- CMS (Console Multi Screen); 
- CCTV system. 

As the radar equipment is considered crucial for the 
ship, a second radar has been suggested; one X-band 
radar sensors plus one S-band sensor. Both are fitted 
with digital output of the raw video through ethernet link. 
The two LCD radar displays are fully equivalent and 
interchangeable with each other. 

Should one radar sensor fail, the relevant display is 
able to work in slave mode for the other radar unit; in this 
case however, it only receives signals without the 
possibility to issue any command to the radar sensor. 

On the contrary, in case of failure of one of the two 
radar monitors, the video from the relevant transceiver 
can be displayed by re-routing it through the SDDU unit to 
another processor and another monitor. 

A different approach has been adopted for the ECDIS 
as it’s not considered crucial for navigation and in case of 
failure the watch officer can still accomplish his mission 
through the use of traditional nautical charts without 

hampering the mission itself. For this reason only one 
ECDIS system, complying with IHO s-52 standards, is 
needed. Suitable application software allows the display 
of electronic charts, including the ship own position, speed 
and bearing, route planning, the determination of the 
kinematics parameters for navigation and the 
transmission of the data to an autopilot. 

This module also receives, through the sensors bus, 
the tracked target data coming from the radar modules to 
show them on the console displays, according to the 
operator’s preference, and represented through graphic 
symbols and a window containing kinematics data and 
label of the selected track. 

The control and monitoring system is an integrated, 
distributed, microprocessor based system which manages 
the following major equipment: 
-  Diesel generators; 
-  main propulsion; 
-  auxiliary systems (air conditioning, fuel, lubricating oil); 
-  damage control. 

The system enables remote monitoring and control of 
machinery from the machinery control room with a 
secondary remote control position on the bridge. Data for 
maintenance purposes is recorded and performance 
analysis can be undertaken. 

During mine hunting operations, the auxiliary 
propulsion systems are used for automatic control of 
ship maneuvering. This provides the ship with the auto-
hover and auto-track keeping capabilities required for 
effective mine countermeasures operations. During this 
operation the ship is mainly maneuvered by the duty 
officer located in the Combat Information Center and as a 
result, the console on the bridge is in stand-by mode, 
ready to be used by the watch officer in case of 
emergency. 

On the contrary, the main propulsion control system 
is used when mine hunting operations are not undertaken, 
for example when the ship needs to be transferred from 
one area to another. 

In addition, in order to have full integration with 
command and control system and to allow personnel on 
the bridge to have a clear idea of the current operational 
scenario, one CMS has been installed. In this display they 
can show all the pictures concerning the consoles located 
in the CIC. 

Finally, the last console is connected to the CCTV 
system. This console can provide the Watch Officer with 
different images coming from several important ship 
locations. For example, he can control the stern of the 
ship when Remote Operating Vehicle (R.O.V.) operations 
are ongoing. 

The final integrated bridge should contain the 
aforementioned instrument placed as shown in Fig. 3. 

 
 

 

Fig. 3  Integrated bridge. 

ECDIS: This is constantly monitored by the watch 
officer when standard navigation is ongoing, while is 
supervised by the navigator when different main 
navigational roles are undertaken, for example when the 
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ship enters or leaves the port or when maneuvering in 
dangerous waters. During the above mentioned roles, the 
Commanding Officer (CO) is always on the bridge and to 
be constantly updated by the navigator he needs to be as 
close as possible to him. For this reason, considering that 
by tradition the seat on the right is reserved for him, and 
in order not to hinder the his outside view, the authors 
suggest placing the ECDIS console on the 3R panel. 

RADAR/ARPA: during any navigational roles they are 
constantly monitored by the personnel on duty and for this 
reason it should positioned on the front part of the 
integrated bridge (panel 2L and 2R). 

Auxiliary control system: this is employed when the 
ship needs to maneuver to moor or to leave the quay. To 
allow the operator a clear view, its position should be as 
close as possible to the center line (panel 1R). 
Main Propulsion system: This is normally monitored 

by an operator and its position could be anywhere. 
However, given that in rare cases it might be used in 
combined mode with the Auxiliary control system, it would 
be more practical to place it close to that (panel 1L). 

Control and monitoring system: This is controlled by 
and, in case of any alarm (true or false), silenced by the 
personnel on duty in the bridge. In order not to interfere 
with CO’s activities it’s advisable to put it as far from him 
as possible (mod. 5S). 

CCTV system: This is mainly used when vehicles are 
launched at sea from the ship’s stern. The CO should be 
able to follow these operations from his seat and for this 
reason the right position for this system is the module 5R. 

4 Preliminary design of an integrated 
bridge system 

In the designing of a new generation bridge system for 
a mine hunter vessel, the shipbuilder has to satisfy the 
customer’s demands, to choose the components builders 
and to suggest an up to date and efficient design. As far 
as design is concerned, the shipbuilder can ask the help 
of a naval consultant who is competent and acquainted 
with mine hunter military activities. 

First (see par. 3) the naval consultant defines the 
bridge system functions, he chooses the instrumentation 
needed to carry out the assigned tasks and he defines the 
component list for each instrument. 

As a second stage, the naval consultant works in 
collaboration with a CAD designer to define the optimal 
position of the instrumentation lodging modules and the 
correct position of each component in the modules. 

The scheme in Fig. 4 reports the whole design 
methodology. 

Such a methodology aims to indicate the most 
efficacious way to obtain a valid preliminary bridge 
system design. 

In this paragraph the second phase of the design 
methodology is described. Such a phase begins when the 
naval consultant has completed the components list. 

 
 
 
 
 
 
 
 

Fig. 4  Design methodology. 

4.1 Geometric constraints and functional 
requirements 

In order to define a correct bridge system design, the 
instrumentation must be placed considering both the 
geometric constraints and the functional and operative 
requirements of each single component. 

The geometric constraints are essentially concerned 
with: 

- bridge shape and dimensions, 
- modules shapes and dimensions, 
- overall dimensions of instrumentation components, 
- ergonomical aspects. 
The functional/operational requirements are those 

indicated by the naval consultant for each component and 
are related to the bridge system working activities. 

4.2 Modules disposition 

The instrumentation lodging modules can be disposed 
in various ways in the bridge. The modules number can 
vary too, according to the instrumentation to be included 
into the bridge system. The integrated bridge system 
concept developed in the present work provides a 
disposition of the modules one next to the other, in order 
to create a single console as a continuum. 

Therefore it is necessary to define number, dimension 
and geometric disposition of the bridge system modules. 
Such a problem has not an immediate solution, because it 
involves many variants: geometric, functional, 
ergonomical and aesthetic variants. In order to reduce the 
time for such a designing activity and to optimise the 
result, it is convenient that a parametric SW CAD is used 
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[4][5]. In fact, a parametric SW allows modifying the 
modules disposition geometry more easily, so that it can 
be modified for operative/functional/aesthetic needs. 

Moreover, it is to be observed that the typical 
instrumentation lodging module allows inserting 
components either on a horizontal working plane or on an 
oblique plane. Therefore a 2D drawing with a top view 
allows identifying both planes. As a conclusion, in order to 
define the modules disposition, a parametric 2D CAD SW 
is sufficient, without wasting time with a 3D CAD SW. 

Fig. 5 shows two possible configurations, which can be 
obtained from the same parametric 2D drawing. In the 
two configurations the wideness of five central modules is 
different. 

A 3D drawing is required just when the customers 
requires a preliminary 3D rendering already in this phase. 
Fig. 6 shows a preliminary 3D model. The bridge console 
geometry, in this case, is that of an arc of a circle. 

Drawings and model in Fig. 5 and 6 have been 
realised by parametric CAD SW Pro/ENGINEER. 

 

 

 

Fig. 5  Parametric 2D drawings for modules disposition. 

 

Fig. 6  3D model for modules disposition. 

 
It is to be pointed out that the modules disposition 

choice is a phase of most relevance. It is convenient to 
define the choice of modules disposition and type as soon 
as possible. In fact, later substantial modifications would 
be much onerous. 

4.3 Components positioning 

Once the modules disposition in the bridge is defined, 
the components disposition in the modules is considered. 

In this phase, and for the first time, technical 
information about the room geometry, the modules 
disposition and the components disposition in the 
modules is gathered in a single document. It is convenient 
to carry out a careful examination of the components 
positioning, with respect for the positions indicated by the 
naval consultant. 

This phase is long and complex and it requires many 
modifications both to correct possible mistakes or defects 
and to optimise the components positions. 

In order to simplify and promptly modify the 
components positions it is suggested to firstly start from a 
2D drawing of the modules disposition in which the 
components are indicated simply by their names. Fig. 7 
shows two examples of drawings with the components 
positions indicated. 

 
 

 

 

Fig. 7  2D drawings for the components positions. 

 
Once each component ideal position is defined, it is 

necessary to verify the components actual overall 
dimensions in each module. 

For this purpose it could appear that a 3D CAD 
modelling is optimal just at this moment. As a matter of 
fact, 3D modelling does solve the problem, but probably it 
does not reduce to a minimum the time for a preliminary 
design. In this phase direct experience demonstrates that 
type, model, and also builder of each component can 
change more than once. Therefore it would waste time 
creating the 3D model component without using it. 

At this point it is useful to underline that the 
components builders do not generally supply components 
3D models, but just technical drawings in dwg format 
(Autocad). Therefore it is convenient to take the 
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parametric drawings of the modules disposition and to 
change them in dwg format, so that it is possible to 
integrate them with the numerous components drawings 
supplied by the components builders. Fig. 8 shows an 
example of integration of components dwg drawings with 
the modules disposition drawings. Most of the difficulties 
connected with overcrowding and interferences can 
already be faced off and solved with these drawings. 

 
 

 

Fig. 8  Integration of components dwg drawings with the 

modules disposition drawing. 

 

4.4 Preliminary 3D design 

The CAD 3D modelling phase helps to complete the 
preliminary design. The 3D model allows a prompt check 
of the components overall dimension constraints, an 
evaluation of staff transit and manoeuvres spaces and the 
instrumentation ergonomics, and it enables the designer 
to determine and introduce the necessary changes to 
develop and optimise the design. 

Fig. 9 shows some images related to an integrated 
bridge system preliminary design developed by the 
Authors. Fig. 10 shows the entire room where the bridge 
console is located. The 3D CAD SW, which has been 
used, is Pro/ENGINEER. 

 

 

 

 

Fig. 9  Integrated bridge console preliminary design. 
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Fig. 10  Integrated bridge console preliminary design. 

Among the most critical points emerged during the 
development of the present work some have to be 
pointed out: 

- the customer demands can be incomplete at the 
beginning and can change more than once during the 
design development; it is convenient to defer 3D 
modelling as much as possible, aiming to optimise the 
preliminary design in a 2D CAD environment; 

- the choice of components is bound to preferential 
relations between shipbuilder and the components 
builders; this limits the choice about the components 
types and models. 

5 Conclusion 
In conclusion, the most relevant aspect in the 

preliminary design of an integrated bridge system for a 
mine hunter vessel is the correct selection and disposition 
of instrumentation. The use of 2D and 3D CAD SWs 
allows to reduce times and to optimise the design 
development. 
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Abstract 

The present work shows the comparison between the results of simulating the impact of a 
bomb in the side of the destroyer “Marqués de la Ensenada” structure and the outcomes 
obtained by digitalizing the original sheet that suffered the crash. 
 

On the 2nd of October 1981 an explosive device was placed against the dock of the city of 
Santander very close to the destroyer, which was in the port collaborating on the surveillance 
of the borderland. The vessel was then towed to the Santander shipyards with the help of four 
tugs and moved into dry dock to be urgently repaired. However, the final repair took place 
later on at the National Company Bazan dockyards, in Ferrol.  
 

When the damaged elements were substituted, they were handed over to the Naval Museum 
of Ferrol for exhibition. This material was used to simulate the explosion by means of the 
finite element method and compare these results with the digital photograph of the real sheet. 

1 Introduction 
 
Numerous works have been performed to analyse the 

resistance during impact process (v.gr. Bishop et al.[1], 
Backman and Goldsmith [2], Jonas and Zukas [3] and 
Anderson and Bodner [4]). In 1969 Florence [5] presented 
the first analytical model to determine the speed at impact 
of a projectile. However the experimental method is still 
one of the major means for penetration investigation. The 
empirical formulae were usually proposed by fitting 
normalization of large amount of experimental data after 
different tests with real and reduced scale. 

 

The present paper is intended to show the results of a 
work carried out with ABAQUS/Explicit [6] to analyse by 
means of the finite element method the impact of a 
projectile on the side of an Oquendo Class destroyer of 
the Spanish Navy. The bomb aimed to sink the vessel or 
put it out of action. The 10kg plastic explosive device was 
located near the munitions silos in order to cause a great 
explosion, but in the end it came down to a hole in one of 
the shell sheet and some damages on the inside.  

2 Background 
 
On the second of October 1981, a bomb was planted 

against the dock of the city of Santander close to the 
destroyer. The detonation took place abaft on the port 
side near the boiler room, as shown in fig. 1 and fig. 2. 

 

In order to estimate the damages the vessel was towed 
to the Santander shipyards with the help of four tugs and 
moved into dry dock for initial repair operations. Later on  
 

 
 
 
 
it was moved to the National Company Bazan dockyards, 
in Ferrol, where the final repair took place. 

 

 

Fig. 1 Sketch of the attack. 

 

The explosion originated in the water line, producing a 
tear on the port side shell of 2 x1.9 m between frame 111 
and 117, a water leak implying the flooding of different 
compartments and detachment of port wing trim. 
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Fig. 2 Position of the explosion on section plan. 

 
The damaged area was replaced and, since then, is 

exhibited at the Naval Museum of Ferrol together with the 
ship’s bell, such as a historical reference for the Spanish 
Navy. In the fig. 3 we can see the entrance of the 
Museum. 

 

 

      Fig. 3 Photograph of the Naval Museum of Ferrol 
entrance. 

The sheet displayed at the Museum, see fig. 4, has 
been used to carry out the analysis, through numerical 
simulation, of the distortion due to the explosion. 

 

 

   Fig. 4 Shell sheet of the destroyer 
“Marqués  de la Ensenada”. 

3 Method 
 
There are diverse techniques to calculate distortions in 

ship structures, among which: 

- Laser/CCD (Charge Coupled Device) method, 
allowing the obtaining of rigorous and quality data for 
areas of difficult access.. 

- Photogrammetric method, described by Wolf and 
Dewit  [7], used for slanted and out of reach surfaces. 

- Theodolites method, for measuring angles in the 
horizontal and vertical planes by means of an optical 
instrument (cf. Casaca et al. [8]). 

 

These techniques have a common drawback, as they 
imply a high cost that makes their implementation difficult. 
Consequently the present work has followed another 
method, based on the comparison of the results obtained 
through numerical simulation and the digital photograph, 
taking as reference the study executed by Webster [9] en 
his Doctoral Thesis. The present study is based on 
Webster’s analysis.  

Webster analysed the close proximity explosion effects 
on a ship-like structure in two conditions: AIREX (air 
explosion) and UNDEX (underwater explosion). For this 
purpose he exposed a real scale model, see fig. 5,  to an 
explosive charge. 

 

 

   Fig. 5 Real scale model.  
Source: Webster PhD. Thesis[9]. 

 
Subsequently, through LS-DYNA finite element 

software, he modelled it and replicated the same 
conditions as in the experimental test. As shown in fig. 6 
the results obtained are nearly identical. 

 

  

   Fig. 6 Schema of the simulated model.  
Source: Webster PhD. Thesis[9]. 

4 Numerical Simulation 
 
ABAQUS/Explicit uses an explicit direct-integration 

procedure. An explicit dynamic analysis is computationally 
more efficient than an implicit one for large models with 
relatively short dynamic answer, allowing discontinuous 
processes or events characterization. Moreover it is 
possible to define contact conditions, as well as the 
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inelastic behaviour of the material and the structure 
absorption by introducing dissipation energy in the model. 

 

ABAQUS/Explicit uses the central-difference operator 
as time integration rule, each time increment is relatively 
inexpensive, compared to direct integration method, 
because it is not required to solve a set of simultaneous 
equations. The explicit operator satisfies the dynamic 
equilibrium equations at the beginning of each increment. 

 

The allowed input parameters and environment 
variables depend on the finite element type chosen. 
Nevertheless, concentrated forces may be applied in the 
nodes and momentums in the six degrees of freedom, 
such as distributed pressures over the surface.. 

4.1 Three-dimensional impact analysis 

 
The impacts on the structures are highly intensive short 

duration dynamic loads that, due to their nature, may 
produce important damages or remarkable changes in the 
structures stability or movement (v. gr. Wood [10], Zaera 
and Sanchez- Galvez [11] and Feli et  al. [12]). 

 

In most of real-life situations it is necessary to carry out 
more detailed studies, analysing in greater depth the 
topics not covered by the impact theory, for example: how 
does energy loss happen, how does impact force arise 
through bodies in contact or how do structures degrade 
and break due to high loads. Generally numerical 
methods, by means of finite difference or finite element, 
offering an adequate solution of dynamic equations are 
required. 

 

Impact studies may refer to the attack, aiming at 
achieving maximum penetration or damage, or to the 
defence, seeking accurate protection or armour plating. 

 

The explosives, for projectiles propulsion or dynamic 
loads located close to the targets, are usually of two 
kinds: gunpowder and detonated (dynamite or 
trinitrotoluene). 

 

The speed is maybe the simplest parameter to define 
the different types of impact. According to the effects 
caused in materials, the following structure may be 
considered: 

- low speed (v < 50m/s) elastic effects or localised 
plastic deformation, 

- medium seep (50m/s < v < 500m/s) widespread 
plastic deformation, 

- high seep (500m/s < v < 2000m/s) viscous resistance 
of the material still not important, 

- hypervelocity (2000m/s < v) the material may be 
considered as a hydrodynamic fluid. 

However, it is difficult to absolutely classify the impacts 
considering an only parameter, since other geometric 
variables, related to projectile or target properties, have a 
significant importance. When taking them into account, 
the impact may produce the following phenomena: 

- Structural dynamics and vibration. Predominance of 
structural geometry, of great importance in low speed 
impacts, being studied through transient implicit or 
explicit integration methods. 

- Stress and impact waves spreading. While studying 
medium and low speed impacts, it is important to 
analyse in detail the effect of the stress waves, that 

turn into crash waves for hypervelocity impacts, in 
general over 2000 m/s. 

- Material nonlinear behaviour. Plasticity, breaking, 
dependence on speed of deformation, internal energy 
or temperature. It occurs to a great extent when 
increasing the speed impact, although at very high 
speeds the material behaves almost like a fluid, being 
its resistance negligible. 

- Great displacements. Geometry and finite rotations 
changes, which influence loads and their effects. 

- Great deformations. Unitary stretching of materials in 
solid phases may go beyond 100%. At very high 
pressure the material behaves like a fluid, with great 
deformations. 

- Contact sand interface phenomena in the boundary. 
Contact is a key aspect in any impact model, since 
impact transmits loads. 

- Penetration and perforation due in the outlines. 
Penetration implies that the projectile has not gone 
through the target, while perforation means that the 
projectile has pierced it. 

- Local phenomena of breaking such as spalling, 
scabbing, petalling, plugging. They refer to the 
breaking mechanisms of the target, producing the 
partial or total penetration. 

 

The equations of motion of the body eq. 1 and eq. 2 are 
integrated by ABAQUS using the explicit central 
difference integration rule given by 
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The equations of conservation of momentum eq. 3 and 
energy eq. 4 are used to obtain the displacements of the 
mesh. 
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where m  is the mesh speed. 
 

It is extremely complex to represent these phenomena. 
For this reason, it is sometimes necessary to formulate 
hypothesis, appropriately based on the basic principles of 
mechanics, to simplify the model. In the present work, the 
following simplifications have been considered (cf. 
Webster [9]; Ding and Buijk [13]): 

  for all W 
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- explosion has not been tested due to difficulty, time 
and computational requirement; the analysis focused 
on the impact of a projectile thrown at a certain 
speed. 

- due to computational memory leakage, the model 
refers to a simple sheet without reinforcement, which 
has the same mechanical properties than the original 
vessel see tab. 1, 

- since there  is vertical and horizontal axis symmetry, 
the computational domain considers a quarter of the 
sheet-bomb ensemble, see fig.6. 

 

   Fig. 7 Computational domain.  

The following boundary conditions complete the eq. (1) 
y eq. (2): 

- upper side: fixed PINNED  (degree of freedom 1, 2, 3 
=0) in Ls

, 

- lower side: X- axis symmetry XSYMM (degree of 
freedom  2, 4, 6 =0) in Li

, 

- left side: fixed PINNED (degree of freedom 1, 2, 3 
=0) in Lla

, 

- right side: Y- axis YSYMM symmetry (degree of 
freedom 2, 4, 6 =0) in Llb

. 
 

Density,  Kg/m3    7800  

Area,  m2 6,095  

Thickness, m 8x10-3 

Mass, kg 380.33 

Mass per unit area, kg/m2 62.4 

Tab. 1 Physical data for sheet. 

The mesh of the computational domain is formed by 
14330 structured elements with cubic geometry, as 
shown in fig.8. 

 
 

 

   Fig. 8 3D mesh of the sheet-bomb ensemble.  

 

5 Results 
 
Dynamic analysis allows the observation of the moment 

when deformation attains its greatest amplitude, the 
direction and intensity of the forces/loads produced by the 
impact, as well as the sheet behaviour. In fig. 9 the 
different colours show the Von Misses stresses: red 
implies major concentration (breaking), green medium 
efforts and blue no stress. 
 

 

   Fig. 9 3D simulation of the impact.  

 

Fig. 10 shows the petalling phenomenon, so-called due 
to the close resemblance of steel breaking or deformation 
to a petal. It is worth noticing that the projectile has 
dragged a piece of the sheet, in consequence such 
impacts produce great breaks and deformations that may 
reduce or cause the structure to collapse.  
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Fig. 10 Detail of the impact. 

 
As shown in fig. 11, when comparing the results of the 

numerical simulation and the digitalization of the original 
sheet, deformation and fragmentation are quite similar in 
both images. Although some factors have not been taken 
into account like for example: high temperatures due to 
bomb explosion or forces produced by shock waves that 
would intensify the damages. 

 

  

  Fig. 11 Comparison between simulation and digital 
photograph.  

6 Conclusions 
 
As the initial study was too extensive, it has required 

some simplification hypothesis, analysing the impact as 
coming from a projectile of the same material as the sheet 
and removing heat transfer, shock wave, reinforcement 
and fluid, although the explosion took place under water 
line (cf. Webster; Ding and Buijk). 

 

Visual comparison of the images resulting from the use 
of the software and the digital photograph of the real 
sheet enables the identification of diverse common 
effects: petalling, which implies breaking and cracking, 
and plastic deformation around the impact. Visual 
treatment allowed by this software facilitates the 
understanding of these effects and shows that the 
simulation is similar to reality. 

 

The main significant conclusion drawn from the present 
work is that visual results obtained through ABAQUS 
simulation match the digital photograph of the sheet 
damaged by the bomb impact. Then the established 
equations and conditions are correct. Moreover, these 
results are corroborated by the ones presented by 
Webster. 
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Abstract 

An adjustable-stiffness actuator composed of two antagonistic non-linear springs is proposed 
in this paper. The elastic device consists of two pairs of leaf springs working in pure bending 
under large displacement hypothesis. Owing to this geometric non-linearity, the global 
stiffness of the actuator can be adjusted by modifying the shape of the leaf springs. A 
mathematical model has been developed in order to predict the mechanical behaviour of our 
proposal. The non-linear differential equation derived from the model is solved, obtaining 
large stiffness variations. 
 

1 Introduction 
In most of the industrial activities where robots have been 
introduced, a stiff performance is preferred to fulfill the 
metrics based on movement accuracy, load capacity and 
easy trajectory tracking control. In industrial activities, 
reducing the stiffness protects the robot against possible 
impacts with human operators or other elements when 
working in unstructured environments, and facilitates 
dexterous tasks such as polishing or peg-in-hole. 
However, compliance deteriorates the robot accuracy and 
load capacity, and makes the control more difficult. A 
robot able to adapt its compliance/stiffness according to 
the type of task or movement could maintain the 
advantages of both stiff manipulators and safe-dexterous 
compliant ones [1]. In line with this application, variable 
stiffness/compliance actuators have also been 
successfully included in compliant endoscopes, robotic 
surgery, prosthetics and robots aiding in rehabilitation 
therapy. 
 
Very different in nature are the applications in which the 
natural frequency is changed. This is the case of some 
adaptive vibration absorbers in which the stiffness is 
adjusted according to the varying excitation frequency [2, 
3, 4, 5]. These adaptive absorbers have been attached to 
buildings, floating rafts, automobiles and, in general, 
rotating machines where excessive vibrations produce 
fatigue, discomfort, increased maintenance and 
deteriorated performance. Also interesting is the case of 
efficient legged robots based on the concept of passive 
dynamic walking [6, 7, 8], in which adaptable compliance 
actuators allows the robot to change its natural walking 
speed. 

 
Recent research dealing with variable stiffness actuators 
has predominantly focused on four principal technologies: 
electroactive polymers (EAPs), pneumatic actuators, 
electrical motors with active compliance and adjustable-
stiffness elastic elements. 
 
EAPs are polymers whose shape is modified when they 
are supplied a voltage [9]. They are able to undergo a 
large amount of deformation, which makes them the 
suitable option in guide wires, leads and catheters. Its 
main drawback is its high non-linearity. 
 
Pneumatic artificial muscles are typically contractile 
devices operated by pressurized air, which can be varied 
to regulate the muscle stiffness. They require an 
antagonist setup to generate a restoring movement or 
force. The majority of the pneumatic systems are based 
on the McKibben muscle [10] which bulges, shortens and 
generates a contraction force when it is inflated. The main 
drawbacks are low efficiency, lack of precision and that 
they need an air compressor. 

 

Fig. 1 Adjustable-stiffness spring composed by two 
antagonistic non-linear springs. 
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Figure 2: Proposal of an adjustable-stiffness spring using 
leaf springs for large displacements. 

Force control based on electrical motors with active 
compliance is the technique used by most of compliant 
industrial robots. It does not include a real elastic 
element. Instead, a force sensor measures the external 
force/torque applied to the end-effector when interacting 
with the environment and adjusts the forces applied to the 
joints in order to imitate and tune a spring. This method 
permits a compliant operation without losing accuracy or 
load capacity. Its main disadvantage is that it requires a 
force sensor and that it drains a constant energy even 
when no work is being performed. The impedance control 
[11] is the most implemented method. Some of its 
limitations can be reduced by introducing a constant 
stiffness coupling attached to the end-effector, like in the 
series elastic actuator [12]. 
 
Adjustable-stiffness elastic elements are based on an 
elastic passive element whose stiffness can be adjusted. 
These techniques introduce the possibility of regulating 
the natural frequency of the element where the joint is 
included. Three concepts can be differentiated ([8]): 
 
- The variable stiffness actuators based on an 

antagonistic setup consisted of two non-linear 
springs working simultaneously and in opposition. An 
example of this technique is the design proposed in 
[13] using rolamites with quadratic characteristics. 
The quadratic characteristic decouples joint stiffness 
and deflection, and it has also been pursued in [14, 
15]. Other models based on an antagonistic setup 
are the ones presented in [16, 17] or the ones using 
pneumatic artificial muscles. 

- The Structure-Controlled Stiffness concept is based 
on the variation of the effective length of a compliant 
element. Examples of this group is the Jack Spring 
[18] or the ones presented in [19, 20]. The design 
from Gonzalez et al. [21] falls on this structure, giving 
high stiffness variation. 

- In the Mechanically-Controlled Stiffness actuators, 
the adaptable compliance is accomplished by an 
electrical motor that modifies the force exerted by an 
elastic element [8]. A controlled non-linear 
relationship between force/torque and 
displacement/rotation permits the adjustment of the 
effective stiffness. 

This paper presents an adjustable-stiffness spring based 
on a compound leaf spring made of strips of sheet metal 
clamped at each end. The scheme is similar to the 
vibration absorber of [2], although this new actuator does 
not require additional masses and the movement is 
directed in the longitudinal direction instead of the 
transversal one. This feature leads to a different method 
to vary the stiffness. 
 

The layout of the paper is organized as follows. Section 2 
explains the set-up of the proposed solution and the way it 
works. Section 3 includes the mathematical model and the 
results obtained from its formulation. Section 4 shows the 
principal aspects related to the fabrication of the 
prototype. Finally, the conclusions derived during the 
development of the scheme are presented in Section 5. 

2 An adjustable-stiffness spring 
The stiffness of a spring is the relationship between a 
force applied to both extremes of the spring and the 
displacement that it experiments. As previously 
mentioned, an antagonistic set-up is one of the 
possibilities to build an adjustable stiffness spring. Fig. 1 
shows a scheme that can vary its stiffness according to 
this concept. The elastic elements are labeled as 3 and 
bars where are located forces are labeled as 1 and 2. By 
modifying the distance d, the springs are pre-compressed, 
and consequently the global stiffness of the device is 
changed. However, this variation will occur only if the 
springs have a non-linear function between force and 
displacement. Non-linear springs can be built by means of 
helicoidal springs with a non-constant step between 
spires. In [13] an adjustable-stiffness spring is proposed 
using two rolamite springs with a quadratic function 
between force and displacement. 
 
Following the scheme of fig. 1, this paper proposes an 
adjustable-stiffness spring with antagonistic springs, 
working in pure bending under large displacements, as it 
is shown in fig. 2. Such springs have important 
advantages: they can work with very high forces (higher 
than rolamite springs, rubber bands, polymer, etc) and 
they can change their stiffness in a highly wide range of 
values. We can obtain stiffness variations of 1500%, 
much higher than using helicoidal springs, magnetoelastic 
materials or rolamite springs. 
 
The description of the mechanism is as follows. Bars 
where force is applied are labeled as 1 and 2 in fig. 2. 
Four leaf springs working in pure bending under large 
displacements are labeled as 3. Label 4 refers to a screw 
attached to bar 1 through a rotational joint. Turning the 
screw forces the displacement of the semi-cylinder 
shaped nut (label 5), to which the leaf springs are 
clamped. This action modifies the distance d between 
semi-cylinders, changing the shape of the leaf springs, 
and consequently the global stiffness as well. An electric 
motor, labeled as 7, moves the screw through a pulley. 
The screw has right-handed thread for right side and left-
handed thread for left side, and therefore distance d is 
symmetrically changed. In consequence the spring varies 
its stiffness without changing its equilibrium position in 
absence of forces. 

 

Figure 3: Different positions of the compliant-actuator on 
varying d; (a) low stiffness, (b) high stiffness configuration. 
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Figure 4: A 3D-CAD model of the prototype (above) and a 
structural model of one of the leaf springs (below). 

Leaf springs must be protected from excessive 
curvatures. Hence, a protection system has been 
included which is composed of four rollers (label 6) and 
two semi-cylinders (label 5) where the leaf springs are 
clamped. Accordingly, the protection system ensures that 
leaf springs do not plasticize when they adopt their 
maximum curvature. Fig. 3 shows different positions of 
the spring by modifying distance d. Fig. 3(a) and 3(b) 
show a low and high stiffness configuration, respectively. 
If d < d', the displacement of the spring will be Dx > Dx', 
for the same force F. 

3 Mathematical modelling 
In this section a mathematical model of the 
aforementioned elastic device is developed. Fig. 4 shows 
a 3D-CAD model of the prototype. As commented before, 
the global stiffness of the actuator is adjusted by 
modifying the shape of the leaf springs. Notice that no 
longitudinal compressive force is applied to the leaf 
springs by the rollers (label 6), meaning that buckling is 
not considered in this case. Having this in mind, each one 
of the leaf springs can be modeled like a beam-type 
structure clamped in its inner extreme and with horizontal 
displacement-free in its outer extreme, working in bending 
only, but under large displacement hypothesis. That is the 
reason why the curvature expression cannot be linearized 
as usual. Hence the deformed shape is given by the one 
that minimizes the elastic potential energy, that is, 

=
-ò

'' 2

' 20

1 ( )
( )

2 1 ( )

L Y s
U Y EI ds

Y s
 

where Y(s) is the deformed shape as a function of s, the 
curvilinear coordinate, measured along the arc length 
described by the leaf spring. The term EI, known as the 
flexural stiffness, is the product of the Young's modulus, 
E, and I, the moment of inertia of the cross-sectional area 
of the leaf spring with respect to the bending axis, and L 
is the length of the leaf spring, which can be changed by 
modifying the rollers position. 
 
 

 

Figure 5: Shape of the leaf spring for different aspect ratio 
values. 

As the energy functional U is strictly convex in the pair 
(Y´, Y´´), we can state that Y(s) is the unique solution of its 
associated Euler-Lagrange equation [22]  
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where s Î (0, L), with L unknown. By using the change of 
variables 
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we arrive at this (apparently) more treatable differential 
equation in Cartesian coordinates 
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where now xf is the (known) horizontal distance between 
the extremes of the leaf spring, with the boundary 
conditions (see Figure 4) 

 = = = =(0) , '(0) ( ) '( ) 0f f fy y y y x y x , 

meaning that the leaf spring is clamped in the upper 
extreme, that is, y0(0) = 0, and the contact point with the 
roller can be modeled as a pinned condition with no 
rotation, that is, y´(xf) = 0. Even though this new 
differential equation is highly non-linear, for this particular 
case and after having integrated twice, it is possible to 
reduce it to one with separate variables (using a new 
change of variables, w(x) = y0(x), for instance), and 
therefore to find the solution in close form, 
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where the parameter a is obtained by imposing that 
y(xf) = 0, that is, a is numerically computed from the 
integral equation 
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Fig. 5 shows the shapes obtained for different values of 
the aspect ratio, a = xf/yf. Once the deformed shapes 
have been obtained, it is easy to compute the stored 
energy (in one leaf spring) as a function of a (see fig. 6). 
 
Assume a spring displacement d = xf0 - xf, where xf0 is the 
horizontal distance between the extremes of the leaf 
spring for an initial configuration (see fig. 4). Computing 
both the first derivative and the second derivative of the 
energy (for all of the four leaf springs working together) 
with respect to the displacement d, we obtain the 
theoretical family of curves for both force-displacement 
and stiffness-displacement (see fig. 7 and 8, respectively). 
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Figure 6: Elastic potential energy of a leaf spring versus 
aspect ratio. 

 

 

Figure 7: Force-displacement curves for different aspect 
ratio values. 

4 Fabrication of the prototype 
This section is devoted to describe some aspects 
concerning the design process and fabrication of the 
prototype. It is important to notice that before testing the 
prototype, the deformed shape of one leaf spring was 
measured by means of a tridimensional coordinate 
measuring machine, showing a similar profile that the one 
obtained from the mathematical model. 
 
The first step in the design process of the prototype 
consists in defining the dimensions of each one of the leaf 
springs. In this case, we have chosen a leaf spring with a 
width w = 50 x 10

-3
 m and a thickness t = 0.5 x 10

-3
 m. Its 

length is determined by the aspect ratio a of the spring. 
More specifically, the prototype has a variable aspect 
ratio between a0 = 3.5 and a1 = 2.0. Once the geometric 
parameters of the prototype have been fixed, both the 
roller radius and the semi-cylinder radius that ensure no 
yielding of the leaf spring are computed. The classic 
formula for determining the bending stress in a bar under 
simple bending is: 

 s = max
M

y
I

, (1) 

where s  is the bending stress, M is the moment about 
the neutral axis and ymax is the perpendicular distance to 

the neutral axis (in this case ymax = t/2). On the other 
hand, the ratio between the bending moment M and the 
radius of curvature R can be written as: 

 =
EI

M
R

, (2) 

Replacing equation (2) in (1), we obtain the expression of 
the limit radius of the bar in elastic region as: 

 
σ

=
2 y

Et
R , (3) 

where sy is the yield stress. From (3), and using the 
following values: E = 2.1x10

11
 N/m2, t = 0.5 x 10

-3
 m, 

sy = 1500 MPa, the radius of the protection system 
(label 5 and 6) is given by R = 35 x 10

-3
 m. 

 
As the mathematical model does not take into account the 
friction, we have tried to reduce it between mechanical 
elements of the prototype as much as possible, in order to 
experimentally obtain the range of stiffness expected from 
the theoretical model. In this way, the rollers (label 6) 
have been made of polyamide material, which exhibits a 
low coefficient friction. In addition, each axis roller is 
supported by two single-row deep groove ball bearings. 
Another important aspect in the design process has been 
the accuracy in changing the distance d between semi-
cylinders (label 5), which defines the aspect ratio a of the 
leaf spring, that is, 

 
δ

α
-

=
2 f

D

y
, (4) 

where D is the horizontal distance between the centers of 
the rollers (see fig. 2), and has been given a value of 345 
x 10

-3
 m, and yf = 40.5 x 10

-3
 m. With this aim, a double-

row angular contact ball bearing has been attached to the 
screw (label 4). Furthermore, in order to reduce the friction 
with the screw, each semi-cylinder has a bronze bearing. 
Fig. 9 shows the manufactured prototype. 
 

 

Figure 8: Stiffness-displacement curves for different aspect 
ratio values. 
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Figure 9: Prototype of adjustable-stiffness spring. 

5 Conclusion 
The present paper proposes a new model of an 
adjustable-stiffness spring. The proposed device has four 
leaf springs with non-linear elastic deformations. The 
geometry of the leaf spring can be modified by means of 
an electric motor that adjusts the stiffness of the spring to 
the desired value. The most important characteristic is its 
large stiffness range (with variations greater than 1500%), 
and its scalability for working with very high and very low 
loads. These characteristics allow the spring to be used 
for different purposes, like robotics, or vibration 
cancelation. All of these applications need different values 
of the stiffness and of its range of variation. This paper 
also proposes an analytical model that allows the leaf 
springs to be dimensioned for every specific purpose. 
Finally, a prototype of the spring has been built. In future 
works the prototype will be test in order to verify the 
behavior of the system and the accuracy of the analytical 
model. 
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Abstract 

The testing of physical prototypes is a critical step in the product design process since it 
allows detecting ignored faults and establishing actual manufacturing costs. By means of 
tests in experimental facilities, it is possible to obtain clarification on complex problems, to 
improve mechanical systems operation and to compare empirical results with theoretical 
models and numerical simulations data.  

This work was aimed at designing of two different physical prototypes for specific 
purposes: a device to achieve the efficient atomization of a bulk liquid and vortex generators 
units to reduce drag in heavy trucks. In both cases, the involved aerodynamic phenomena will 
be comprehensively characterized in laboratory. 

Special emphasis was put in the development of prototypes which were able to allow us 
making a wide number of distinct alternatives with low building costs. Thus, modular designs 
based on the quick exchange between parts, were carried out. In addition, simple geometry 
components and basic mechanical systems were proposed. In the two cases, up to 400 
different configurations of study were obtained. 

1 Introduction 
 
From idea generation to production launch, the process 

of product design involves the development of numerous 
actions and the integration of different disciplines [1, 2].  
In order to achieve final solutions as efficient as possible, 
the designer must know in detail materials, transform and 
manufacturing processes, product characteristics and 
users needs.  

Design activities vary depending on the type of project 
and the type of innovation, but in many cases it is 
necessary the testing of a prototype to identify possible 
design deficiencies. As fig. 1 shows, the study of different 
prototype alternatives is performed within a process that it 
is carried out iteratively to achieve the best design. This 
process is called as design-build-test cycle [3]. 

Computer simulations and rapid prototyping [4] are, at 
present, usual strategies to find strengths and 
weaknesses of an initial design with a significant 
reduction of time needed for physical prototype building. 
Nevertheless, numerous problems related with the study 
of fluid mechanics and particularly, with the analysis of 
aerodynamic phenomena, require the development and 
trying of specific physical prototypes. Operation and 
technical performance of these prototypes are tested in 
controlled investigation labs using experimental methods. 

On the other hand, modularity is an important technique 
of product conception, which can minimize environmental 
loads and costs during the whole life of a product [5], 
improving, for example, maintainability and reusability. 
Modularity application to the design process implies the 
following general steps: decomposing the product into 
simple parts, analyzing the interactions between parts, 
and selecting assembly-disassembly methods.  

 
 
 

 
 

 
 

Fig. 1. Process of product design 

 
Experiments in physical prototypes suggest that 

relevant design parameters could be varied 
independently. If prototype is based on a modular design 
and each parameter is associated with a simple part, 
different configurations of study can be obtained, with 
relative low costs, via the exchange of elemental parts [6]. 
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According to this methodology, two different physical 
prototypes were developed. Final designs are presented 
in this work. First, a twin-fluid atomizer prototype to 
generate a fine spray is presented. Following, vortex 
generators units to obtain aerodynamic improvements in 
heavy vehicles are shown. In both cases, modularity 
applied to prototype design, allowed obtaining a big 
number of different alternatives, which can be analyzed in 
detail through experimental methods.  

  

2 Atomizer prototype 
 
Atomizers are device used to transform a bulk liquid 

into a dispersion of small droplets. They are usually found 
in numerous industrial processes and in many other 
applications as agriculture, meteorology and medicine. 
Thus, it is important for engineers to acquire a better 
understanding of the basic atomization process, to know 
which type of atomizer is best suitable for any given 
application and how the performance of any given 
atomizer is affected by variations in liquid properties and 
operating conditions. 

2.1 Atomization principles 

 
The disintegration of a bulk liquid may be achieved in 

various ways [7]: by the kinetic energy of the liquid itself 
or by exposure to high-velocity air or gas, or as a result of 
mechanical energy applied externally through a rotating 
or vibrating device. The method which exposes a 
relatively slow-moving liquid to a high-velocity airstream is 
generally known as twin-fluid, air-assist or airblast 
atomization (fig. 2). Atomizers based on this operation 
method are used in dispersing liquid fuels for combustion, 
gas-liquid mass transfer applications, food processing, 
spray drying of wet solids, paint spraying, etc. 

 

 

Fig. 2. Liquid atomization by exposition to a high-velocity 
airstream. 

 
The liquid disintegration process in twin-fluid atomizers 

is dependent on the energy transfer from the high velocity 
gas stream to the relatively low velocity liquid stream. In 
addition, energy transfer is more efficient when initial 
liquid is in the form of thin sheets or small columns. 
Hence, spray characteristics are markedly affected by the 
internal geometry of the atomizer [8]. 

 

2.2 Twin-fluid atomizer characteristics 

 

In this work the design of a twin-fluid atomizer prototype 
was carried out in order to analyze by experimental 
methods how the internal aerodynamic affects the liquid 
atomization. In general, the study of the fluid dynamic 
flows within twin-fluid atomizers is highly complex due 
mainly, to interaction phenomena, liquid disintegration and 
intense mixing of gas and liquid.  

This atomizer employed very high air velocities that 
necessitated an external supply of high-pressure air. The 
following characteristics were specified for the internal 
atomizer geometry: 
- Air injection through tangential inlets. 
- Air-flow acceleration into a conical swirl chamber. 
- Liquid supply through small axis-normal holes. 
- Axial spray exit. 
- Atomizer core occupied by a cylindrical element. 

Fig. 3 shows the internal geometry of the twin-fluid 
atomizer and the parameters needed to characterize it. 

 
 

 

Fig. 3. Internal geometry of the twin-fluid atomizer. 

 

2.3 Prototype design 

 
According to the characteristics previously specified, an 

atomizer prototype made up by four different parts (fig. 4) 
was proposed. These simple parts were named:  
1) Cover; 
2) Chamber; 
3) Exit; 
4) Nucleus; 

Prototype assembly-disassembly was easily performed 
by means of socket cap screws. Additionally, some 
sealing joints between parts were added. 

The modular conception of the prototype, such as it is 
appreciated in fig. 4, allowed the characteristic 
parameters of the atomizer to be varied independently. 
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Fig. 4. Elemental parts of the twin-fluid atomizer prototype. 

 
Each atomizer-part was associated with a different 

characteristic parameter. Thus, the cover-part was 
associated with the size of the air tangential ports, the 
exit-part with the throat diameter and the nucleus-part 
with his diameter (fig. 5). The geometry of the swirl 
chamber was fixed in this case. 

 

 
 

Fig. 5.  Variation of the internal geometry parameters. 
 
 
A total number of eleven different components, which 

included three covers, one chamber, four exits and three 
nucleuses, made up the atomizer kit and allowed the 
modification of internal parameters within a sufficient 
range. 

Tab. 1 shows the most important parameters involved 
in the prototype design and the specific notation used for 
describing the different alternatives that can be selected 
within each parameter. 

It should be taken into account that: 
- Every cover-part was designed to inject air through 

four tangential air ports, but options with one or two 

ports can be also studied if some of them are 
blocked. 

- The size of the liquid supply inlets can be changed by 
means of standard tubes. 

- Other prototype configurations can be obtained if the 
central cylinder is not used. 

 

Design parameter Alternatives Number 

Air ports number N1 N2 N4  3 

Air ports diameter Æa1 Æa2 Æa3  3 

Throat diameter Dt1 Dt2 Dt3 Dt4 4 

Nucleus diameter - Do1 Do2 Do3 4 

Liquid holes 
diameter Æl1 Æl2 Æl3  3 

    Total 432 

Tab. 1. Alternatives of study for each design parameter. 

 
A total number of 432 prototype configurations can be 

obtained using all the alternatives of study exposed in 
Tab. 1. Any test configuration can be coding via the 
addition of the specific notation used for each parameter. 
For example, the global code N2Æa1Dt1Do2

Æl1 can be 
used to identify the following particular atomizer 
configuration: cover-part with air injection through two 
tangential ports of Æa1 diameter, exit-part with Dt1 throat 
diameter, nucleus of Do2 diameter and liquid supply 
through holes of Æl1 diameter. 

An exhaustive study of the different prototype 
configurations is being currently carried out in an 
experimental setup (fig. 6). Spray characteristics and 
particularly the droplet size distributions are being 
measured by means of non-intrusive optical methods. 
Since systems based on the light scattering are very 
appropriate for a relatively rapid characterization of 
droplet sizes, a laser diffractometry is being used to 
analyze how the spray characteristics are affected by the 
internal geometry of the atomizer. 

 

 
 

Fig. 6.  Schematic of the experimental setup. 
Proposed strategies for the future [9] include the 

simultaneous experimentation with interactive model 
predictions. Nevertheless, experimental studies with 
physical prototypes are still the only reliable source of 
knowledge of the droplet size distribution in sprays.  
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3 Vortex generators prototype 
 
Aerodynamics studies the airflow around solid objects 

and enables the calculation of forces and moments acting 
on them. It acquires a great relevance in the truck 
industry, in order to obtain more energy-efficient and less 
polluting vehicles. 

 Diverse methods can be applied to reduce 
aerodynamic drag in vehicles: varying their external 
design, changing the superficial finish, adding 
aerodynamic improvements and diminishing tolerance 
between component parts. All these strategies are 
specially recommended for vehicles that travel regularly 
at high speeds, since aerodynamic power depends on the 
cubing of speed. 

Furthermore, a more aerodynamic vehicle also 
increase their stability and decrease the effects of 
aerodynamics on other vehicles travelling on the same 
road, as well as diminishing splashing and improving the 
vehicle’s resistance to lateral winds, etc.  

3.1 Aerodynamic improvements in vehicles 

 
In recent years the external appearance of vehicles has 

undergone great changes with the purpose of reducing 
both, the transversal area and the aerodynamic 
penetration coefficient. The straight lines of yesteryear 
have been replaced with new and sinuous shapes and 
more stylized profiles.  

Over the last thirty years, the average penetration 
coefficient of automobiles has gone down by 40%, an 
improvement which has brought about a 19% reduction in 
fuel consumption. However, similar significant 
developments in relation to the aerodynamics of larger 
sized trailers have not taken place and different initiatives 
are now in study [10]. 

Tab. 2 shows, classified by vehicle zones, the main 
aerodynamic improvements which are being currently 
used in trailer trucks. 

 

Tractor head Trailer 
King-pin 
space 

Wheels 

 

Rounded 
corners 
 

Air 
deflectors 
 

Vortex 
generators 
 

 

Rounded 
edges 
 

Vortex 
generators 
 

Boat-tails 

 

Spoiler 
 

Lateral air 
deflectors 
 

Cab 
extensions 
 

Trapped 
vortex 
 
Fairings 
 

 

Undercarriage 
skirt 
 

Alignment 
 
Air dam 
 

 
Tab. 2. Aerodynamic improvements in trailer trucks. 

 
One of these improvements consists on the installation 

of vortex generators (VGs) in two specific zones of the 
vehicle: in the rear of the head tractor and in the rear of 
the trailer (fig. 7). Locations at the top of the tractor and 
the trailer were denoted as Z1 and Z3, respectively. 
Similarly, lateral locations in the vehicle were denoted as 
Z2 and Z4. Aerodynamic effects on the vehicle can be 
analyzed for each individual location or if some of them 
are combined. The total number of possible alternatives 
of study is 24. 

 

 

 
Fig. 7. Location of vortex generators in the trailer truck.  

 
Vortex generators are small bumps on the vehicle 

surface which have as objective to delay the boundary 
layer separation. A vortex generator creates a vortex tip 
which draws energetic and rapidly-moving air from outside 
the slow-moving boundary layer into contact with the 
vehicle [11].  

Commonly used on aircraft (fig. 8), vortex generators 
themselves create drag, but they also reduce drag by 
preventing flow separation at downstream. The overall 
effect can be calculated by totalling the positive and 
negative effects.  

 

 

Fig. 8. Vortex generators on an airplane wing. 

 

3.2 Prototype design 

 
Prototypes of vortex generators units (VGs units), to 

improve the vehicle aerodynamic were designed. In order 
to obtain the total wide and height of a trailer truck, two 
different VGs units, with a length of 400 and 200 mm, 
respectively, were considered. 

The standard dimensions of the most frequently used 
vehicles are 2.4 to 2.5 m wide and 2.45 to 2.7 m high. In 
this case, a trailer 2.4 m wide and 2.6 m high was utilized 
as suitable reference (fig. 9). Thus, a total of six 400 mm 
long VGs units were required to obtain each trailer 
dimension and an extra unit 200 mm long was needed to 
complete the trailer high. 

Z1
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Fig. 9. Vortex generators installation. 
 
The following variables were considered essential in 

the design process of a VGs unit: 
- Geometry of each VG component. 
- Space between VGs.  
- Angle of each VG component with respect to the 

airflow velocity. 
Regarding the geometry of components, three different 

types of VGs were proposed (fig. 10):  a) rectangular; b) 
triangular and c) aerodynamic. Total length and height of 
each component type was fixed. 

 
 

 

 
Fig. 10. VGs geometry types. 

 
The design of a VGs unit was performed allowing the 

exchange between VGs geometry types, as well as the 
testing of two different spaces between VGs. Minimum 
and maximum spaces were 100 and 200 mm, 
respectively. Therefore, a total number of 4 components 
can be placed in a 400 mm long VGs unit (fig. 11). 

The angle of each VG component with respect to the 
local airflow, which is called angle of attack, can be 
changed in the prototype. Thus, three different 
configurations of study can be obtained: 
1) VGs parallel to the airflow. 
2) VGs at an angle a with respect to the airflow. 
3) VGs alternately deflected an angle a with respect to 

the airflow. 
 

 

Fig. 11. Angles of attack in a 400 mm long VGs unit. 

 
 
Tab. 3 shows the variables involved in the prototype 

design and the notation used for describing the different 
alternatives of study. The three types of VGs geometry 
were denoted as R, T and Ae, respectively and the three 
different configurations resulting of the angle of attack 
change were correspondingly designated as A1, A2 and 
A3. Taking into consideration two different angles for the 
A2 and A3 cases, a total number of 30 configurations of 
study can be obtained. 

The combination of both, VGs locations in the vehicle 
and VGs units’ configurations, give us a total number of 
720 possible different alternatives of study, which can be 
tested in a wind-tunnel.  

 
 

Design variable Alternatives Number 

VGs geometry R T Ae 3 

Space s1 s2  2 

Angle of attack A1 
A2 A3 

5 
a1 a2 a1 a2 

    Total 30 

 

Tab. 3. Alternatives of study for each design variable. 
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Any alternative object to study can be coding via the 
addition of the specific notation used for each variable. 
For example, the global code Z1Z3RS1A2a1 should be 
used to identify the following configuration of study: VGs 
units located at the top of the tractor and the top of the 
trailer, composed by rectangular type components spaced 
100 mm and all deflected at an angle of attack a1 with 
respect to the airflow. 

Prototypes are still in development. Experiments will be 
performed with specific configurations according to results 
achieved by numerical simulations, which are now in 
progress.  

Intended tests will consist on the visualization of the 
flow around vortex generators and the determination of 
the velocity field using high-resolution optical techniques 
as phase Doppler anemometry and particle image 
velocimetry. In both techniques, measurements are based 
on the analysis of the signals of very small particles, 
which supposedly follow the instantaneous changes in air 
velocity. Further details of these measurement techniques 
can be consulted in a number of works [9]. 

 

4 Conclusion 
 
In this work, two physical prototypes to analyze 

aerodynamic effects were designed. A twin-fluid atomizer 
of wide application and vortex generators units to install in 
a trailer truck were proposed. Mechanical simplicity and 
modularity were applied as design strategies in order to 
obtain a high number of different prototype configurations 
with relative low building costs. Any configuration could 
be easily identified during the tests via the use of a 
specific notation. 

 The atomizer prototype was made up by four different 
exchangeable parts and their design allowed the variation 
of the relevant internal geometry parameters in an 
independent form.  Experimental studies of the resulting 
sprays, including measurements of the droplet size 
distributions, are being currently carried out in lab. 

Prototypes of vortex generators units were formed by a 
set of small bumps and were placed in the rear of the 
head tractor and the trailer in order to improve the vehicle 
aerodynamic. Design allowed the variation of vortex 
generators geometry, the space between individual 
components and the angle of attack with respect to the 
airflow velocity. In agreement to numerical simulations, a 
certain number of alternatives will be experimentally 
studied.  
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2. Abstract 

The work presented here attempts to show the advantages of relating design tools and 
methods that impact on improvement methodology and outcome of product design, in this 
case eco-design and the mechanical analysis are related in order to optimize the design to 
generate a lower environmental impact without loss of functional performance. 
The methodology proposes a market survey to select the objects to analyze, in which 
observe the environmental impact analysis with a specific tool so the ranges of optimal values 
in production, use and disposal of values and objectives and as the use of eco-design 
strategies are set. At the same time, a mechanical study using reverse engineering, loads 
and stress analysis, by means of finite elements that just results in a number of conditions 
and values to be taken into account in future design. 
Once the research and analysis raises the design stage in which proposals are made, those 
are analyzed using the same tools, in terms of environmental impact and structural strength, 
to establish more robust design from a series of alternative proposals according to 
predetermined design criteria. 
This work aims to link the findings of both analysis so as to enable optimum results and 
compatible design specifications and thus show the current need to develop hybrid methods 
that relate to the different techniques and tools. 
 

1. Introduction 
The design of any type of product has a high complexity, 
because, to obtain a competitive and attractivedesign for 
the market, it must fulfill some and diverse design 
specifications: mechanical, environmental, manufacturing, 
material, economical, packaging, logistical, appearance, 
etc. 
So, in the design phase, diverse knowledge areas must 
be involved; this means an increase of the complexity of 
final design process and in the development timing.  
This paper is centered mainly in two design criterions: 
environmental and mechanical ones, but some other 
design aspect are take in care. 
To illustrate this design process, it is going to be applied 
to an existing and commonproduct: a clothes peg. In the 
process it is going to carry out a market analysis to know 
the existing designs with the aim to obtain some design 
criterions using inverse engineering tools. 
The ending objective is anenvironmentally more efficient 
clothes peg design with similar functional characteristic 
than the existing pegs in the market. 
 

2. Design process, stages and 
methodology 

The design process developed in this paper, pursues to 
prove the utility of the interrelation between some design 
criterions, like the mechanical and the environmental 
ones, so this process needs a specify design phase for 
each one to determine the specific requirements that will 
establish the guidelines of the project (see table 1). 

The phase’s structure is common to other design 
methodologies, although there are some differences in 
some phases; in the table 1 it can be observed the 
differences, actions and specific works developed in each 
phase, as well as the obtained results. 
The market study and the existing products research 
allows to have a clear idea of the state of the art and the 
technical research to evaluate the best existing designs; it 
has made too aninternational patents research[2, 3 y 4].  
With some previously selected commercial pegs, it can be 
made an environmental study to determine the design 
criterions that makes possible an environmental impact 
analysis and reduction, both in the manufacturing, use 
and removing.  
As well it is going to be determined the materials and the 
manufacturing process with less environmental impact, 
that will turn into one of the design specifications. 
However it will be made a mechanical analysis with allows 
obtaining the criterions and specifications for the 
mechanical design. Furthermore some other analysis will 
be made: structural, economical, ergonomically, 
functionally, shape, etc. that define all the design 
requirements and specifications for the product. 
Phase Actions Results 

Bibliographical 
research and 
market analysis 

Information and 
documentation 
research 

Existing products 
knowledge. 
 

Market analysis Establish the state of the 
art and the technical 

Environmental 
analysis 

Environmental design 
requirements and 
conclusions. 

Mechanical 
analysis 

Mechanical design 
requirements and 
conclusions. 
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Other design 
analysis 

Other requirements and 
design conclusions. 

Conceptual 
design 

Design proposals Evaluable concepts 

Environmental 
evaluation 

Selection and acceptation 
 

Mechanical 
evaluation 

Selection and acceptation 
 

Other criterions 
evaluation 

Selection and acceptation 
 

Design revisions  Selection of the best 
design 

Detail design Mechanical 
optimization 

Results validation 

Environmental 
optimization 

Results validation 

Acceptation Aims to compare Final design acceptation 

Table 1: specify requirements to develop the project 

In the conceptual design phase, there will be generated 
some design proposals that, after the evaluation using the 
established design criterions, allows to make a review 
and to select the best proposal. 
In the detail design phase it will be made an optimization 
of the selected concept, using mechanical and 
environmental tools to evaluate and develop the design. 
After the obtained results validation, the next phase is an 
acceptation one, in which it is compared with the design 
objectives. After that the design is accepted or refused 
once and for all. 

3. Design Criterions  
The design methodology of this article is based on the 
application of some eco-design and mechanical design 
criterions; to illustrate the use of both design criterions, it 
has been used a practical case, that consist on a clothes 
peg design; this element has a low complexity, so it is 
easy to establish improvement criterions that allows to 
obtain easily conclusions; besides it is an useful and high 
intake element, so it is susceptible to be re-designed 
To do the redesign, some considerations and eco-design 
and mechanical criterions must be taken in care, so it is 
going to be submitted separately and it is going to show 
their interrelationship and their common effect in the final 
design. It is necessary to take in care some other design 
criterions like packaging, mechanical, environmental, 
manufacturing, material, economical, logistical, 
appearance, etc., but then the present article will exceed 
the initial aims that were to link two design methods, 
oriented to the product optimization and 
redesign;although there were analyzed  in the first stage, 
the research and documentation one[1]. 
Initially, it has been made the most representative product 
analysis that exists in the market; the aim of this analysis 
is to obtain some environmental and mechanical design 
criterions using inverse engineering tools. To do this task 
thirteen clothes peg designs were analyzed (seefig 1 
table 2). 

 

 

 

 

 

Fig.1: analyzed clothes pegs (left to right and up to down: 
pegs 1 to 13) 
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Element Quan 
Weight 

(g) 
Material 

Opening 

force 

(N) 

Closing 

force 

(N) 

Peg 1 1 9,4  15 4,5 

Base 2 4,3 PP   

Spring 1 0,7 Steel   

Peg 2 1 3,7 PP 8 5 

Peg 3 1 6  7 6 

Base 2 2,2 Madera   

Spring 1 1,6 Steel   

Peg 4 1 9,1  6 42 

Base 2 4,3 PVC   

Rubber 1 0,6 Silicone   

Peg 5 1 5  18 6 

Base 2 1,8 PP   

Spring 1 1,3 Steel   

Peg 6 1 9,4  15 7 

Hand rubber 2 0,8 Silicone   

Clothes 

rubber 

2 0,8 Silicone   

Base 2 2,5 PP   

Spring 1 2 Steel   

Peg 7 1 10,8  18 8,5 

Hand rubber 2 0,8 Silicone   

Clothes 

rubber 

2 0,8 Silicone   

Base 2 2,8 PP   

Spring 1 2,3 Steel   

Peg 8 1 5,2  16 6 

Base 2 1,4 PVC   

Spring 1 2,2 Steel   

Peg 9 1 14,5  14,5 4 

Base 2 6 PP   

Spring 1 2,4 Steel   

Peg 10 1 4,5  12 6 

Base 1 3,9 PP   

Spring 1 0,6 Steel   

Peg 11 1 11,7  13 6 

Base 2 4,2 PP   

Spring 1 3,2 Steel   

Peg 12 1 7,2  14 3,5 

Base 1 1 3 PP   

Base 2 1 3,1 PP   

Spring 1 1,3 Steel   

Peg 13 1 16,8  23 3 

Rubber 2 2,3 Silicone   

Plate 1 2,2 PP   

Base 2 5 PE   

Table 2: main characteristics of the analyzed clothes pegs. 

3.1. Eco – design criterions 

Initially it has been made an environmental impact 
analysis of thirteen clothes pegs using the easily software 
called ECO-it[5], version 1.4.This software allows to 
compare the different impact, and the results are 
expressed in CO2 g. emitted (carbon footprint) or in a unit 
called milipoint (mPt), that has a relationship with an 
environmental index know as eco-index 99[6]. This index 
allows to compare some material, productive process, 
energetic consumes, transport requirements and wasting 
aspects. 
Initially it has been made an evaluation taking in care two 
different wasting processes, with the same production 
process. The first one with a controlled wasting, in which 
the users of the pegs, after the useful life of the pegs, 

take in care to drop each component of the peg in an 
adequate green point to optimize their waste. In the 
second case, the peg will be waste using the local rubbish 
wasting system  
After seeing the results, it will be determined the most 
unfavorable but usual method is the local rubbish wasting 
system and will be used as a criterion for all calculus and 
evaluations. 
With the obtained results, the established objective is to 
design a product with the same functional requirements of 
a clothes peg, but with minimizes the environmental 
impact more than a 10% 
Figures 2 and 3 shows the environmental impact for the 
evaluated pegs in their manufacturing and erasing. 

 

Fig. 2: Manufacturing environmental impact analysis (in mPt) 

 

Fig. 3: Erasing environmental impact analysis (in mPt) 

It is observed that the number tree peg has the lower 
impact, but it is going to use as a reference the number 
two peg because it is the plastic one with lower impact, 
and the number tree is a wood peg and her carbon 
footprint is not real; this is because the program considers 
that the material is obtained with a replacement program 
and new trees are planted 
It can be taken into account that there is only 
environmental impact in the production because, 
observing figures 2 and 3, the erasing process carbon 
footprint is insignificant compared to the production one. 
Wirth this results it can be stated that the environmental 
impact depends mainly on the weight of the design, the 
material selection and the manufacturing process. 
There are some other criterions and design specifications 
established using the DfE (design for environment)[7] tool. 
It incorporate some environmental considerations into the 
design process and into the product development stage, 
and offers new prospects and approaches to the product, 
providing a systematic framework use and to analyze the 
life cycle of the product. 
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To innovate in the clothes peg that has the lowest 
environmental impact, it will be used some optimization 
and material reduction strategies. A design criterion will 
be to design using the material elasticity to supply the 
function of the spring. 
Some other strategies that must be used are: the use of 
the shape and the structure to reduce the material 
quantity and a mono part and mono material design. 
These strategies allow avoiding an assembly and un 
assembly process and a different material process at the 
end of the useful life of product, so the peg can be 
recycled easily. 
 

3.2. Mechanical criterions 

 

The main mechanical criterions used in any estructural 
element are the stiffness and the strength. Initially, there 
are not any mechanical criterions defined in any 
regulation so it must be made an inverse engineering 
process to determine the mechanical criterions; the first 
step is the determination of the opening and closing 
forces using a dynamometer and some experimental test. 
These forces allow making a finite element analysis for 
the diverse type of pegs with the aim to obtain the Von 
Misses Stress and the security coefficient.  The clothes 
pegs are simulated using the CAD program Solid Works 
2010 with the geometry and specifications of the real 
ones, and the FEM tool Solid Works Simulations. 
In table 3 it can be observed the obtained results in terms 
of stress and security coefficient. 

1 PP+steel 15,00 8,40 3,90 4,50 1,80 18,22

2 PP 8,00 9,40 3,49 5,00 1,40 23,43

3 Wood+steel 7,00 5,60 3,55 6,00 0,52 38,27

4 PVC 42,00 2,40 15,67 6,00 21,30 1,77

5 PP+steel 18,00 5,60 5,86 6,00 15,40 2,13

6 Silicone+PP+steel 15,00 16,00 2,46 7,00 14,80 2,66

7 Silicone+PP+steel 19,00 12,30 3,20 8,50 16,30 2,41

8 PVC+steel 16,00 2,90 12,97 6,00 20,20 1,86

9 PP+steel 14,50 3,40 9,65 4,00 16,40 2,00

10 PP+steel 12,00 17,00 1,93 6,00 18,40 1,78

11 PP+steel 13,00 18,00 2,18 6,00 13,90 2,83

12 PP+steel 14,00 14,80 2,66 3,50 11,00 3,57

13 Silicone+PP 2,30 13,30 2,95 3,00 14,80 13,30

Average value: 15,06 9,93 5,42 5,50 12,79 8,79

Von Mises 

Stress (MPa)

Segurity 

coeffiecient

Clothes 

Peg model
Material

Opening 

force (N)

Von Mises 

Stress (MPa)

Segurity

coeffiecient

Closing 

force (N)

 

Table.3: Results of the mechanical analysis of some commercial clothes pegs. 

The main result obtained from this analysis is that, for a 
new clothes peg design, the mechanical criterions to fulfill 
are: 

- Maximum opening force: 15 N (average force) 
- Minimum closing force: 6 N (average force) 
- Minimum security coefficient: 3 (30th percentile)  
- For non-articulated pegs: maximum 

displacement at the end: 10 mm (wire: 7 mm and 
blanket: 3 mm) 

2.3. Other design criterionsand specifications 

It is necessary to establish other design criterions and 
specifications; the ergonomic criterions are defined in the 
peg analysis stage, and can improve the uses aspects. A 
design with the non-sliding grabbing zones and with a 
well-defined fixing points and adapted allows that the peg 
needs less use efforts; this is an interesting aspect for 
users with joining problems or with efforts deficiencies. 
Moreover, it must adapt to any finger size, so the 
anthropometry measures and the users profiles must be 
taken into account;then the 50th percentile tables have 
been used. 
About the use and environment aspects, the peg can be 
used in clothes lines and bar with a 3 to 7 mm diameter 
and with a 3 mm maximum clothes thickness. 
Functionally it must be guarantee that the clothes are 
firmly hold in the clothes lines or in clothes horse and that 
the insertion and the exit must be easy and intuitive. 
About the materials selection, it must be made with 
materials that can support the sun and the open air 

effectswithout degrading (PP, PE, PVC, wood, steel, etc.) 

[8 y 9] and with adequate mechanical properties. 
The best manufacturing process for the plastics will be an 
injection or extrusion process, with a final design 
composed of only one mono material part. These aspects 
allow the recycling process and an assembly and 
manufacturing cost reduction; these aspects are 
fundamentals to obtain an environmental and economic 
viable design. 

4. Design Methodoly Used 
For both design methodologies it has been used the CAD 
program Solid Work 2010. This program allows simulating 
elements and assemblies. In this article, it is presented an 
interactive and joint working form where the mechanical 
requirements are defined and after that the environmental 
impact is evaluated (using the Solid Works sustainability 
tool); this tool allows comparing materials with similar 
characteristics, and so, the optimal one is  determined, 
because the program supply the impact and the 
mechanical results and allows to make design 
modifications and material selection changes to satisfy the 
initial established objectives. 

4.1. Eco – Design Methodology 

With the Solid Woks Sustainability tool help, it has been 
analyzed the environmental impact of each design during 
all their life cycle and with the Solid Works Simulations the 
mechanical behavior. With the previous obtained 
environmental and mechanical results, the selected 
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materialis the polypropylene (PP), because, althought the 
polyethylene (PE) is more adequate for our mechanical 
necessities, the PP has an environmental impact lower 
and the mechanical properties are not much worse. There 
are two alternatives for the PP, a copolymer or a 
homopolymer, and both have similar mechanical 
characteristics; the homopolymer has a lower melting 
point so the energy needed during the injection process is 
lower and so it is the selected material. 
The values to take into account for the study are in the 
one hand, the carbon footprint that is the most famous 
environmental impact indicator. And, in the other hand the 
energy consumed during all the life cycle of the product in 
mega-Julius (MJ). In this case it must take only into 
account during the manufacturing process. There are 
some other aspects like the air acidification and the water 
eutrophication. After the analysis, the Eco-it obtained 
results are used to compare the new designs with the 
commercial design and with then self. 
The calculus is made depending on the piece design, the 
material characteristics, the manufacturing location, the 
transport and the use energy. Basically the steps are 
defined in the LCA system (life cycle assessment) and in 
the MET matrix (Material / energy / toxic), used 
traditionally in the eco-design and environmental design..  

4.2. Mechanical Design Methodology 

The mechanical design has been made using the finite 
elements methodology (FEM), using the Solid Works 
Simulation tool. This tool allows obtaining easily and 
quickly the mechanical results for the peg designs. 
Structurally, there are some factors and aspect that must 
take in case to obtain a good mechanical design[10]: 

- To round and to avoid open edges. 
- Reduce the thickness in lower loaded zones 
- Increase the thickness in higher loaded zones 
- Modify the peg resentence section depending 
on the main efforts en each zone 

Moreover, it must take into account the manufacturing 
process that, usually is a plastic injection process, so 
some facts must be included like the cast angles, 
minimum mold numbers, injection points, etc.[11]. 
To make the numerical simulation, after obtaining the peg 
CAD model, it must establish the material for each part of 
the assembly, the boundaries, the loads and the load 
cases. 
In the particular case of a clothes peg there are two load 
cases to analyze: the opening and the closing load case; 
in figures 4 and 5 appear the loads and the boundaries for 
each case. 

 

Fig. 4: Boundaries and loads for the opening load case 

 

Fig. 5: Boundaries and loads for the closure load case 

 

After this stage, the software makes an automatic finite 
element mesh usingtetrahedral volumetric element (the 
FEM code used internally is “COSMOS”). Solid Works 
makes too the numerical simulation and shows the results 
in terms of strength and stiffness. 
Solid Works has another function that allows making a 
parametric redesign of any type of structure, but it is not 
adequate for this model because it works well with simple 
geometries with not too many parameters. So in our 
redesign it will be used a “try and trial” methodology.  
Figure 6 shows the stress results for analyzed peg, and in 
table 3 appear the results for each commercial peg. 
The results have been obtainer after the CAD simulating 
all the pegs with Solid Works and analyzing with the 
Simulation tool both lad cases: opening and closing. With 
this results and using inverse engineering tool they have 
been obtained the stress and stiffness criterions. 

 

Fig. 6: Stress map for a peg during the opening load case 

5. Cases to study 
To show the article results, they have been applied to a 
simple peg; there it can be observed some stages of the 
project: design process, material selection, optimization 
(environmental and mechanical) and evaluation to 
acceptation. 

5.1 Conceptual design 

Some concepts have been generates using the DfE 
strategies Wheel; some of them have been selected and it 
has been made too a morphological table in which they 
are established as design features the environment and 
user adaptation, comfort, minimum effort and stress in the 
hand and maximum grab force. In figure 7 it can be 
observed the first conceptual design of one the 
alternatives, where it enhance the arc that allows the 
deformation and allows the opening of the peg, and the 
two grab zones to insert the peg up to down, in a higher 
than the clothes line position.  

 

Fig. 7: First sketch under the defined requirements for the 
design specifications 
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Before making the environmental and mechanical 
analysis of the concepts using Solid Works, it has made 
an initial selection using prototypes. These prototypes are 
made with a 4 mm thickness PVC plate. In figure 8 two of 
the selected concepts are compared. This experimental 
test allows, in a user level, to determine the force to make 
in the insertion and in the extraction process, the comfort 
and the grab in the specific zones. The test is made with 
a 10 mm steel wire that simulates a  wire and a blanket. 

 

Fig. 8: User test for the first sketch upon the design 
specifications 

With the experimental test and a first dimensional 
approach, one of the conceptual alternatives is chosen, 
that is simulated with Solid Works and analyzed 
mechanical and environmentally to make the optimization. 
Figure 9 shows the one of the first CAD model concepts. 

 

Fig. 9: CAD model for the concept 5 

5.2 Mechanical Analysis 

With the mechanical analysis it can be evaluated the 
stress level and the security coefficient for the developed 
model; the acceptation of refusal criterion are the 
established in the 4.2 section. 
Figure 10 and table 4 shows the obtained results. Before 
analyzing these results for the concept 5, the main 
mechanical conclusions obtained are that the peg must 
be re-designedbecause is not enough stiff and it can not 
support the efforts so it will break in the future. 
To increase the stiffness and the strength, it has been 
modified the cross section in the most solicited zones and 
the design has been modified to obtain the design that 
appear in the figure 11. This last design passes the 
mechanical criterions and the maximum security 
coefficient is quite similar to the minimum security 
coefficient allowed (3), so the peg is not over 
dimensioning. 

In figure 12 it can be observed the Von Misses stress map 
for this last concept. 
 

 
Fig 10: Opening load Case for the concept 4. Red zones: 

security coefficient under 3. 

Force (N)

Maximun Von Mises

Stress (Mpa

Segurity

Coef.

Displacement

(mm)

Allowed limits <15 >3 10

Concept 5 12 131 0,31 88,6

Concept 6 12,3 13 3,08 11,4

Force (N)

Maximun Von Mises

Stress (Mpa

Segurity

Coef.

Displacement

(mm)

Allowed limits >7 >3

Concept 5 8,3 205 0,20 46,2

Concept 6 7,4 11,5 3,48 2,4

Opening load case

Closure Load Case

 

Table. 4: mechanical results for the concepts 5 and 6 

 

Fig. 11: Concept 6. Ultimate peg design 

 

Fig. 12: Von Misses Stress (MPa) for the concept 5 in the 
opening load case 
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5.3 Environmental analysis 

The materials to analyze the environmental impact have 
been chosen depending on their density and their specify 
strength (Young stress/density). These materials are: PP 
copolymer, PP homopolymer, high density PE, PVD and 
Polyester resin (only to compare). This materials have a 
good environment resistance and to the sun 
degradationso they are suitable for this particular case. 
Although, they have a suitable and similar mechanical 
properties. 
Finally it has been the PP homopolymer (see point 4.2); 
this material has the lowest environmental footprint, and it 
has been made a comparative analysis between the 
developed design and best environmental the commercial 
peg (the peg number 2) 
The main objective was a new design with 
anenvironmental footprint reduction higher than a 10 %. 
Both pegs are made with PP homopolymer and with the 
same manufacturing process, so the environmental 
footprint will be directly proportional to the weight, and 
then it is necessary to reduce the weight more than a 
10%. 
In this analysis it is not take into account the packing, but 
this aspect is not dependent on the element design. 
Table 5 shows the results obtained with the Solid Works 
Sustainability tool. 

Material PP homopolimer

Volume (mm
3
) 3722

Weight (g) 3,7

CO2 emissions (g) 14,94

SO2 emissions (g) 3,25E-02

PO4 emissions (g) 5,17E-03

Used Energy (kJ) 369

Material PP homopolimer

Volume (mm
3
) 1730

Weight (g) 1,72

CO2 emissions (g) 6,95

SO2 emissions (g) 1,50E-02

PO4 emissions (g) 2,40E-03  

Table.5: environmental comparative analysis 

It can be observed a 53% environmental footprint 
reduction, quite higher than the environmental design 
criterion, so the results are quite satisfactory. This is 
because the high improvement potential that some of the 
commercial elements have, that usually are designs 
without taking into account eco-design aspects. 
It must be stand out that it has been made a comparative 
analysis with a peg that has a very good environmental 
design compared with the normal commercial pegs, so 
the results are better. If it is compared the ECO-it results 
of this peg with the average results of the 13 commercial 
pegs, the average result is 30.55 mPt and the result for 
this peg is 1.53 mPt, and 2,9 mPt for the number 2 peg, 
so we can see a high environmental footprint reduction. 

6. Conclusions 
The main conclusion that can be obtained in this article is 
that, using a methodology based on the joint application 
of environmental and mechanical design tools, new more 
environmental improved design can be generated, and 
this aspect do not have bad effects in some aspects like 
the functionality, ergonomic, cost, durability, etc. 

The relationship between two different design 
specifications and criterions allows establishing some 
interdependent objectives to fulfill, so there are some 
variables that affect to other criterions and are dependent 
of both criterions. With this methodology it can be 
establish the limits, objectives and design requirements, 
but in other separately design process they are not 
enough in deep detailed 
A good example is the analyzed case for the clothes peg. 
In this case it has been obtained a new design of a 
functional piece that can resist the efforts, is cheaper and 
has a 53% of environmental improvement in term of CO2 

emissed than the best commercial peg. 
It must be enhance that, the fact to include environmental 
aspect in any design process suppose an additional cost 
in economic and time terms, but it compensate in 
environmental, marketing and final cost terms. Moreover, 
usually the environmental design improvements have 
associated weight reductions in the final weight, so the 
individual cost and the transports decrease and the 
additional effort is highly compensated.  
The initial design specification can define conceptually a 
product, the calculus and evaluation tools are useful to 
make the optimization and the consecutions of the 
previously established objectives are necessary. It is 
necessary to comment that there are some cases where it 
is impossible to plenty fulfill the previously established 
objectives because there are some difficulties to define 
then, so with a higher detailed initial analysis with more 
concrete specifications, more real are the objectives, fruit 
of this initial effort. 
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Abstract 

In industrial design processes, engineers and designers always need to perform 
compromises between many different design objectives. In particular, trades-off between 
nominal performance and design sensitivity have received increasing interests in the past few 
years. Robust design optimization methods focus on such conflicting issues in design 
engineering. Specific functions dedicated to the RDO framework, expressing the admissible 
compromises expected between nominal performance and design sensitivity have not yet 
stimulated much developments. The main purpose of this research work aims to develop a 
trade-off function to select among a set of alternatives, solutions which achieve rational 
compromises between design objectives. The design optimization model, composed by a 
model of the system behavior and a knowledge-based model, is formulated through 
observation, interpretation and aggregation functions. Such a procedure enables first to 
model preferences, provides a quality indicator for design solutions and finally turns the initial 
multiobjective optimization problem into a mono-objective problem which is solved 
stochastically by genetic algorithm. As an illustration of the trade-off approach, the method is 
used to achieve robust solutions for a side-impact crashworthiness problem.  

1 Introduction 
In the early stage of the design process, difficulties 

may arise from a limited knowledge of the system, from 
the high level of uncertainties and incomplete data due to 
fluctuating operating conditions, modeling precision, 
material properties or manufacturing tolerances for 
example [1]. Two conflicting issues are generally of 
interest in uncertain design problems: the optimization of 
the overall performance and then the minimization of the 
design variability also known as robustness. Robust 
design optimization (RDO) methods mainly focus on 
analyzing the trade-off between the improvement of the 
nominal performance and the reduction the design 
sensitivity. In quality engineering, G. Taguchy [2,3] 
attempts to minimize the effects of uncertainties on 
design sensitivity and performance without eliminating the 
source of variation by suggesting a “signal to noise” ratio 
to quantify the robustness of a design solution. However 
this method suffers from the impossibility to control 
compromises realized between levels of performance and 
sensitivity. Indeed according to his preferences, a 
designer needs to properly formulate such trades-off in 
order to achieve robust solutions. 

Therefore, for a complete automation of trade-studies 
in robust design problem, this research work about RDO 
methodologies, integrates not only the robustness as 
defined by G. Taguchi, but also the robustness of the 
designer choice based on the expression of preferences 
and admissible compromises. It is a topical issue in 
design processes, since decisions must lead to the 
selection of a unique design alternative which will be 
manufactured and put on the market. Taking robust 
decisions is therefore fundamental by allowing designers 

to make the best choices at the earliest stages of the 
design process, even if it is constrained by deep 
uncertainties. Benefits come from decreasing the number 
of iterations between preliminary and detailed phases of 
the design process and increasing the level of reliability 
and speed of convergence towards the most preferred 
solution. 

An efficient way to deal with RDO problems consists in 
tackling them as a multiobjective optimization problem [4]. 
Difficulties arise from comparisons between properties. 
Typically, an interpretation step is required to turn the 
numerical values of some performance criteria into levels 
of acceptability ranging from zero to one. Aggregation 
strategies are then used to build a single indicator 
reflecting the overall satisfaction level of acceptability of 
the design. Research works have focused in designing 
interpretation function such as utility or desirability 
functions, and aggregations function [5,6] to aggregate 
some objectives into a global score. However the 
development of a trade-off function dedicated to tackle 
RDO problems in engineering, haven’t yet stimulated 
much interests. Indeed this problem requires a particular 
class of function to model the perception of the designer 
when the robustness is expected. For example, a design 
solution is expected first to satisfy some criteria of 
performance and then to be invariant to uncertainty. 
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Fig. 1 Overview of the optimization model 

The main purpose of this research work aims to 
develop a trade-off function to filter the Pareto front and 
achieve rational compromises between design objectives. 
A whole design optimization model composed by a model 
of the system behavior and a knowledge-based model 
involving interpretation and aggregation functions, is 
suggested to model preferences and provide a quality 
indicator for design solutions. The initial multiobjective 
optimization (MO) problem is thus turned into a mono-
objective problem which is solved stochastically by 
developing a classical genetic algorithm. An overview of 
the developed methodology is presented in Fig. 1. As an 
illustration of the trade-off approach, the method is used 
to achieve robust solutions for a side-impact 
crashworthiness problem. 

2 Observation, Interpretation and 
Aggregation (OIA) 

In engineering design, technical solutions do not 
always meet the requirements and satisfy in unequal 
ways each design objective. The difficulty arises with the 
balancing act between the different levels of design 
objectives fulfillment. Therefore designers use their own 
judgment to express preferences on the design objectives 
and perform trade studies on the resulting design to 
converge toward the most preferred alternative. 

Behaviour model

Knowledge-based model

1 - Observation μ(x)

2 - Interpretation δ(y)

3 - Aggregation ζ(z)

DOI = φ(x) =ζ○δ○μ(x)

Interpreted
variables

Observation
variables

Design Objective
Index (DOI)

Design
variables

 
Fig. 2 Formulation of preferences with OIA 

 As illustrated in Fig. 2, such a process requires both 
objective and subjective knowledge. It is a three-step 
procedure which consists in first observing some relevant 
characteristic of the system, then interpreting their values 
into levels of acceptability according to constraints or 

requirement, and finally aggregating these interpreted 
values into a single global indicator. The designer’s 
actions composed by observation, interpretation and 
aggregation (OIA) enable them to express preferences 
from a set of design variables. Each preference is 
intrinsically linked to a numerical value which conveys the 
level of fulfillment achieved by the chosen alternative. This 
value is the preference function. It brings together three 
kinds of functions which refer respectively to observation, 
interpretation and aggregation: 

 = o oφ ζ δ μ  (1) 

where φ designates the preference function, μ is the 
observation function, δ is the interpretation function and ζ 
is the aggregation function. The OIA procedure has been 
already applied in the optimization of a two-stage flash 
evaporator [5,6]. 

2.1 Observation 

Observation is the first thing that enables individuals to 
make judgment and so, to operate choices. During the 
design process, decisions about the values of design 
variables are often based on the observation of some 
relevant performance criteria of the system such as mass, 
efficiency, resources consumption, environmental impact 
or cost. The observation model is the behavior model of 
the system, combining relations and variables from 
physical, manufacturing, environmental and economical 
models. The observation model can be express as 
follows, 

 ( )= ÎWμ ,y x x  (2) 

where μ is the observation model, y is the set of 
observation variables computed from a set of design 
variables x taken in the domain Ω. 

2.2  Interpretation 

The selection of an optimal design depends first on the 
satisfaction of constraints by the performance criteria, and 
then, on the overall level of performance reached by this 
solution. Thus interpretation aims to provide a same scale 
of value for criteria comparison according to their ability to 
satisfy constraints. Constraints are turned into objectives 
by mapping their value onto a function in the domain [0;1]. 
Observation variable values are thus associated to a level 
of acceptability. A level of acceptability close to zero 
usually leads to a non acceptable design alternative. A 
value closes to one means that the constraint has been 
completely satisfied. The alternative can be thus 
considered as acceptable. Moreover it becomes thus 
possible to provide the design problem formulation with 
flexibility by specifying how strict the constraints are. This 
whole knowledge-based model built on the designer 
judgment and experience is expressed through 
interpretation functions which are defined as a vectorial 
function of observation variables by: 

 ( ) [ ]= Îδ  ,   with 0,1z y z  (3) 

where δ represents interpretation functions and z is the 
set of interpreted variables in [0;1] derived from the set of 
observation variables y. In this paper we use a widely 
adopted class of interpretation functions based on the 
concept of desirability. In [7], Harrington proposed a 
multicriteria optimization scheme for industrial quality 
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management based on what he called desirability 
functions. These functions are represented in Tab. 1. 

One-sided (Max. form) 
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Tab. 1 Harrington desirability functions 

2.3 Aggregation 

As a general rule every observation variable and 
hence, every interpretation variable, is related to one or 
more design objectives. While a constraint is a functional 
or technical requirement that the system must satisfy, a 
design objective can be defined as a general target or a 
task-specific constraint that the system should meet. 
Reducing manufacturing costs or environmental impacts 
are both usual relevant objectives in engineering design. 
Aggregation processes consist in first identifying 
performance criteria related to a same design objective, 
and then, combining their different levels of acceptability, 
or desirability, into one single indicator. This indicator, 
called Design Objective Index and denoted DOI in this 
paper, quantifies the overall desirability level reached by a 
design alternative in regard to one particular design 
objective. We express aggregation functions as: 

 ( ) [ ]DOI  ,   with DOI 0;1= z Îz  (4) 

The design objective index is derived from the 
desirability index introduced by Derringer in [8]. He 
suggested to aggregate desirability functions according to 
a weighted geometric mean to tackle multicriteria 
optimization problems. Later, Kim and Lin [9] modified this 
approach by computing the desirability index as the 
minimum of the desirability values. These two 
aggregation formulations are designated respectively as 
aggressive and conservative design strategy in the 
Method of Imprecision (MoI) developed by Anthonsson in 
[10,11]. Conservative design strategy is used while trade 
off aims to improve the design by increasing the 
desirability level of the worst aspect and decreasing the 
overall desirability level. In this case, the aggregation 
function is the minimum function: 

 ( ) { }= K1 nζ min. z , ,zz  (5) 

where z is a set of n interpreted variables. Conversely, 
aggressive design strategy consists in increasing the 
overall level of desirability by slightly reduced the 
compensatory effects on the lowest property. Sometimes 
the resulting design is strongly hampered by a single 
criterion which is much more difficult to satisfy than all 
others. Therefore relaxing this constraint enables an 
improvement of the overall design. This strategy is 
expressed as a geometric mean aggregation: 

 ( ) i

n
w

i
i 1

z
=

z =Õz  (6) 

Each component of the aggregation can be provided 
with a numerical weight wi which reflects a partial order of 
importance between preferences. Weight assignments in 
aggregation processes are not tackled in this paper and 
therefore, all weights are taken as equal, i.e. we suppose 
that all components of the aggregation are equally 
preferred. Conservative and aggressive aggregation 
strategies can be applied successively to combine many 
design objectives into a single global main objective. 

3 Development of a trade-off function 
In the continuity of the OIA procedure, we have 

developed a new objective function, specific to robust 
design problems, i.e. while designers performed trade 
studies between first improving the overall level of 
nominal performance and then reducing the design 
sensitivity. The awareness of such compromises is a main 
source of concern in design engineering since they enable 
to make robust decisions and then, to converge quickly 
towards the most preferred alternatives. 

Obervation, Interpretation,
Aggregation

Design
variables

Obervation, Interpretation,
Aggregation

Uncertainties

Improve nominal
perfomance

Reduce design
sensitivity

Trade-off

Design model Design objective

 
Fig. 3 Principle of the trade-off approach 

The developed approach is exposed in Fig. 3. We use 
the OIA procedure to formulate two design objectives 
related to robustness. While the first one aims to improve 
the nominal performances of the system, the other one 
concerns the minimization of the sensitivity of the design 
to perturbations. Then, instead of performing another 
aggregation as suggested in part 2.3, a trade-off function 
is thus introduced to filter a set of solutions according to 
their ability to improve or degrade compromises linked to 
robust design. 

3.1 Trade-off function and trade-off indicator 

The trade-off function has been designed to provide a 
suitable measurement for the relative sensitivity of a 
choice from a set of alternatives, by quantifying the 
improvement or degradation in the compromise between 
two preferences when one of both is prevailing. In a 
robust deign framework, it is often rational to first achieve 
a satisfying level of performance and then to reduce the 
sensitivity of the solution. Achieve a good level of nominal 
performance and reduce variability can be considered as 
two design objectives in this case. The trade-off function 
is a three parts function defined as: 
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where (u,v) are two normalized preferences such as u is 
dominant compared to v. The preference u refers to the 
objective of improving the nominal performance whereas 
the preference v designates the objective of reducing the 
variability of the design. Parameters k and n are 
specification parameters of the trade-off function. These 
parameters are related to an iso trade-off of reference 
given by τ (u, v) = 0. 

 
Fig. 4 Trade-off function specified with k = 0.5 and n = 3 

The iso trade-off function which is further detailed in 
part 3.2, represents all the alternatives considered as 
equally preferred by the decision-maker. In Fig. 4, a 
trade-off function specified with k=0.5 and n=3 has been 
represented. The trade-off function ranks a set of 
solutions alternatives according to their ability to 
constitute a better, equivalent or worse compromise than 
the trade-off initially defined by the iso trade-off function. 
Derived from the desirability index, we introduce here the 
trade-off indicator TI defined as: 

 ( )TI u,v= t  (7) 

From a couple of preferences, the trade-off function 
thus provides a relative measure expressing the 
improvement, or the degradation in the compromise 
between two candidate solutions. Therefore such an 
indicator traduces a partial order relation and is 
associated to a particular set of solutions. Considering a 
set of design alternatives evaluated on two preferences, a 
positive trade-off indicator indicates an improvement in 
the compromise, and so a more relevant choice, whereas 
a negative trade-off indicator traduces a degradation and 
so a worst choice. The iso trade-off function is associated 
to a trade-off indicator equal to zero since it represents 
equivalent choices and therefore a conservation of the 
trade-off. 

 
Fig. 5 Iso trade-off curves 

In Fig. 5 alternatives A and B express a compensatory 
situation where no rational decision can be taken. The first 
example (a) deals with trade-off improvement. Alternative 
C is equivalent to alternative A in regard to preference v 
but, it is also better in regard to preference u. Compared 
to alternative B, alternative C is equivalent in regard to 
preference u but, better in regard to preference v. 
Therefore alternative C constitutes a better choice than 
both A and B. The second example (b) deals with the 
conservation of the trade-off. According to the value 
obtained for each preference, it is actually not possible for 
the decision-makers to operate a rational choice between 
alternatives A, B and D, which can be considered as 
equivalent. The last example (c) refers to trade-off 
degradation. As the alternative E is less preferred than 
both alternatives A and B for the two preferences u and v, 
then it constitutes the worst compromise. The partial 
orders of relations associated to these examples are 
reported in Tab. 2. 

Trade-off cases Partial order relations 

a –Improvement ( )A C A C

B C B C

u u , v v
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u u , v v

»ìï
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b – Degradation ( )A E A E
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E A,B
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Tab. 2 Trade-off and partial order relations 

These particular properties of the trade-off function 
enable to provide a consistent ranking of the possible 
alternatives, even in borderline cases while all alternatives 
achieve the same level of nominal performance, or the 
same level of design sensitivity or equivalent levels. 

3.2 Iso trade-off function 

The general expression of the trade-off function given 
in part 3.1, is mainly derived from the definition of the iso 
trade-off function. This function is derived from preference 
modeling in decision theory. Preferences and their logical 
properties refer to a choice between some alternatives 
and the possibility to rank these alternatives according to 
degrees of satisfaction, utilities, desirabilities or other 
evaluation criteria. The iso trade-off function modeled an 
indifference relation which can also been regarded as an 
equivalence relation. Such a function represents all the 
alternatives considered as equally preferred by the 
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decision-maker. Let’s consider two preferences (u,v) as 
introduced previously. Typically, the ideal decision made 
from alternatives concerns the one which achieves the 
best preferences for both u and v. Such cases are rare in 
real decision problems. Designers often face to 
compensatory situations and have to operate selections 
among a set of design solutions. According to the trade-
off approach, if preference u is required to keep a minimal 
value, then the compromises between u and v can be 
expressed as the maximal degradation of u allowed by 
the designer to improve the preference v. The iso trade-
off function is based on this statement and considers 
every solution that verifies the following equation as 
equally preferred: 

 

( )
[ ]

n n n

*

1 u v 1 k 0

u k, k 0,1
with 

n +

- - - =

ì > Îï
í
ÎÂïî

 (8) 

where k and n are the two specification parameters 
required to adjust the shape of the function of the decision 
problem. Parameter k gives the minimal admissible value 
reached by preference u in order to increase the value of 
preference v from zero to one. Parameter n is used to 
refine the expression of the compromise expected 
between the two preferences. Increasing the value of n 
makes it possible to be more and more restrictive on the 
minimal admissible value taken by preference u. Through 
this formulation we suggest that a design solution 
satisfying the objective of performance, i.e. such as u=1, 
but not robust (v=0) is equivalent to a solution less 
performing (u=k) but much more robust (v=1). 

4 Application: trades-off for vehicle 
side-impact crashworthiness 

As an illustration of this trade-off approach, the method 
is used to achieve robust design solutions for the car 
side-impact crashworthiness problem already discussed 
in [12,13,14] and presented on Fig. 6. This multiobjective 
optimization problem aims to design a vehicle structure 
under uncertainties, which not only satisfies a number of 
safety conditions imposed by the crashworthiness 
regulations, but also minimizes the overall weight of the 
car. 

B-pillar
inner

Floor side
inner

Door belt line

Roof rail

Door
beam

Cross
member

 
Fig. 6 Vehiccle side impact model adpated from [13] 

4.1 Description of the vehicle side-impact 
crashworthiness problem 

Initially the objective of the side-impact 
crashworthiness problem is to reduce the vehicle weight 

while satisfying safety criteria, by adjusting the values of 
nine design variables presented in Tab. 3 and illustrated 
on Fig. 6. Design variables from x1 and x7 refer to the 
thickness of the different parts of the vehicle structure 
namely the B-pillar inner, the B-pillar reinforce, the floor 
side inner, the cross member, the door beam, the door 
belt line and the roof rail. These variables are supposed to 
be continuous. Design variables x8 and x9 refer 
respectively to the material properties (medium-strength 
steel and high-strength steel) of the B-pillar inner and floor 
side inner. They are considered as discrete variables. In 
addition to this nine design variables there are two other 
variables which represent the barrier hitting height x10 and 
the barrier hitting position x11. In this study we take these 
two last variables equal to zero. Furthermore variables 
from x1 to x7 are supposed to have a normal distribution 
with a standard deviation equal to 0.03. 

D. variables Type Domain Ω Dist. Std. 

x1 continuous [0.5 ; 1.5] N 0.03 

x2 continuous [0.5 ; 1.5] N 0.03 

x3 continuous [0.5 ; 1.5] N 0.03 

x4 continuous [0.5 ; 1.5] N 0.03 

x5 continuous [0.5 ; 1.5] N 0.03 

x6 continuous [0.5 ; 1.5] N 0.03 

x7 continuous [0.5 ; 1.5] N 0.03 

x8 discrete {0.192 ; 0.345} - - 

x9 discrete {0.192 ; 0.345} - - 

Tab. 3 Design variables of the vehicle side-impact 
crashworthiness problem 

The response variables of the side-impact 
crashworthiness model are the observation variables of 
the OIA formulation. They concern the overall weight of 
the car (y1) and the safety performances involving the 
occupant and structural damages. These safety criteria 
concern the abdomen load (y2); the chest injury caused by 
the deformation of soft tissues measured at three different 
places on the torso (viscous criterion; y3 - y4 - y5); the rib 
deflections measured at the upper, middle and lower 
chest area (y6 - y7 - y8) and the possible tear in the 
cartilage connecting the right and left pubic bone (public 
symphisis force, y9). The behavior of the vehicle structure 
includes the velocity of the B-pillar at the middle point (y10) 
and the velocity of the front door at the B-pillar (y11). The 
FE simulation models and the statistical analysis 
performed to derive the response surface model are 
described in [13]. The response surfaces giving the weight 
of the vehicle and the safety criteria are expressed as 
follow: 
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These expressions enable to provide the mathematical 
formulation for the initial optimization model P1 of the 
vehicle side-impact crashworthiness: 

1 1
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3 4 5
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1
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10 11

P : min. y

Sub. to : y 1.0 kN

y ,y ,y 0.32 mm

y ,y ,y 32 mm

y 4.0 kN

y 9.9 mm ms

y 15.7 mm ms

 with x x 0

-

-

£
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£

£

£ ×

£ ×

ÎW = =x  

The trade-off optimization problem is mainly derived 
from this formulation. The objective is to reach the best 
compromise between the nominal performance involving 
the minimization of the weight and the respect of safety 
criteria, and the design stability. In this study, the design 
stability is based on the probability that a constraint is 
violated according to safety criteria. 

4.2 Formulation of the optimization problem 
through the OIA procedure 

According to the methodology developed on part 2, the 
initial optimization model P1 of the vehicle side-impact 
crashworthiness is formulated through OIA processes and 
completed by including design stability and trades-off. Fig. 
7 illustrates the whole design model derived from the 
trade-off approach and OIA procedure. Starting from a 
global design objective, the designer can structure the 
design problem by setting actions which refer to 
observation, interpretation and aggregation. The main 
design problem is thus divided into objectives and sub-
objectives which have to be satisfied. Ones can notice 
that the computing process starts by first evaluating the 
observation variables, then the value reached by the 
different objectives and finally the global design objective. 
The main design objective of the modified design problem 
is to achieve design solutions which satisfy trades-off 
between nominal performance and design stability. This 
action is modeled using a trade-off function between two 
preferences related to two design objectives: improve the 
overall level of performance (DOI1) and reduce the 
variability of the design under uncertain data (DO2). The 
design objective linked to performance is defined by the 
fulfillment of two sub-design objectives related 
respectively to the minimization of the vehicle weight and 
the satisfaction of safety conditions. This is modeled using 
a weighted geometric mean aggregation. The optimization 
of the overall weight is directly given by the interpretation 
of the observation variable y1 through an ones-sided 
Harrington desirability function specified with an absolute 
constraint equal to 30 and a soft limit taken at 20. The 
safety objective is obtained by satisfying every safety 
criteria and thus modeled by aggregating binary values (0 
or 1) provided by strict threshold interpretation functions. 
Therefore, through an OIA process, the initial optimization 
model P1 of the vehicle side-impact crashworthiness is 
now formulated as P2 by: 

2 1

10 11

P : max. DOI

Sub. to :  with x x 0ÎW = =x  

Such a formulation has turned the multiobjective 
optimization problem into a mono objective problem. 
Constraints and preferences are formulated inside the 
objective function through interpretation and aggregation 
steps, and consequently, they are not explicit in the 
formulation of the optimization problem, but intrinsic to its 
definition. However both formulations P1 and P2 remain 
equivalent and share the same optimal solution presented 
in the following. 
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Fig. 7 Design optimization model of the vehicle side-impact crashworthiness

The design objective linked to the minimization of the 
design stability deals with the probability that constraints 
are satisfied or not by safety criteria, while design 
variables (x1-x7) are randomly disturbed. This action is 
modeled using a weighted geometric mean aggregation 
composed by the interpretation of the constraint violation 
probability p for the observation variable y. The 
interpretation function used is the one-sided Harrington 
desirability function. The hard constraint is set according 
the admissible probability of non-respect of the constraint. 
Finally the modified design optimization model P3 of the 
vehicle side-impact crashworthiness is formulated as 
follow: 

3

10 11

P : max. TI

Sub. to :  with x x 0ÎW = =x  

In this research work, we consider that all components 
involved in the different aggregation processes are 
equally preferred, and thus the corresponding weights are 
equal. The design solutions related to P2 and P3 are 
discussed in part 4.4. 

4.3 Numerical solving 

The numerical solving problem has been addressed by 
developing a classical genetic algorithm [15]. This nature-
inspired algorithm takes into account a set of finite 
alternative solutions which are evaluated and ranked 
according to their fitness, i.e. the objective function value. 
The weakest candidates are then eliminated before a new 
set is created. Four operators, with different occurrence 
probabilities, ensure the convergence of the set toward 
the optimal point: the tournament selection, the cross-
over, mutation and climber operators. The optimization 
process has been performed with a population of 240 
individuals with an elitism strategy, a tournament size of 2 

with an initial selection pressure of 50%, a crossing 
probability of 80%, a mutation probability of 10% and a 
climbing probability of 20%.  

For the optimization problem P3, the fitness function 
has been modified to handle uncertainties. First each 
individual is evaluated 1000 times using Monte Carlo 
simulations. Moreover as the trade-off function is relative 
to a particular population, the design objective indexes 
DOI1 and DOI2 must be normalized by their maximum 
value over the current population. But in this study, for the 
design objective linked to the performance, we take as 
reference the optimal design solution of the optimization 
problem P2. In other words, we suppose that the nominal 
performance of this design which is obviously the highest 
is expected to be decreased in order to improve its 
robustness.  

4.4 Results and discussion 

The optimization problem P2 is first processed. The 
optimal solution is obtained in 344 generations and is 
reported in Tab. 4. This solution presents an overall level 
of desirability of 0.9314 for the design objective linked to 
the nominal performance (DOI1). This design is fortunately 
the same as the one obtained by deterministic method in 
[14] for the optimization problem P1. However this optimal 
design is not a robust optimal solution in particular for the 
safety criteria. In fact the observation variables y8, y9 and 
y11 are equal to their admissible values. Therefore a 
slightest variability on the design variables makes the 
safety design objective to be no longer satisfied. Finally 
the optimization problem P3 is processed with absolute 
probabilistic constraints of 90% and 99%. In this study we 
have chosen to set k=0.5 and n=3. The optimal designs 
solutions provides by P2 and P3 are denoted respectively 
as S2 and S3. 
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Designs solutions : S2 S3,90% S3,99%

TI 90% 0.000 0.899 0.793 

TI 99% 0.000 -0.017 0.793 

Design variables:    

x1 0.5000 0.5008 0.5000 

x2 1.2258 1.3051 1.3605 

x3 0.5000 0.5000 0.5003 

x4 1.2071 1.2742 1.3367 

x5 0.5000 0.5939 0.6574 

x6 1.4932 1.5000 1.5000 

x7 0.5000 0.5018 0.5000 

x8 0.3450 0.3450 0.3450 

x9 0.1920 0.1920 0.1920 

Tab. 4 Optimal designs for the side-impact crashworthiness 
problem with different probabilistic constraint 

According to this formulation of the design optimization 
problem, the developed trade-off approach enables to 
achieve solutions which present a more robust 
compromise than the initial solution S2. Tab. 4 represents 
the optimal designs for the side-impact crashworthiness 
problem tackled with different probabilistic constraint. The 
solution of reference S2 gets a trade-off indicator equal to 
zero since looking at Tab. 5 and Tab. 6, this solution has 
the highest score for the performance objective (DOI1) but 
doesn’t meet the conditions imposed by the stability 
objective (DOI2).  

 
Fig. 8 Seven first design variables for the side-impact 
crashworthiness problem using different approaches 

Fig. 8 illustrates the design variables of the side-impact 
crashworthiness problem brought back from the initial 
domain Ω into the range [0;1]. Looking at the design 
variables on Tab. 4 and Fig. 8, it appears that the three 
design configurations are very close. Obviously the 
variables x2, x4 and x5 are the most sensible and thus 
enable to jump from a design solution to another. 
Consequently, starting from the reference solution S2, it is 
thus possible to perform slight modifications of the design 
variables values to improve the compromise between 
nominal performance and design stability of such a 
solution.  

Designs solutions : S2 S3,90% S3,99%

DOI1 0.931 0.879 0.818 

Observ. variables:    

Min. y1 23.192 24.166 24.892 

y2 ≤ 1.00 0.564 0.495 0.438 

y3 ≤ 0.32 0.234 0.233 0.233 

y4 ≤ 0.32 0.247 0.250 0.253 

y5 ≤ 0.32 0.289 0.286 0.286 

y6 ≤ 32.0 28.887 28.720 28.614 

y7 ≤ 32.0 27.319 26.806 26.468 

y8 ≤ 32.0 31.999 31.210 30.665 

y9 ≤ 4.00 4.000 3.959 3.922 

y10 ≤ 9.90 9.342 9.261 9.206 

y11 ≤ 15.7 15.698 15.576 15.496 

Tab. 5 Fulfillment of the nominal performance objective for 
the side-impact crashworthiness problem 

For the optimization problem specified with a 90% 
probabilistic constraint, the best trade-off indicator equals 
0.899 and thus, the design solution S3,90% traduces a great 
improvement of the compromise between nominal 
performance and design variability. From Tab. 5 and Tab. 
6, we can observe that a compromise of 0.05 on the 
nominal performance objective enables to improve the 
design stability objective from 0 to 0.961. In term of 
performance, this is traduced by a 4% weight increasing 
while satisfying the safety criteria. However, in the same 
time, the risks of constraint violations have been reduced 
from 50% to 4 % for the safety criteria y8, y9 and y11. While 
increasing the probabilistic constraint from 90% to 99%, 
the solution S3,90% is no longer optimal since its score for 
the stability objective is null. The associated trade-off 
indicator is thus negative and so such a solution 
represents a worst choice than S2 according to the 
problem specifications. Consequently, a new optimal 
solution S3,99% is reached. As it is more difficult to satisfy 
the new requirements set on the stability objective, a 
higher decreasing on the nominal performance is required 
to improve the trade-off indicator. This solution is safer 
than the other by strongly minimizing the risks of safety 
constraints violations. 

In this side-impact crashworthiness problem, a 
modification of the shape of the trade-off function by 
increasing or decreasing the values of parameters k and n 
doesn’t modify the optimum. In fact, as there is a design 
solution with a very high trade-off indicator among all 
possible alternatives, then the optimization process 
converges toward this solution whatever the trade-off 
function specification, unless to impose a very restrictive 
value to k such as k = 0.95 and in this case, the 
optimization algorithm converges toward S2. 
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Designs solutions : S2 S3,90%  S3,99% 

DOI2, 90% 0.000 0.969 0.990 

DOI2, 99% 0.000 0.000 0.990 

Probability:    

p(y2 ≤ 1.00) 1,00 1,00 1,00 

p(y3 ≤ 0.32) 1,00 1,00 1,00 

p(y4 ≤ 0.32) 1,00 1,00 1,00 

p(y5 ≤ 0.32) 1,00 1,00 1,00 

p(y6 ≤ 32.0) 1,00 1,00 1,00 

p(y7 ≤ 32.0) 1,00 1,00 1,00 

p(y8 ≤ 32.0) 0,49 0,96 1,00 

p(y9 ≤ 4.00) 0,48 0,96 1,00 

p(y10 ≤ 9.90) 1,00 1,00 1,00 

p(y11 ≤ 15.7) 0,51 0,98 1,00 

Tab. 6 Satisfaction of the design stability objective for a 90% 
and 99% probabilistic absolute constraint 

5 Conclusion 
In this paper, a new objective function, based on the 

trade-off between nominal performance and design 
sensitivity has been developed to tackle robust design 
optimization in engineering problems. In this framework, 
an original OIA procedure based on observation, 
interpretation and aggregation functions is suggested to 
provide the designer with a convenient formulation for 
expressing his preferences and qualifying particular 
design alternatives. 

The salient point of this research work is to develop a 
trade-off function to filter a set of design solutions and to 
achieve rational compromises between design objectives. 
It results in an objective function involving not only the 
optimality and sensitivity of the solution, but also the 
compromises expected by the designer. The trade-off 
function qualifies the degradation of the nominal 
performance allowed by the designer to reduce the 
design sensitivity of the preferred solution. The 
formulation of the trade-off function used in this paper is 
based on the specification of level curves called iso-trade-
off functions. The trade-offs achieved by design 
alternatives are thus evaluated according to their 
capability to satisfy, degrade or improve the initial 
compromise.In the last section, a benchmark design 
problem based on vehicle side-impact crashworthiness 
had been presented. Through this case of application, the 
developed trade-off approach slightly modifies an initial 
solution of reference to achieve more robust design 
solutions. In this case the robustness of the design is 
evaluated according the degree of confidence in the strict 
respect of safety criteria. 

The trade-off approach coupled with an OIA scheme 
seems promising to tackle RDO problems. However the 
interaction with the designer through the specification of 
the parameters of the trade-off function must be further 
investigated in future research work.  
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Abstract 

Purpose: 
Among the primary objectives in future space missions, the building of lunar bases has a 
growing attention. For this reason, beside the lunar rovers allocated to the exploration 
missions, lunar vehicles assigned to working missions have to be considered. 
In this paper the design of a particular device developed  for the lifting mechanism of a worker 
rover, is reported. The main task of this rover is to clear areas of the lunar soil allocated to the 
building of lunar bases. 

Method: 
Parametric modelling and numerical simulations were used to obtain compact geometries of 
the components and assess the structural behaviour of the most significant under extreme 
operating conditions. 

Result: 
 The components of the device, relative in particular to the transmission mechanism, were 
developed for an optimal operating of the vehicle as concerns the stability control and the 
correct operating of the linear actuator under load, keeping into account at the same time the 
peculiar characteristics of the hostile lunar environment.   

Discussion & Conclusion: 
The optimally designed device, thanks to replaceable components, allows to recover an 
efficient system after long working periods. The introduction of the device in a prototype rover 
will allow to define the performance of the proposed arrangement.  

 

1 Introduction 
 
The interest for a deeper exploration of planets has 

been recognized for a long time. In particular, different 
missions to the moon have been performed over the 
years [1,2], which allowed to collect a large amount of 
data spreading from the physical and chemical 
characteristics of the environment to the configuration of 
the soil. The employment of lunar rovers greatly 
increased the efficiency of these exploration missions. In 
fact, the lunar rovers were assigned to the transport of the 
crew, the exploration of the land and the picking of 
material samples. These vehicles, among which it is 
worth to mention the Lunokhods and the Apollo Lunar 
Roving Vehicles (LRVs), were principally designed to 
move on impervious surfaces and to cross obstacles[3-5]. 

The past lunar missions have also enforced the 
possibility to establish human installations on the planet, 
for the potential advantages that this may offer, including 
space tourism, which was demonstrated as an 
economically viable activity [6]. Several types of 
structures have been proposed for lunar outposts, ranging 
from simple inflatable structures to more advanced 
projects with complex buildings and supporting 
infrastructures  [7-9]. 

Besides the exploration rovers, to install such an 
advanced habitat on a planetary surface, extensive 
operations for a proper site preparation, including terrain 

excavation and grading, are required. For this purpose, a 
different concept of lunar vehicles has to be considered. 

This paper focuses on the design of a main component 
of a lunar vehicle under development with this purpose, 
since it is assigned to working tasks. In fact, the rover was 
conceived as a skilled worker with the job to clear from 
rocks and debris the areas allocated to the building of a 
lunar base.  

The design of the components of a lunar vehicle is a 
quite complex task since it has to keep into account the 
peculiar characteristics of the environment in which the 
rover will have to operate, such as the fine and dry soil 
called lunar regolith. In the design of lunar rovers for 
exploration missions, particular attention is given to the 
mechanical components which directly interact with the 
soil [10,11]; the development of a worker rover also needs 
to take into account other factors such as the load bearing 
and carrying capability in a hostile environment, keeping 
at the same time the structure simple and versatile.  

The worker rover has been devised to catch loads and 
move them and a lifting mechanism is a basic component 
for both these tasks. In this paper the design of primary 
components of the lifting mechanism, with particular 
regard to the transmission mechanism, has been 
considered. In particular, the functional and geometrical 
characteristics of a particular device, developed for an 
optimal operating and the stability control of the vehicle, 
are described. First, the main characteristics of the worker 
rover are briefly illustrated and then, the proposed design 
solutions are discussed. Finally, a numerical structural 
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testing for a screw and nut coupling, critical component in 
relation with the hostile environment, but essential for the 
lifting of the load and the rover, is reported. 

 

2 Architecture of the worker rover 
The arrangement of the rover was aimed to obtain a 

functional and lightweight structure able to accomplish the 
specific working tasks, also following general 
requirements. The first requirement is relative to vehicle 
mobility, that is, to achieve mission goals, the design 
should meet the performance requirements for the 
prospective geographical conditions, such as climbing 
slopes or crossing rocks. The second requirement for a 
lunar vehicle is to have sufficient endurance for its 
missions, including reliability and robustness to the 
environment, as already mentioned in the introduction. 
Thirdly, overall system efficiency requirements such as 
weight, and size must be satisfied. 

The fig. 1 reports the essential scheme of the worker 
rover, with the main parts depicted. This rover was 
designed to catch and lift objects with a weight up to 
800N, corresponding to a mass of about 500Kg in the 
lunar gravity. 

 

 

Fig.1 The worker rover. 

The main components of the rover are a frame which 
is connected to the catching mechanism of the load and 
four columns that transmit the load to the frame by means 
of slides assembled to the frame. The gripper system is a 
plane articulated mechanism with three degree of 
freedom. The scheme of the mechanism representing the 
gripper, which is particularly evidenced in the bottom view 
of fig.1, allows to grasp solid objects, with a generic 

geometry, as are the numerous lunar mass on the moon 
surface. 

The columns of the rover have been designed to 
accomplish different essential tasks for a correct 
operating. In fact, at each column different devices have 
been devised to achieve the progress of the vehicle, the 
lifting of the load and the rover to keep a stable attitude 
independently from the contour of the soil. An image of 
the column of the rover, relative to a prototype vehicle 
which is under development, is reported in fig.2. 

 

Fig.2 The column of the rover 

The advancement of the rover and the control of the 
trajectory is obtained by means of a couple of wheels 
connected to the lower end of each column, where the 
epicyclic reduction gears mechanisms and the electrical 
motors, visible at the left side of fig.2, are also allocated. 
The electrical engine is a brushless motor with an 
electrical power of about one kilowatt and a mass less 
than one kilogram. 

The components of the lifting mechanism, which 
control the shift of the load and the attitude of the rover, 
are a slide joined to two guides with a low coefficient of 
friction, visible at the right side of fig.2, and a particular 
device, which will be discussed later in detail, with a 
precision coupling between a lead screw and nut driven 
by an electrical motor, similar to that used for the 
advancement of the rover.  

These components are assembled inside a thin wall 
body, whose material optimization is under study, with a 
high torsion stiffness, which sustains the loads and 
transmits them from the frame to the wheels. This element 
can also protect the mechanisms from the action of the 
outer, highly hostile, environment. In particular, it should 
help to prevent the damage of the mechanical apparatus 
produced by the abrasive action of the regolith, and it also 
should serve as protection of the surfaces against 
radiations, since the lunar thermal environment is 
characterized by large temperature variations with higher 
values than those measured on the heart [12]. This last 
issue was also kept into account in the development of 
the mechanical layout of the stability control device which 
will be described in the next paragraph. 

 
 
 
 
 

3 The lifting and stability control 
device 

 
As previously introduced, the basic mechanism chosen 

for the lifting and the stability control was a precision 
coupling between a lead screw and nut, which is more 
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suitable for space operations instead of pneumatic or 
hydraulic actuators. This mechanism allows to stop very 
simply the excursion of the slide on intermediate 
positions, thus achieving the control of the stability. In 
fact, it is possible to adjust the position of the frame of the 
rover according to the size and geometry of the weight, 
keeping at the same time the barycentre of the vehicle as 
low as possible, thus restricting the likelihood of its 
overturning. The lifting mechanism can be driven 
independently on each column, thus allowing the vehicle 
to cover impervious surfaces and to cross obstacles as 
large as the diameter of the wheels, maintaining at the 
same time the attitude of the rover. 

The lead screw and nut coupling was assembled in a 
compact device whose components were designed so as 
to optimize the operating of the lifting device. In particular, 
two main and correlated aspects were kept into account; 
the first was relative to the loading components acting on 
the screw and nut mechanism, while the other concerned 
the environment in which it will have to operate.  

As for the first requirement, to assure a correct 
operating of the linear actuator when the vehicle is under 
load, a decoupling element was introduced between the 
slide and the lead screw and nut coupling. This part, 
conceived with a different stiffness according to the 
component of the load transferred, was designed for 
transmitting to the lead screw only the normal component 
of the load, transferring simultaneously the other 
components to the loading bearing structure.  

The particular joint is evidenced in the detail of the 
column reported in the pictures of fig.3.  

  

Fig.3 A detail of the column. 

This joint, whose geometry has been accurately 
optimized, is rigidly connected, by means of screws, to 
the slide on one side and it is simply placed on the flange 
of the nut, as evidenced in fig.4, where the assembled 
joint is reported.  

 

Fig.4 The operating conditions of the joint. 

A meniscus, made of a material with a low friction 
coefficient and high strength, is placed between the joint 
and the flange of the nut to reduce the friction between 
the two surfaces in contact. 

The geometry and the assembling conditions give to 
this component the capability to rotate and to slightly slide 
in the radial direction with respect to the axis of the lead 
screw also compensating the potential misalignment 
between the axis of the lead screw and the axes of the 
guides fixed to the column. These components are finally 
assembled introducing another similar meniscus on the 
opposite side of the joint and a proper counterpart 
fastened to the nut by means of a screw. The detailed 
geometries of the parts of the device are shown in fig.5. 
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Fig. 5  The main components of the device. 

The joint and the meniscus were considered as a 
coupled pair and the functional and structural 
requirements evaluated under this configuration. As for 
the functional parameters, since the joint is designed to 
allow linear and angular adjustments, the maximum linear 
displacement and the maximum angle of rotation were 
estimated. It was accomplished by a mechanical variation 
analysis of the assembled device evaluated at the limit 
positions by means of a CAT software. A value of about 
2,5mm was obtained for the linear displacement, while, a 
maximum angle of 4° was estimated. 

As previously mentioned, the design of the screw and 
nut coupling was developed also considering the peculiar 
characteristic of the lunar environment. In particular, the 
high abrasive action of the regolith, typical of the lunar 
soil, can affect the performance of the mechanical parts, 
especially for those where sliding between the surfaces 
exists. For this reason an optimised scheduled 
maintenance has to be foreseen.  

The nut was modelled into two parts, consisting of a 
prism shaped portion internally threaded and a plane 
element, which acts as the flange of the nut. The 
geometry of each part with the functional dimensioning 
scheme is reported in fig.6. 

In particular, the fig.6a) reports the geometry of the 
threaded part, while the fig.6b) is relative to the flange of 
the nut. Regarding the functional dimensioning scheme, it 
has to be observed that the width across the flats of the 
hexagonal feature has to be considered a basic 
dimension. 

The functional requirements of the two parts reported 
in fig.6 can be verified with the use of a CMM properly set 
up. In fact, the arrangement of a gage to inspect, in 
particular, the hexagonal features of the two parts should 
be, for an accurate measurement, more troublesome 
since, for a profile tolerance, both the inner and the outer 
boundary at the same time have to be verified.  

 a) 

 b) 

Fig.6 The geometry of the nut: a) threaded part b) flange. 

The use of the threaded insert, destined to a regular 
replacement, is advantageous principally for the 
manufacturing of the part. The geometries of each part 
were also optimized to minimize the overall size.  

Particular attention was also given to the choice of the 
materials, as for wear resistance and weight, important 
parameters in the design of a lunar vehicle. In this study, 
titanium and carbon/carbon composite were considered 
respectively for the nut and the lead screw.  

The coupled mechanism was than structurally verified 
by means of finite element analysis. In numerical models 
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reported in literature for screw and nut couplings, usually 
simplified axysimmetric finite element modelling has 
mainly been used, thus neglecting the effects of lead 
angle and the helix of the thread profile [13,14]. The use 
of parametric CAD modelling for the design optimization 
of each component, among the many advantages, also 
allowed to perform the structural validation of the real 
geometries of the screw and nut coupling. The finite 
element model, implemented in a F.E.M. commercial 
software, was obtained by using 3D brick elements, while 
contact elements were used to simulate the threaded 
interface between the screw and the nut. Only the 
cylindrical portion of the nut was modelled while the 
action of the plane part was took into account by means 
of adequate boundary conditions.  

The fig.7 shows a detail of the F.E.M. model of the 
screw and nut coupling.  

 

Fig.7 The F.E.M. model of the screw and nut coupling. 

The numerical simulations, in particular, were relative 
to an extremely heavy limit condition. In fact, during the 
working operations of the rover on the lunar soil, an 
unexpected attitude of the vehicle can occur. In particular, 
during the crossing of the rugged soil of the moon, the 
vehicle can be found sustained only on two of the four 
columns. Furthermore, this event should happen while the 
rover is loaded at its upper limit, thus forcing each of the 
two operating columns to carry the overall load.  

The fig.8 shows the stress distribution obtained and 
relative to this extreme loading condition.  

 

Fig.8 The von Mises stress distribution of the nut.  

In particular, the fig.8 reports an iso-colour 
representation of the Von Mises stress distribution, 
expressed in MPa,  for the nut component of the coupling. 
Similar results were found for the lead screw component. 

The part exhibits the presence of stress concentrations 
along with the threaded surfaces in contact, in particular in 
correspondence of the fillets turns next to the outer edge. 
However, the stress field acting on the screw-nut thread is 
compatible with the chosen materials. 

4 Conclusions 
 
The device designed for the column of the worker rover 

allowed to optimize both the loading and the 
environmental operating conditions of the lifting 
mechanism.  

In particular, the described architecture, with a 
replaceable titanium made nut, is customised to the lunar 
environment, to allow an easy replacement of the 
threaded part, that is the cheapest component in the 
screw-nut mechanism. By this way, it is possible the 
recover of an efficient system as well after a long working 
period in a hostile environment where among other heavy 
conditions, also the arduous regolith is present. 

The prototype column of the rover actually existent is 
manufactured with conventional materials. Future work 
will concern the technological realisation of the system 
with the advanced materials, assessed with the numerical 
simulations. The system will be tested to collect the 
mechanical variables so as to define the system 
performances as efficiency, the driving couple, the system 
acceleration and the under load system life. 
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Abstract 

Context: 
In aeronautical industry, iterations between design department and simulation department - 
named "trial-and-error process" - are time and money consuming. Design and modelling of a 
fastened junction is a design problem often encountered, with a high complexity level. 
 Modelling: 
The junction problem is formalized through a software called STREAMEÓ. It uses loads from 
a finite element model to simulate the stress in each fastener of the junction. Several criterion 
are calculated. Actually, the software cannot perform any optimization process. Design 
variables of this problem are numerous. 
 Optimization: 
In order to solve the trial-and-error process and decrease the number of iterations, it is 
proposed to use a global optimization algorithm. Four stochastic algorithms inspired by nature 
are investigated: genetic algorithms, particle swarms, artificial immune systems and ant 
systems. Confronted to six benchmarks, an algorithm is selected and applied to the junction 
problem through three design scenarios, which illustrate the formalization of designer 
preferences.

1 Introduction 
This paper presents a part of the work realized in the 

AXSPAD project. Initiated by the AXS design engineering 
society, the aim of this project is to improve an existing 
software : STREAMEÓ. Several partners are involved in 
this project: 
- AIRCELLE (SAFRAN group), project partner and 

AIRBUS subcontractor, identified several problems 
to solve and supplied several industrial data; 

- I2M (Mechanics and Engineering Institute of 
Bordeaux University) develops research works 
related to design science; 

- AXS and ALTEP societies, develop the STREAMEÓ 
software. 

STREAMEÓ [1] is a post-processing toolbox used in 
aeronautics. Grouping several data like finite element 
models results (FEM), dimensional parameters, and 
materials databases, STREAMEÓ can simulate the local 
behaviour of several aeronautical structures. It is used by 
simulation departments to validate, or not, candidate 
solutions proposed by design departments. Simulations 
performed by this software produce numerous 
observation variables. This multi-objective design process 
is performed by the designer. 

In industrial processes, iterations are numerous 
between design departments proposing design solutions, 
and simulation departments analysing these solutions. 
"Trial-and-error process" [2,3] are money and time 
consuming. Updating the STREAMEÓ software, AXSPAD 
project aims at reducing these iterations. 

A way to improve the software is to include an 
optimization algorithm inside the STREAMEÓ software. 

These algorithm will be able to run a global optimization 
process to propose an optimized solution. In this paper, 
the design problem considered is a fastened junction; a 
reference solution is given by the AIRCELLE society. This 
solution is disabled and has to be improved. The junction 
model is representative of the complexity of aeronautic 
junction problems, with numerous design variables. In this 
paper, the selection of global optimization algorithms are 
investigated. 

First, it is proposed to explain the junction model used 
in the STREAMEÓ software. This modelling uses 
geometrical relations between fasteners positions and 
finite element models results. Then, the OIA method 
(Observation, Interpretation, Aggregation) is detailed to 
formalize designer's preferences and to solve multi-
objective design problems. Next, several optimization 
algorithms are presented, and compared to six 
benchmarks. The most suitable algorithm is selected to be 
applied to the junction problem. Finally, the optimization is 
realized, and results are discussed. 

2 Junction modelling 
In this part, modelling of the junction mechanical 

behaviour is detailed. In a design problem, two types of 
variables are employed and linked by a model of the 
product behaviour. This part doesn't detail the model, but 
explain the principles of the junction design problem. 

2.1 Design variables 

First type of variables are inputs of the model: they are 
called design variables and written X vector. Design 
variables represent the product to design. A set of 
instantiated design variables represents a candidate 
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solution to the design problem. An interval, called 
"domain of values", is associated to every design 
variable: values of these variables are taken in the 
corresponding domain of values. All these domains bound 
the design space: in this space, each point is a candidate 
solution. 

The junction to design is a problem proposed by the 
AIRCELLE society. This aeronautical company uses the 
STREAMEÓ software [1] to formalize the fastened 
junction model: two aluminium sheets linked through a 
line of rivets. The software inputs are : 
- A global finite element model (FEM); 
- A junction local description. 

This description takes into account positions and 
number of rivets, type of rivets, position of the line of 
rivets, and sheet thickness. 

Design variables are described in Table 1. The 
concept of repartition curves is used in the model, but is 
not detailed in this paper. In few words, it allows to reduce 
and fix the number of design variables if the product is 
constituted by numerous similar elements: the rivets, in 
this paper. A curve is used for the positions of rivets, and 
another for the types of rivets. Design variables are the 
ordinates of the control points of the curves. 

X Details Unit 
Value 

dom ain 
[xk

-
;xk

+
]] 

Step 
sk 

nriv Number of rivets - [20;70] 1 
e1; e2 Thickness of the sheets m [0.001;0.010] 0.001 

bl1; bl2 

Distance between the 
line of rivets and the 
sheet's edge 

m [0.005;0.025] 0.005 

c_posi ; 

iÎ[1;16] 

Ordinate for positioning 
control points. 

- [0.01;0.99] 0.01 

c_typei ; 

iÎ[1;6] 

Ordinate for types 
control points. 

- [0.01;0.99] 0.01 

Table 1 : Design variables 

In Table 1, steps are used to segment value domains 
in discrete domains. This discretization is necessary to 
obtain candidate solutions which are different from the 
designer point of view. 

The number of candidate solutions in a design space 
can be calculated using relation 1: it defines the size of 
the design space. 

 (1) 

Where: N is the number of candidate solution, 
 Nx is the number of design variables, 
 xk

+ ; xk
- are bounds of the kst value domain, 

 sk is the kst step 
The number of different candidate solutions is about 

N≈1035. The number of design variables is Nx=27 (see 
Table 1). 

2.2 Behaviour model 

The product behaviour is simulated through the 
STREAMEÓ software. Several scripts (named "cards") 
can be used for several types of design problems. The 
card corresponding to the junction problem is called 
"AXS_GPFB". This card executes the process bellow : 
1) Selection of FEM's nodes which correspond to the 

localization of the junction, 
2) Extraction of the nodes loads, 
3) Positioning of the fasteners in the FEM 3D space, 
4) Projection of the loads from FEM nodes to fasteners 

(for each fastener, several nodes can contribute), 
5) For each rivet, projection of the loads in a local 

bench mark, 
6) For each rivet, calculation of nine aeronautical 

criteria. 

These criteria are called "margins" and are calculated 
as indicated in relation 2. 

 (2) 

Where: MS is a margin, 
 All is the allowable strain, 
 Str is the simulated strain. 
Lightness of the product is also studied, through rivets 

mass and sheets surface density. 

2.3 Observation variables 

Second type of variables are outputs of the behaviour 
model, called observations variables Y. These variables 
are used by the designer to qualify the corresponding 
candidate solution. Nine margins are calculated for each 
rivet. The distance between fasteners is also calculated, 
and nondimensionized. This distance is used to valid the 
respect of know-how rules. Last observation variables are 
the mass of rivets and the total surface density of sheets. 
Observation variables are described in Table 2. 

Consequently, the presented behaviour model has 
(10.nriv+2) observation variables. 

Y Details Unit 

MSFt-i Tension margin in the ist fastener - 
MSFs-i Shear margin in the ist fastener - 
MSFI Combined criterion - 

MSSb-ij Bearing margin in the jst sheet for the ist fastener - 
MSSs-ij Shear margin in the jst sheet for the ist fastener - 
MSSt-ij Tension margin in the jst sheet for the ist fastener - 

pti 
Ratio between: distance between the ist fastener 
and the closest one, and mean of their diameters 

- 

Mr Total mass of fasteners kg 
DS Sheets surface density kg/m² 

Table 2: Observation variables 

3 Performance modelling through OIA 
method 

The OIA method (Observation, Interpretation, 
Aggregation) is a modelling process aiming to formalize 
the product performance [3-5]. It is constituted by three 
successive models : 
1) Observation model: this stage corresponds to the 

behaviour model, described in paragraph 2. Inputs 
are design variables X; outputs are observation 
variables Y. 

2) Interpretation model: each observation variable is 
interpreted through functions which formalize the 
designer preferences. Outputs variables are called 
interpretation variables Z. 

3) Aggregation model: this model traduces the multi-
objective problem to a mono-objective problem. 
Interpretation variables are filtered because of their 
high number. Then, design objective indexes are 
formalized to formalize the satisfaction levels of the 
product's functions. Finally, the single output variable 
is the performance GDI (global desirability index), 
which is used to qualify the candidate solution. 

3.1 Interpretation model 

Designer has several preferences about observation 
variables. Margins has to be as high as possible. Mass 
and surface density have to be as low as possible. And 
the dimensionless distance between rivets is constrained 
by a know-how rule: distance between rivets has to be 
between 4 times the diameter and 8 times the diameter. 

To traduce these preferences, it is proposed to use 
desirability functions, introduced by Harrington [6]. 
Interpretations variables Z are dimensionless values 
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between 0 and 1. The most an interpretation variable is 
close to 1, the most the corresponding observation 
variable is appreciated by the designer. 

3.2 Aggregation model 

The aggregation modelling stage is necessary to 
obtain a single performance value. It is divided in three 
steps: 
1) Filtering step, 
2) Design objective indexes, 
3) Performance. 

3.2.1 Filtering step 

Since the number of interpretation variables Z is high, 
this first step of aggregation is necessary to reduce their 
number. Using the minimum function proposed by Kim & 
Lin [7], the lowest interpretation variable for each type of 
margin is selected to constitute nine filtered interpretation 
variables. 

3.2.2 Design objective indexes 

The second step of the aggregation model is the 
formalization of the design objective indexes (DOI). DOIs 
are linked to the product's functions; these functions can 
be identified through functional analysis of the product, for 
example. DOIs formalize the design objectives. 

In the junction problem, three DOI are: 
- DOI1: the mechanical strength, which is the essential 

design objective. It aggregates the nine filtered 
interpretation variables, 

- DOI2: the respect of the know-how rule. It 
aggregates the interpretation variables 
corresponding to the distances between rivets, 

- DOI3: the lightness. It aggregates the two 
interpretation variables linked to the total mass and 
the surface density. 

DOI1 and DOI2 use the Derringer aggregation method 
[5,8] through a product without weight. DOI3 also uses the 
Derringer aggregation method with weights 0.65 and 0.35 
respectively associated to the surface density and the 
mass. This two weights are justified by the high impact of 
the surface density on the real mass (on the contrary to 
fasteners masses). 

3.2.3 Performance 

The performance GDI (global desirability index) is 
obtained aggregating the three DOIs with the Derringer 
function. Weighting parameters are used in this 
aggregation and are noted wi (relation 3). These weights 
are priorities that the designer associates to each DOI. 

 w
w Î  (3) 

It is proposed to modify these weights and to observe 
their influence in the paragraph 5, as proposed by 
Quirante [5]. 

Finally, the OIA method allows to associate a single 
value (the performance) to every candidate design 
solution to optimize them, formalizing a design objective 
function. 

4 Optimization algorithms 
Optimization algorithms aims to explore the design 

space to find suitable solutions for satisfying design 
requirements. These solutions are identified through the 
objective function. 

Two categories of optimization methods can be 
identified. First, determinist methods use mathematical 
properties of the objective function, but are not adapted to 
global optimization of non-derivative, discontinuous and 
multimodal objective functions. Other methods use 
stochastic algorithms, imitating the nature, to converge 
towards solutions. 

4.1 Inspired by nature algorithms 

It is proposed to study and compare four stochastic 
algorithms based on iterative principles. For each 
algorithm, important parameters are indicated in the 
nomenclature. 

4.1.1 Genetic algorithm (GA) 

Genetic algorithms (GA) were proposed by Goldberg in 
the eighties [9]. It reproduces natural selection and 
genetics principles: candidate solutions are regarded as 
“individuals”, and design variables correspond to the 
“genes” of these individuals. A genetic algorithm searches 
an optimum through several iterations, named 
“generations”, and composed to individuals. Using genetic 
operators, population of individuals evolves and 
converges to an optimal one. 

Steps of the genetic algorithm method are indicated in 
Figure 1: 
1) An initial population of individuals is randomly 

created, 
2) Every individual is evaluated (the objective function 

give a value for every individual), 
3) Individuals are selected to constitute the next 

generation, with preference for best individuals, 
4) Crossover operator is used, 
5) Mutation operator is used, 
6) Return to step 2. 

 
Figure 1 : Genetic algorithm 

The crossover operator (step 4) is used to create new 
individuals with two individuals. This operator selects 
randomly a first individual, and a second (called 
“parents”), in the new generation. Then, a sequence of 
genes is randomly selected. The new individual (called 
“child”) contains the genes of the first individual and the 
selected sequence of genes coming from the second 
individual. This process is repeated to have a second 
“child” with the same “parents” and the two new 
individuals replace their “parents” in the new generation. 
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This operator simulates the natural crossover. It is applied 
on each individual with a certain probability. 

For an individual, the mutation operator (step 5) 
modifies a random gene. The new value is chosen 
randomly in the corresponding domain of values. This 
operator is also applied with a probability. 

4.1.2 Particles swarm optimization (PSO) 

Particle swarm optimization (PSO) is a method 
proposed by Kennedy and Eberhart. [10] This 
optimization process simulates a swarm behaviour, 
similar to birds formations or insects swarms. Each 
potential solution is considered as a “particle” which can 
move into the design space, and communicate with other 
particles. The algorithm uses iterations as “time steps” 
and particles displacement is a composition of three 
behavioural tendencies: individuality, nostalgia and 
sociality. 

Every particle is divided in three sections: 
- Current position in the design space (every 

coordinate is a design variable): ; 
- Current velocity: V; 
- Best past position in the design space (particle 

memory): . 

 
Figure 2 : Particle swarm optimization 

As shown in Figure 2, a first population of random 
particles is created with a random velocity. Then, every 
particle is evaluated regarding to the objective function. If 
the current position is better than the memorized one, the 
particle memory is updated. Then, for every time step, the 
velocity of every particle is updated through a composition 
of velocities (relation 4). Let us consider a particle, its new 
velocity, and therefore its new position, is determined by: 
its current velocity (individuality), a velocity due to its best 
past position (nostalgia) and a velocity due to the closest 
particles, called “informants” (sociality). The number of 
informants is a parameter of the algorithm. 

′  (4) 

 

Where : Vnew is the new velocity of the particle ; 
 P’ is the best informant particle position; 
 rand is a random number between 0 and 1; 
 cont is a parameter called “constriction”. 

cont, c2 and c3 are partially random weights of the 
tendencies of the particle.  

Finally, the position of the particle is updated through 
relation 5. 

  (5) 
Where Pnew is the new position of the particle. 

4.1.3 Artificial immune system (AIS) 

Artificial immune systems were initially proposed by 
Watkins [11]. This algorithm aims at simulate the 
biological immune system. If antigens (microbes, for 
example) are detected in an organism, immune system 
uses antibodies, which are immune cells, to suppress 
them. Several antibodies are used, and the most efficient 
(affinity between antigens and antibodies) are cloned and 
mutated [12] in order to eliminate the antigens. 

In artificial immune systems, candidate solutions are 
considered as “antibodies”, design variables are “genes” 
and problems to solve are "antigens". 

 
Figure 3 : Artificial immune system 

In this paper, antigens are not used and efficiency of 
antibodies is calculated as the objective function. 
Principles of the algorithm used in this paper are 
presented in Figure 3: 
1) Initialization of a population of antibodies, 
2) The efficiency (or affinity) is calculated and 

antibodies are rated, 
3) The most efficient antibodies are cloned 

(multiplication of their numbers); 
4) Then, a proportion of the total population of cells is 

maturated (mutation), 
5) Several of these “cells” are conserved as memory, 

and new antibodies are generated in order to 
conserve the same number of antibodies. 

This algorithm uses iterations between steps 2 and 5 
as “generations” of cells. 

The maturation operator is similar to the genetic 
algorithm mutation operator, but a sequence of genes is 
randomly selected instead of a single gene. 

4.1.4 Ant system (AS) 

Ant system is an algorithm which imitates the 
behaviour of ant colonies, initially proposed by Dorigo 
[13]. In nature, ants have to find the shortest way between 
a food source and the ant hill. These insects use 
pheromones that they put along the path they are using. 
These pheromones disappear if the path is too long (and 
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not used by other ants), or are reinforced if the path is 
often used. Finally, the best path is the one with the 
highest pheromones density. 

Using this analogy, an algorithm is proposed to solve 
design problems (Figure 4). Each ant covers a path 
constituted to values for each design variable. The length 
of the path is evaluated through the objective function. A 
pheromone matrix is used to associate a pheromone 
density to every value of every design variable (relation 
6). 

  (6) 

Where pij is the pheromones density for the ist value of 
the jst design variable. 

 
Figure 4 : Ant system 

The ant system method is an iterative process 
described below (derived from [14]) : 

 
1) Initialization of ants and pheromones matrix; 
2) Calculation of the path's length for every ant 

(evaluation through the objective function); 

3) Evaporation of pheromones (reduction of the 
density); 

4) Update of the pheromones with the ways covered by 
ants during this iteration; 

6) Creation of new ants associated to ways weighted 
by the densities of the pheromones matrix. 

Steps 2 to 5 are repeated until a stopping criterion is 
reached. 

4.2 Benchmarks 

To compare these different optimization strategies, it is 
proposed to evaluate them through six different problems 
from the literature, related to design problems or used as 
classical benchmark optimization problems. In all of these 
benchmarks, it is expected to find the global minimum, 
close to 0. For every problem, the domains of values are 
discretized. Figure 5 shows a representation of every 
function for its two first design variables. 

These benchmarks are supposed to be representative 
of several difficulties of design optimization problems: 
local optima, size of the design space (N), discontinuities, 
numerous dimensions (Nx), etc. 

 
Nx N 

Domain 
of values 

Step Optimum 

f1 2 108 [-6;6] 10-3  ;  
f2 2 1012 [0;1] 10-6  
f3 30 10180 [0:1] 10-6  
f4 2 1010 [0;1] 10-3 p 

f5 3 1010 [-1.633;1.633] 10-3 
 ;  

 

f6 8 1011 [0;1] - 

 ;  
 ;  
 ;  
 ;  

Table 3: Benchmarks descriptions 

For every benchmark, Table 3 indicates the number of 
design variables, the approximate size of the design 
space, the domain of values of every design variable, the 
discretization step and the optimum design variables 
values. 

4.2.1 Himmelblau function 

Himmelblau function is a classical function used to test 

 
1. Himmelblau function shape (Nx=2) 

 
2. Laptorn function shape (Nx=2) 

 
3. Hyper-ellipsoide function shape (Nx=30) 

 
4. Easom function shape (Nx=2) 

 
5. Derringer problem shape (Nx=3) 

 
6. Collignan problem shape (Nx=8) 

Figure 5 : Benchmarks representations 
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optimization algorithms. It is expressed in relation 7. 
  
  (7) 
  
Himmelblau function is interesting because it has three 

large local optima which “look like” the global optimum 
(Figure 5-1): algorithms can be trapped in these optima 
and the ability of the algorithm to get away from it is 
interesting to observe. 

4.2.2 Laptorn function 

Contrary to the Himmelblau function, the Laptorn 
function has a lot of little local optima (Figure 5-2). The 
original Laptorn function is modified to have its global 
optimum close to 0 (relation 8). 

  
  (8) 
 π π  

4.2.3 Hyper-ellipsoïd function 

A hyper-ellipsoïd function (used by Storn [15] in its 
study of a differential algorithm, see Figure 5-3) is a 
function with only one optimum. But, its interest is that the 
number of design variables (Nx) can be chosen, and so 
can be very high (relation 9). 

  (9) 
In this paper, we have fixed the number of design 

variables to Nx=30. This function is used to observe the 
ability of the algorithm to converge with a large number of 
design variables. 

4.2.4 Easom function 

The Easom function (Figure 5-4) is constituted by a 
single optimum and a large area without any information 
to find this optimum. This function, described in relation 
10, allows to test the ability of algorithms to converge with 
few information. 

  
 p p  (10) 

4.2.5 Derringer's problem 

This problem (Figure 5-5 is representative of the three 
variables), proposed by Derringer [16], is a design 
optimization problem. The aim is to choose hydrated silica 
levels (x1), silicane coupling agents (x2) and sulfur levels 
(x3) in order to develop a tire tread compound. Desirability 
functions are used [6] to solve a multi-objective 
optimization problem. In order to have a minimization 
problem, the relation 11 is proposed. 

  (11) 
Where D(x1;x2;x3) is the Derringer’s composite 

desirability to maximize, which value ranges between 0 
and 1.  is the optimal value [16]. 

4.2.6 Riveted assembly (Collignan's problem) 

This design problem is proposed by Collignan [3]. It 
aims designing a simplified riveted assembly. Using 
desirability functions and Derringer’s aggregation [10], the 
objective function f6 is a value between 0 and 1. Relation 
11 is also used, to get a minimization problem. 

This design problem takes into account design 
variables related to discrete (on x1, x7 and x8) and 
continuous (on other design variables) value domains. 
Discretization steps are different for each of them, to 
respect the discretization proposed in [10]. Figure 5-6 is 
an illustration for the two first design variables, it is 
representative of the area of the global optimum. 

4.3 Comparison and choice 

A "run" is defined by the execution of an algorithm until 
a stopping criterion. To compare these algorithms, two 
criteria are used : 
- The number of evaluations, corresponding to the 

number of execution of the objective function during 
a run (several times in each iteration). It is observed 
as it is significant of the CPU time required to 
converge to a solution, 

- The convergence rate, which is the proportion of 
succeeded runs (optimal solution found) for ten runs. 

In order to compare optimization algorithms, a 
scanning of algorithms parameters (see Nomenclature), is 
realized for every problem. Let us consider a problem and 
an algorithm: for every set of parameters, three runs were 
realized and a mean of the number of evaluations is 
calculated. Then, the smallest number of evaluations is 
retained to identify the most relevant set of parameters of 
the algorithm. This process was repeated for every 
combination of problem/algorithm. Table 4 shows sets of 
parameters obtained. 

For every couple of algorithm/benchmark, ten runs 
were executed. Stopping criteria were: 
- The objective function value, which has to be lower 

than 10-3, 
- The number of iteration, which has to be inferior or 

equal to 1000. 

 
Figure 6 : Numbers of evaluations 

Figure 6 shows the mean of the numbers of 
evaluations for each couple of algorithm/benchmark. It 
can be seen that the PSO is the fastest and the most 
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GA 

Nind = 100 
probaC = 0.15 
probaM = 0.75 

Nind = 150 
probaC = 0.75 
probaM = 0.5 

No convergence 
Nind = 150 

probaC = 0.15 
probaM = 0.75 

Nind = 100 
probaC = 0.15 
probaM = 0.5 

Nind = 50 
probaC = 0.5 

probaM = 0.75 

PSO 
Npart = 20 

Ninf = 5 
cont = 0.55 

Npart = 20 
Ninf = 19 

cont = 0.55 
No convergence 

Npart = 70 
Ninf = 69 

cont = 0.70 

Npart = 20 
Ninf = 10 

cont = 0.55 

Npart = 20 
Ninf = 10 
cont = 70 

AIS 
Nanti = 40 

percC = 0.75 
percM = 0.5 

Nanti = 80 
percC = 0.75 
percM = 0.75 

Nanti = 20 
percC = 0.75 
percM = 0.75 

Nanti = 60 
percC = 0.75 
percM = 0.75 

Nanti = 60 
percC = 0.75 
percM = 0.5 

Nanti = 40 
percC = 0.75 
percM = 0.5 

AS 
Nant = 170 
evaP = 0.5 
phero = 3 

No convergence No convergence No convergence 
Nant = 50 
evaP = 0.8 
phero = 1 

Nant = 50 
evaP = 0.1 
phero = 1 

Table 4 : Problems and algorithms 
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efficient algorithm, whereas it didn't converge for the 
hyper-ellipsoïd function. Ant system is the less efficient, 
with only three success for six problems. 

For the ten runs of every couple algorithm/benchmark, 
the convergence rate is presented in Figure 7. It can be 
seen that the PSO is quite instable, contrary to the AIS or 
the GA. 

 
Figure 7 : Convergence rate 

To solve the design problem presented in paragraphs 
2 and 3, an optimization algorithm has to be chosen. The 
study presented in this part cannot identify precisely the 
algorithm to use, but can identify algorithms to not use. 
The AS is time consuming and has a bad convergence 
rate: it is eliminated. The PSO is the faster, but its 
convergence rate is quite bad: it is also eliminated. The 
numbers of evaluations of GA and AIS for every 
benchmark are similar. However, the AIS is able to find 
the optimum of f3 function, and has a better convergence 
rate: this algorithm is also chosen. 

More generally, this study: 
- Helps to identify the characteristics of optimization 

algorithms from literature, 
- Proposes two criteria to compare them, 
- Is a support to select an algorithm adapted to a 

design problem taking into account their 
convergence speed (numbers of evaluations) and 
their convergence rate. 

5 Complex riveted junction 
optimization 

In this paragraph, it is proposed to study three 
optimization scenarios, as realized by Sebastian [4]. 
Every scenario corresponds to a combination of design 
objectives, weighted according to different design 
scenarios (relation 3). 

 Values of parameters of the AIS algorithm are 
indicated in the Table 6 (see nomenclature). The 
maximum number of iterations has been limited to 100 to 
bound the number of evaluations of 4000; this limit is 

necessary to not have high CPU time. 
Nanti percC percM 

40 0.75 0.75 
Table 6 : AIS parameters 

Table 5 shows the optimal design solution found for 
every scenario. It is proposed to observe the minimum 
value of every type of margin, the arithmetical mean and 
the standard deviation of the distance between rivets, the 
total mass and the surface density, for each solution. The 
"ref" line corresponds to the results of the reference 
solution given by the AIRCELLE society: most of its 
margins are negative, and this solutions has to be 
improved. 

5.1 Iso-scenario 

The iso-scenario takes into account the three design 
objectives with the same importance (relation 12). 

 
ω

ω

ω
 (12) 

It can be seen, in Table 5, that three minimum margins 
are negatives. This type of solution is unacceptable in 
aeronautics; but the optimal design solution of the iso-
scenario is still better than the reference solution. 

5.2 KH-scenario 

In the KH-scenario, the design of the fastened junction 
is based on the know-how rule. The priority is given to the 
know-how design objective, and the lightness is ignored 
(relation 13). This scenario is based on the observation 
that to find suitable solution with a good mechanical 
strength seems impossible with a high lightness. 

 
ω

ω

ω
 (13) 

With the KH-scenario, 8 minimum margins are 
positives. However, the negative one is worse than in the 
iso-scenario (Table 5). This is due to the thickness ei of 
the sheets that is no longer limited by the lightness of the 
mechanism. 

It is very interesting to notice that the know-how rule is 
paradoxically not respected in the optimal solution for the 
KH-scenario ! This singularity can be explained by the fact 
that this rule is not compatible with the data (FEM loads 
and fasteners database): the problem is too contrained 
and no suitable solution can be found. 

5.3 S-scenario 
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 nriv e1 bl1 e2 bl2 c_posi c_typei 

Is
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 46 0.007 0.025 0.007 0.025 
0.54 0.37 0.55 0.55 0.54 0.48 0.37 0.58 
0.46 0.51 0.47 0.58 0.39 0.52 0.57 0.43 

0.70 0.27 0.37 
0.38 0.34 0.36 

min(MSFt-i) = -0.35 
min(MSFs-i) = 0.22 
min(MSFI-i) = 0.58 

min(MSSb-i1) = 0.50 
min(MSSs-i1) = 3.03 
min(MSSt-i1) = -0.09 

min(MSSb-i2) = 0.50 
min(MSSs-i2) = 3.03 
min(MSSt-i2) = -0.09 

 = 0.024m 
s(pti) = 0.004m 

Mr = 0.35kg 
SD =37.78kg/m2 

GDI = 5.47 . 10-39 

K
H

 42 0.009 0.02 0.009 0.025 
0.43 0.44 0.55 0.53 0.59 0.35 0.52 0.50 
0.37 0.71 0.32 0.61 0.56 0.45 0.52 0.47 

0.55 0.42 0.57 
0.60 0.40 0.38 

min(MSFt-i) = -0.43 
min(MSFs-i) = 0.12 
min(MSFI-i) = 0.51 

min(MSSb-i1) = 0.69 
min(MSSs-i1) = 2.58 
min(MSSt-i1) = 0.21 

min(MSSb-i2) = 0.69 
min(MSSs-i2) = 3.55 
min(MSSt-i2) = 0.21 

 = 0.020m 
s(pti) =0.005m 

Mr = 0.32kg 
SD = 48.58kg/m2 

GDI  = 1.58 . 10-41 

S
 54 0,009 0.015 0,009 0.02 

0,25 0,49 0,59 0,68 0,63 0,37 0,51 0,38 
0,40 0,65 0,24 0,66 0,69 0,28 0,77 0,38 

0,72 0,74 0,55 
0,71 0,68 0,65 

min(MSFt-i) = 0.01 
min(MSFs-i) = 0.83 
min(MSFI-i) = 0.94 

min(MSSb-i1) = 1.07 
min(MSSs-i1) = 1.09 
min(MSSt-i1) = 0.01 

min(MSSb-i2) = 1.07 
min(MSSs-i2) = 1.92 
min(MSSt-i2) = 0.01 

 = 0.020m 
s(pti) = 0.008m 

Mr = 0.87kg 
SD = 48.58kg/m2 

GDI  = 2.75 . 10-6 

re
f min(MSFt-i) = -0.40 

min(MSFs-i) = 0.38 
min(MSFI-i) = 0.54 

min(MSSb-i1) = -0.73 
min(MSSs-i1) = -0.72 
min(MSSt-i1) = -0.63 

min(MSSb-i2) = -0.73 
min(MSSs-i2) = -0.72 
min(MSSt-i2) = -0.63 

 = 0.037m 
s(pti) = 0.008m 

Mr = 0.69kg 
SD = 10.80kg/m2 

- 

Table 5 : Scenarios and design solutions 
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Finally, the S-scenario considers a single design 
objective : the mechanical strength (relation 14). Then, 
the performance GDI is directly equal to DOI1 (relation 3). 

 
ω

ω

ω
 (14) 

The S-scenario provide a very interesting solution: this 
design solution has acceptable mechanical strength, 
since all the margins are positives (Table 5). This 
scenario allows to find a high-performance solution. 
However, this solution is heavier than the reference one 
and the solutions found in the previous scenarios. This is 
explained by the number of riveted, which is no longer 
limited by the know-how rule. Figure 8 shows the optimal 
junction found by the AIS and the corresponding 
repartition curves. 

 
Figure 8 : Optimal solution 

These three scenarios provide interesting informations 
about the junction problem and its solutions: 
- It seems impossible to find suitable solution 

regarding to the three design objectives; 
- This difficulty to find suitable solutions is due to the 

data used in the model (sheets materials not 
adapted to the loads, fastener database not enough 
resistant); 

- The AIS success to find a suitable solution regarding 
to the single mechanical strength objective. 

In industry, the weights are very difficult to fix. Their 
values are consequences of deals and trade-off between 
several experts (simulation, design, CAD, materials, 
production, marketing, etc): each of them want to 
prioritize its own objectives. Several tools can be used to 
define these priority like Analytical Hierarchy Process 
(AHP). 

Moreover, the choice of the aggregation method 
(weighted product, minimum aggregation, etc.) is 
conditioning by designer preferences. For example, in 
industry, the qualification of a candidate solution is 
realized through the interpretation of the lower margins. 
That is why, in the filtering stage, minimum aggregation is 
adapted. Consequently, the realization of the aggregation 
model is lead by the designer's preferences and the 
problem to solve. 

6 Conclusion 
In this paper, a method is proposed to replace 

industrial "trial-and-error loops" by an optimization 
process: 
1. Identification/formalization of the observation model, 
2. Management of the multi-objective characteristic of 

the design problem, formalizing the designers 
preferences through the OIA method, 

3. Study of several optimization algorithms with six 
benchmark and selection of one of them, 

4. Optimization of the product to design, illustrating the 
possibilities of the OIA method to formalize several 
trade-off between design objectives. 

This methodology is applied to the design of an 
aeronautical junction, which is representative of the 
complexity of industrial design problems. Three design 
objective are identified and an artificial immune system is 
used to find high-performance solutions in the design 
space. The data used to define candidate solutions 
appear to be too constrained: the optimal solution found 
cannot satisfy the lightness and know-how objectives. 
Moreover, an optimal solution with a suitable mechanical 
strength is found. This solution appear to be strongly more 
efficient than the initial one. 

In our current works, several other stochastics 
algorithms are compared to the four algorithms presented 
in this paper. 

Moreover, the OIA method is used to formalize other 
variables like the confidence about a candidate solution, 
and the robustness of a solution. 

 
 

Design space: 
N Number of candidate solutions 
Nx Number of design variables 
Design variables: 
nriv Number or rivets 
ei Thickness of the sheet i 
bli Distance between the line of rivets and the 

sheet's edge 
c_posi Proportions for positioning control points 
c_typei Proportions for types control points. 
Observation variables: 
MSFt-i Tension margin in the ist fastener 
MSFs-i Shear margin in the ist fastener 
MSFI Combined criterion 
MSSb-ij Bearing margin in the jst sheet for the ist fastener 
MSSs-ij Shear margin in the jst sheet for the ist fastener 
MSSt-ij Tension margin in the jst sheet for the ist fastener 
pti Ratio between: distance between the ist fastener 

and the closest one, and mean of their diameters 
Mr Total mass of fasteners 
DS Sheets surface density 
Design objective indexes: 
DOI1 Mechanical strength design objective 
DOI2 Respect of know-how rule objective 
DOI3 Lightness design objective 
Algorithms parameters: 
Nind Number of individuals (GA) 
probaC Crossover probability (GA) 
probaM Mutation probability (GA) 
Npart Number of particles (PSO) 
Ninf Number of informants (PSO) 
cont Contriction parameter (PSO) 
Nanti Number of antibodies (AIS) 
percC Percentage of cloned cells (AIS) 
percM Percentage of maturated cells (AIS) 
Nant Number of ants (AS) 
evaP Proportion of evaporating pheromones (AS) 
phero Parameter of pheromones density variation (AS) 
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Abstract 

The importance of composite materials in industrial applications in growing mainly due to a 
very advantageous strength/weight  ratio and to the capability of modelling complex 
geometric shapes. Thus, the handling of composite materials within CAD systems requires a 
different approach with respect to classic metallic materials. As a matter of fact, only 
advanced and expensive CAD systems provide dedicated modules for composite materials 
modelling, drawing and manufacturing. This paper presents the development of an add-on 
toolbox for general purpose CAD systems, designed to help a CAD designer to operate with 
composite materials. The toolbox provides an integrated environment whose main 
capabilities are: laminate properties dynamic link with digital model, automatic computation of 
laminate orthotropic properties, automated generation of materials bill for suppliers, assisted 
2D drawing. The add-on has been developed keeping into account the European 
standardization related to composite drawing. Results obtained confirm the usefulness of this 
simple add-on, even if the integration with more functions would increase the capabilities. 
This paper presents some preliminary results; in the following, this tools will be improved to 
handle variable thickness composites and complex shapes. 

 

1 Introduction 

1.1 State of the art 

Composites are materials made by two (or more) 
components. The examples of application of such a 
concept lie in the old times: prehistoric man understood 
reinforcing mud brick with straw to increase the strength 
of buildings. Also the concrete can be considered another 
example of composite material: it is in fact set up by iron 
bars, plunged in a mix of cement, sand and coarse gravel. 
The iron bars support the tensile load, while the other 
constituents sustain the compression. 
But the modern polymer composite materials [1] are 
made by a resin and a synthetic fibre. The typical resins 
used are epoxy for high qualities laminates or polyester, 
which is less expensive. The carbon, the glass, the Kevlar 
and the boron fibres are the most promising ones.  
The first industrial applications of such materials started in 
the 60s: carbon fibre and epoxy were used in high 
performance aircraft [2]. The wide spreading of 
composites in civil aircraft started in the 80s, and 
continued up to now. A large part of components of the 
new large aircrafts (like Airbus A380, and Boeing 787) is 
made of composite materials [3]. Also an advanced 
engineering branch like car racing exploits the capabilities 
of composites materials from several years: the Formula 
1 car bodies are made in composite materials (often 

carbon fibre); High performance motorbikes frame is 
made in composite materials too. 
In recent years the composite materials have been 
applied also to everyday use objects: sport equipment like 
tennis player, fairings for scooter, watchcases, bikes’ 
frames, prosthesis (also used in sports competitions), 
biomechanics. 
Moreover, composites materials are widely used also in 
the nautical field: the hull of best sailing ships is made in 
carbon composite materials, while a large part of modern 
yacht is made of glass fibre. The carbon is also used in 
marine for critical applications like the ships’ mast which is 
a slender part subject to heavy loads. 
The main advantages of composite materials lie in: high 
strength to weight ratio, complex form modelling 
(depending on the mould), best exploitation of material 
characteristics with reference to the loads direction. 
The most important critical issues about composites are 
represented by costs, need for expensive tools 
(autoclave), delamination and debonding risk [6], damage 
tolerance and brittle behaviour. 
A large literature [4] and journals deals with composites: 
damage tolerance design, breaking laws and breaking 
criteria definition, fatigue, fluids/composite material 
interaction, polymerization without need for autoclave, end 
life dismissing and recycle seem to be the most critical 
issues treated by authors.  
The industrial application of composites is already 
controlled by regulations, which prescribes nomenclature 
and representation on drawings. The United States 



628

A. Ceruti et al. A CAD Toolbox for Composite Materials Modelling and Drawing 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

Department of Defence delivered a series of standard for 
composites nomenclature and structural characteristics: 
the MIL regulations and the DoD Composites Handbooks 
[5,6,7,8] can be considered some of the most 
fundamentals references. At European level many Norms 
regulate the design, the representation on drawings 
[9,10,11,12,13,14], the minimum performances and the 
technology of composites.  
In recent years a large part of software has been 
developed to support the composite materials design 
cycle due to the increased interest in composite materials. 
These software packages have been at first developed for 
high technology end-user like the aerospace field; a 
personalization of CAD is expensive but possible, so that 
these applications can be applied also in other fields, like 
the automotive. These software are often real Computer 
Aided Engineering (CAE) software since they can 
effectively tackle all of the lifecycle problems: Computer 
Aided Design (CAD) modelling, Finite Element Method 
(FEM) structural analysis, simulation of resin flow and 
temperature during lamination. Some of the most well-
known software packages are Vistagy’s FiberSim [15], 
Dassault’s CATIA - Composite Design 3 (CPD) [16] and 
CATIA-Composite Design for Manufacturing (CPM) [17]. 
Also FEM software implements elements useful to model 
the composite: software packages like Partan/Nastran 
(MSC Corporation) [18], Abaqus [19], and Ansys [20] 
present shell elements which are defined through stacks 
of laminate plies. The laminate element definition starts 
from the filling of a table in which each ply is defined by 
thickness, elastic characteristics and orientation. A 
surface representing the midplane of the CAD 3D model 
have to be imported in the FEM system; usually a simple 
geometric modeling environment is also embedded in the 
FEM. But these environments aren’t so much user-
friendly, so that the surface modeling is often performed 
inside the CAD system, and the surface model is 
imported in FEM with an interchange format like  Iges 
(*.igs) or Parasolid (*.x_t). The traditional failure criteria 
(like Von Mises or Tresca) are not suitable for 
composites: Tsai-Hill or Tsai-Wu criteria [1] best fit the 
composite behaviour. The above discussion shows how 
composite materials need a different modeling, design 
criteria and analysis methodology compared to metallic 
ones. 

1.2 Motivation 

This paper describes the development and the 
implementation of a module which can be added to a 
general purpose CAD; the add-in module allow the 
design, the modelling and the manufacture of composites.  
Currently, the largest part of general purpose 3D CAD is 
thought for design with metallic materials, presenting an 
isotropic structural behaviour. But the composite materials 
present characteristics mainly dependent on the 
orientation of fibres and load. The CAD system which 
allow the design with composites materials presents high 
costs of purchasing; moreover, this kind of software 
packages needs high specialized and skilled personnel. A 
large company can sustain the resulting cost, but not a 
small/medium industry (SMI). The following of the paper 
will describe the features of an add-in to be added to a 
standard 3D CAD; this tool is useful to manage the 
composite materials in a general purpose 3D CAD. The 
add-in developed is simple and implements only the most 
fundamental operations needed for composite handling: 
the work described in this paper is a preliminary study 
aiming to evaluate the criticality of the implementation of 

this kind of toolbox. The advantage of such an approach 
is that medium/small industries can operate both with 
metallic, both with composite materials (even if for simple 
applications) with the same general purpose CAD system. 
The paper is structured as follows: the second paragraph 
deepen the composite materials peculiarity. The third 
describes the International Standard related to such 
materials. The fourth enlists the main requirements of the 
module, deduced by interviews with draftsman operating 
in SMI. The following paragraph five describes the CAD 
module implementation and features.  The paragraph six 
presents a case study, while the conclusions section ends 
the paper. 

2 Composite Materials 
It follows a brief description of the composite materials 
features, applications and technologies. 

2.1 Features 

The resins used for composites are often bi-components 
(made by an activating catalyser and a base material); the 
polymerization of the resin happens (also at room 
temperature) after the mixing of the two components. 
The composite fibres are available in form of wire, 
unidirectional fibre (UD), weave fabric (bidirectional), pre-
preg fabric: Plain, Crow’s foot, Twill, Basket, satin are 
some of the most spread weave. The UD is a fibre in 
which a series of parallel carbon (or glass) filaments are 
aligned in a main direction: a thick wire is sewn in 
perpendicular direction to avoid the gap of the filaments, 
but it doesn’t provide contribution to the composite 
strength. The bidirectional fabric is a tissue in which the 
filaments are woven in two perpendicular dimensions. 
Finally, the name pre-preg is given to a fabric in which the 
tissue is permeated within the resin; the polymerization is 
stopped keeping the fabric in a refrigerator. The pre-preg 
fabric is a high value material, which need to be cured in 
autoclave to magnify the characteristics; temperatures up 
to 120-130 °C and pressures up to 5-6 bar can be 
reached during the curing cycle. The composite materials 
capabilities are fully exploited when the fibres are directed 
in the direction of the main stress; the metallic material 
presents isotropic behaviour, so that in certain cases (e.g. 
monoaxial load) the material is not fully working. These 
issues justify the best strength to weight ratio of the 
composite materials about metallic ones. Another 
important concerns is the fatigue behaviour: a crack in a 
metal under a cyclic load grows, while in a composite 
material (with an appropriate stacking and components 
geometric design) the propagation can be slow. The 
drawbacks of composites are mainly represented by 
fragility: a composite material presents a brittle stress-
strain curve, while a metallic ductile material deforms 
before the break, absorbing energy. This implies that a 
small impact  on a composite panel can damage the resin, 
and a defect can propagate. Delamination, debonding, 
and inter laminas voids are critical issues: the 
delamination represents the disjunction of plies. The 
debonding is the laceration of the composite in the 
extremity zone (critical in civil engineering; e.g. composite 
reinforcing of pillars); the voids are volumes of the 
laminated occupied by air which have not been expelled 
during the curing of the composite. The components to be 
cured by autoclave are always introduced in a bag in 
which the vacuum is obtained. The combined effect of 
vacuum and pressure assures the removal of air within 
the laminate, and a good compactness. 
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The lamination of large parts (e.g. ship hulls) can be 
performed also at room temperature, but structural 
components and high technology applications require 
composite to be cured in autoclave to obtain the best 
strength to weight ratio. 
Also the impregnation can be performed manually laying 
the resin with a brush, or in automated mode with robotic 
arm systems. The last technique to describe is the 
“filament winding”: it is a technology in which a pre-preg 
wire is rolled over an axialsymmetric mould rotating 
around the longitudinal axis. The composite materials can 
be used as a lamina, or within sandwich structures: in this 
latter case, the upper and lower side of a honeycomb (in 
plastics or aluminum) or foam core, are covered by two 
thin layer made in composite materials. This technique 
allows high stiffness with a low weight: the composite 
layers stand far away from the neutral axis so that the 
inertia of the section is high and the bending is well 
supported. 

2.2 Applications 

Composite materials applications cover a wide range of 
industrial applications. In aeronautics the composite are 
used in advanced vehicle to reduce weights and increase 
the manoeuvrability; composite are used in large aircraft 
manufacturing to reduce weights and increase the range 
or lower the fuel consumptions. Also ultralight aircraft take 
advantage of composites: the low weight of such a 
material allows larger dimensions within the maximum 
take-off weight (450 Kg) prescribed by rules. Moreover, 
the production of lots of composite components allows a 
full amortization of the moulds. The space applications of 
composite materials are wide: satellite components, 
rockets structure and nozzles (built by filament winding). 
The marine field takes advantage of composite in yacht 
production and in high performance sailboat. The hull of 
modern yacht are produced by glass fibres with a foam 
honeycomb, polyester resins and manual lamination: the 
large dimensions of hulls prevent the use of the 
autoclave. Furthermore, considerations related to costs 
avoid the use of carbon fibre. High performance sailboats 
sometimes present the hull in carbon fibre: the igroscopic 
behaviour of the carbon must be prevent by shielding the 
laminas with protective paintings. Also the mast of a 
sailboat can be manufactured in carbon to increase 
stiffness, reduce weight and increase resistance: the 
critical issue is represented by the brittle behaviour of the 
carbon. The mast can in fact break if the design loads are 
overtaken: this can be critical since the navigations of the 
ship can be stopped.  
Composites are used in automotive for high class and 
racing cars. In these applications, the high motor power 
vs. weight ratio allows very good performances in 
accelerations. Kevlar based composites are used for 
helmets, jackets, shields: this materials is in fact 
particularly effective in crash and impacts. Kevlar can 
absorb a large amount of energy before the breaking, and 
its weight is well lower than steel. Fairings for scooter and 
motorbike are sometimes made in glass fibre since the 
modelling of complex shape is simple, and the strength 
ranks above the plastic materials. Sports equipment like 
windsurf table are often manufactured using a core in 
foam, and a skin in glass fibre. Good quality feet 
prosthesis are made in carbon; the performances of such 
equipment are very high so that also athletics can be 
performed. Also the renewable energies profit by the 
composites materials: wind turbine blades (both with 
vertical, both with horizontal axis) are made in glass fibre 

to reduce weight and to obtain their  shape, which is 
defined by the interpolation of a series of biconvex airfoils. 

2.3 Lamination theory 

Two are the most fundamental theories regarding 
composite materials: the micro theory, and the macro one. 
The microtheory of lamination studies the properties of a 
single lamina made by resin and fibre. The final properties 
are calculated by the so called “volume laws”: the 
composite structural characteristics are dependent by the 
percentage in volume of resin and fibre.  
 

(1 )
l f f m m f f m f

E E V E V E V E V= + = + -
                     (1) 

Where: 
Vm: volume fraction of the matrix; 
Vf: volume fraction of the fiber; 
Ef: Young modulus of the fiber; 
Em: Young modulus of the matrix; 
 
The macrotheory [1] of lamination studies the final 
characteristic of a stack of plies. The properties of pre-
preg fabric (both UD, both bidirectional) are usually 
provided by the fabric manufacturer.  
The final resistance of the laminate depends on the plies 
number, orientation, thickness, and structural properties 
(which are defined by the designer). 
The laminate flexibility matrix [C]laminated can be obtained 
by adding the contributes of the single lamina, weighted 
by its thickness, as formula (2) presents.  
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and ek is the thickness of the k-lamina. 
 
A comprehensive detailed description of the laminate 
theory and of the symbols used in equations (1,2) can be 
found for instance in the seminal book of D. Gay [1].  

2.4 Guidelines for Design with Composites 

The design with composites is a complex and 
multidisciplinary activity which require: a theoretical 
background, a software support, a manufacturing 
technologies knowledge and practical experience. The 
good design rules depend also on the component 
features, but some general norms can be found. 
In case of blending it is advantageous to put the most 
resistant fiber in the outer side of the thickness, since the 
core do not contribute to the composite strength: the most 
the fiber is far from the neutral axis, the most high is the 
load it sustains. 
The 0° degrees ply orientation can support longitudinal 
loadings, while the 90° can sustain the transverse loading. 
The ±45º direction is advantageous with shear loading. In 
case of UD fibers, the in-plane shear can be minimized 
facing plies with of +45° and -45°, alternating directions: 
by this way one direction is always in traction. 
The interlaminar shear can be reduced designing the 
composite with a symmetric stacking about the midplane 
of the composite. 

3 Standards related to composites 
A large quantity of standards relates the composites 
materials. The most pertaining with the drawing and 
representation on drawing can be found on the Composite 
Handbook of the US Department of Defense and the 
related MIL norms; the European Norm EN4408 [5-10], 
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(or the equivalent UNI 4408) is the reference for Europe 
(and Italy) about the composite drawing and 
representation. No specific norm have been found by 
authors about the representation of composites within 3D 
CAD systems. 

3.1 Nomenclature and laminate coding 

The MIL norms and the DoD Composite Handbook 17 [5-
8] presents a coding for composite materials stacking. In 
the following, some examples are described. 

3.1.1 Total layup 

It applies to sequential laminates. The code lists the plies 
with the lamination direction; at the end of the code a 
figure T is added to the brackets. 
The code [±30/-60/452/0]T represent a lamination stack in 
which 6 plies are staked, with the orientations: +30; -30; -
60; 45; 45; 0. 

3.1.2 Symmetric layup 

It applies to symmetric stack about the midplane. The 
coding [45/0/60]S represents an orientation: 45; 0; 60; 60; 
0; 45. The underlining of an orientation indicates that the 
ply lies in the midplane: S means orientations 45; 
0; 60; 0; 45. 

3.1.3 Hybrid Laminate layup 

It applies to laminates made by different materials. The 
coding [0C/±45B/60G]S indicates a laminate made by the 
following plies: [0,+45,-45,60,60,-45,+45,0]. C stands for 
Carbon; B stands for Boron, G stands for Glass fiber. 

3.2 EU and UNI Standards 

The application of composites in the aerospace industry is 
regulated by a series of standards, which belong to the 
UNI EN 4408. This standard is divided in six parts. The 
first one [5] 4408-001 treats general composite 
nomenclature and shows the structure of the lay-up 
diagram to be added to the 2D drawings.  The second [6] 
part of the norm, 4408-002 describes the representation 
of the composites stacks and lists the symbol to be used 
in the lay-up diagram. The third part [7] describes 
components with alveolar core materials and its 
representation in drawings. The fourth [8] regulates the 
representation of components made by filament winding: 
it refers mainly to axial-symmetric components which are 
laminated through a rotating mandrel. The part 5 [9] 
describes seams coding, while the sixth [10] refers to 
perform materials: representation of braids and of 2,5 
multilayer parts complete this ultimate portion of the 
standard. 

3.2.1 Layup diagram 

 
The 4408-001 norm states that for composite components 
“no thickness indication must be given on the drawings”; 
the total laminate thickness can be in fact computed by 
adding the thickness layer by layer.  
Following the rules, also a local reference system should 
be added to the 2D drawing; by this way it is in fact 
possible to reference the direction of the fibre warp of 
each layer with respect to the geometry of the part.  
The lamination stacking is described by a lay up diagram 
which must be included in the drawing. 

The lay up diagram should include: 
- the area which the lamination refers (more than a 
lamination sequence can be used in case of complex 
components) 
- the components making up the part: as instance fabric, 
core materials, adhedives. 
- the directions of the components (with respect to the 
reference systems) 
- the ply thickness 
- the symbols for the direction of fabric, fibre material. 
The following Table 1 presents some of the symbols 
which rules prescribes 
 

Description Symbol 

Fabric, warp side 
    

Fabric, weft side      
Balanced Fibre (it apply to 
bidirectional fabric or when the 
direction is not important) 

    

Fine web (which is not woven 
tissue, sometimes called “mat”) 

     

Table 1 – Some of the symbols for the Layup Diagram 

(symbols taken from EN 4480-002). 

The layup diagram is made by the following columns: 
- Note 
- Layer identification (a series of numbers ending with the 
figure 1 or 6) 
- direction (the direction of layers between -90 and 90) 
- thickness 
- Area Thickness (it is a series of columns named A1, A2, 
A3. If one of the Symbols (a part of which is represented 
in Table 1) is present in the column Ai, the ply belongs to 
the area Ai. 

4 Requirements for a composite CAD 
module 

4.1 End users’ voice 

The software design work started from a series of 
interviews made in small medium industries dealing with 
composite materials parts (often with manual lamination 
or with small autoclaves). 
The lifecycle of a component in composite material within 
a large and advanced company is typically deployed using 
a multidisciplinary CAE system: the model is shared by all 
of the company personnel in an approach based on 
Product Data Management (PDM) capabilities. The data 
regarding the components are shared by the CAD 
operator, the FEM analyst, the manufacturing division and 
the workshop engineer, the buying office. All the modify to 
the components are shared so that the model is always 
up to date. This approach is not affordable by SMI which 
can’t sustain the high costs of such an effective and 
integrated  methodology. 
The SMI approach is often based on the modeling of a 
component in 3D, which is sometimes sent to a consulting 
group which performs an analysis with FEM software. No 
considerations on the composites material are enclosed 
within the digital model, which can be a solid or surface 
model. A second report (which is checked and updated 
depending on the FEM analysis results) contains the ply 
number, orientation, and material features: it is the so 
called “ply book” The ply book is provided with a series of 
2D drawing in which the geometric development of each 
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ply is drawn. The ply book compiling is a time expensive 
manual operation in which the 3D model and the 
lamination FEM results are used to obtain the single ply 
geometry, usually saved in dwg or dxf format. In the 
following, a drawing with all of the plies is produced and 
sent to an automatic cutting machine. In the following, the 
stacking starts and the components are cured in an 
autoclave or at room temperature. 
The difference between the large company and a SMI lie 
in the managing of the information. In the first case the 
data are always shared and up to date, but in the second 
the information is treated by people in a sequential way,  
so that errors could happen. Moreover, the digital model 
and the data about the materials lie in two (or even more) 
different documents. The final drawing for the workshop 
operators is produced writing in the scroll the data 
needed: type of fabric, plies, directions of stacking. Two 
or more drawing can relate to the same components: the 
first one contains the overall dimensions of the 
component (as it would be in metal), and a second one 
provides the drawings of the stack and of the directions: if 
the stacking is modified, the digital 3D model and the bill 
for the buying office can’t be updated; the same in the 
opposite case. 
Another need expressed by a designer acquainted with 
metallic material is a rough estimate of the laminate 
characteristics: this can allow a better guess of the 
thickness, type and number of plies of the stack. A CAD 
operator, in fact, models a metallic components with a 
likely thickness, which will be verified by following FEM 
analysis. The guess is difficult with laminated materials; 
the more the lamination (fiber type, orientation, stack) is 
correct, the less are the modify to make to the model (and 
the following costs). 
The final remark by SMI workshop operators lies in the 
composite ply shape. A composite component can be 
shaped in a complex form: a large part of components 
can be assimilated to tridimensional surfaces, with a 
series of curvatures and rounds. But the ply are obtained 
by cutting a roller of fabric. The bi-dimensional patch 
should so recover the 3D surface of the mould: a useful 
tools would be so a flattening algorithms. This could be 
employed to obtain the form of the fabric patch once 
provided the 3D model of the components.  

4.2 Review of the current software used in SMI 

A not comprehensive list of the most widespread CAD 
software for mechanical modelling and product design in 
the Italian (or European) SMI includes: Solid Edge [21], 
Solid Works [22], Rhinoceros by McNeal [23], Inventor by 
Autodesk [24]. Software packages like Pro-E and Catia 
should be considered high band product, employed in the 
aerospace and automotive industry. 
Solid Edge and Solid Works are 3D modeler: they both 
can be interfaced with FEM like Ansys Workbench or 
Cosmos (Solid Works has also an internal module for 
FEM of parts called SimulationXpress), but the standard 
release of these CAD do not allow the internal modeling 
of composite materials. The most recent Solid Works 
releases can be used to design and optimize the laminate 
materials with an additional module called Solid Works 
Simulation, which is not provided with the Solid Works 
Standard package. 
Rhinoceros is mainly a surface modeller, even if also solid 
parts can be obtained: the implementation of composite it 
is not yet included. 

Inventor is a 3D CAD package owned by Autodesk: also 
this CAD up to now is not provided with the composite 
materials modelling. 
The conclusion is that the largest part of general purpose 
CAD do not allow the design of components in composite 
materials: additional native tools like SolidWorks 
Simulation or external software packages like 
LaminateTools or FiberSim should be purchased. 
The above concerns show the need for CAD add-ins to 
effectively handle composite materials, not only with 
respect to the FEM analysis, but also concerning the 
materials bill, the 2D drawings, and the managing of the 
composite design cycle. This paper will so describe the 
requirements and the features to implement in a such 
add-in. The add-in module herein described has been 
implemented in Solid Works environments, but the 
architecture, the modules’ features and the framework 
should be considered valid also for the above described 
CAD systems like Rhino and Solid Edge software. The 
largest part of CAD is in fact provided with Application 
Programming Interfaces, so that a similar module can be 
implemented also in other CAD systems. 

4.3 Requirements for a new software 

The requirements of the add-in CAD module derives by 
the end user’s desiderata and by the capabilities and 
features of the CAD packages spread in SMI.  
A summary list of requirements includes: 
-  laminate structural characteristics estimation 
- centralized managing of the laminated components 
(providing up to date information in all the sub-modules) 
- automatic bill listing (for buying office) 
- automatic stacking listing in the 2D drawing (for 
workshop operators) 
- flattening algorithm (need for the cutting of fabric 
patches). 

5 The CAD add-in 
The CAD add-in has been developed exploiting the 
capabilities of the Solid Works Application Programming 
Interface (API). The programming of the add-in has been 
performed in the language C sharp (C#), within the Visual 
Studio Express software. The whole composite interface 
is made by 11 files, which implement the interface, the 
events of the Property Member Page (PMP), the events 
handling, the bitmap handling (bitmap used as icons in the 
composite menu) and finally the equation to use for the 
laminate characteristics evaluations. 
The total dimension of the files necessary for the module 
running is 2.5 Mb worth; moreover, Microsoft Net 
Framework is also required. 
The interface is made by a main menu (see Fig. 1), whose 
name is in the upper part of the Solid Works command 
window, which is named “Composites”.  

 

Fig. 1 The Composites menu 

The main menu lets the access to six sub-menus: 
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- “Plies and Stack”, which allow to insert laminate 
characteristics. 
-  “Laminate Properties”, which presents the elastic 
modulus of the laminate about the X, Y, and Z axis. 
- “Excel Table”, which opens an Excel files with laminate 
plies characteristics if pressed. 
- “Flattening”, which runs a program useful to flatten the 
selected surface. 
- “Delete Plies”, which delete the laminate properties 
associated with the components.  
- “Drafting”, which import the laminate properties in the 
drafting of the 3D model. 
- “Personalizza menu”, which is a setting in the Italian 
version of Solid Works to be called for personalizing the 
menu. 
The following subparagraphs describe more deeply the 
sub-menus features. 

5.1 Plies and Stack 

This submenu is used to insert the laminate properties 
associated to a surface. The data required are: type of 
fibre, type of resin, type of impregnation, volume fraction 
(ratio between resin and fibre volume), fibre thickness, 
lamination stacking (about the X axis). A window in the 
left side of the screen appear once the “Plies & Stack” 
Menu is pressed (see Fig. 2).   

                     

Fig. 2 Material properties sidebar. 

This windows presents a series of Pop-up menu with 
multiple choice about Fibre type, Impregnation, and Ply 
Orientation.   

 

Fig. 3 The Composites menu 

The voices in these pop-up menu are listed in a TXT files 
which can be edited by user. The Figure 3 shows an 

example of plies properties choices. A menu appear also 
in the main screen: it presents two answer to the question 
“New Plies?”, labelled as “Yes” or “No”. A new ply 
properties windows appear until the “No” choice is 
selected, as Figure 4 shows. 
 

 

 
 
 
 
 

 

Fig. 4 New Ply Window (left), lamination icon (right) 

A graphical image of the stratification is saved in a user-
defined directory (in *.jpg format), once the process of 
plies definition is finished. This simple icon can be useful 
to provide an intuitive idea of the final lamination: the 
Figure 4 in the right side presents an example of icon, 
which can be used also in reports or to quickly evaluate 
the laminate features in an intuitive way. A 
correspondence color/material is defined, as the yellow 
corresponds to Kevlar, the blue with Glass, the orange 
with Boron and the yellow with Kevlar fibres. The 
orientation of the fibre can be detected by a series of 
vertical, horizontal or slashed small lines. One of the most 
critical issues in composites representation within a CAD 
environment is the definition of a local reference system to 
define fabric orientations. In case of complex shapes this 
operation can be difficult since many local reference 
systems can be choose.  
 

  

Fig.5 complex carbon fiber shape (left), geometrical model 

(centre) and local reference system (right). 

This problem has been solved by introducing a routine 
which by clicking a surface defines a local reference 
system; this system can be considered as a reference for 
lamination stacking. The reference system is saved 
together with the geometrical model of the component so 
that the definition of the lamination is univocal. Figure 6 
shows a twisted lamina of carbon in which a local 
reference system has been defined. 

5.2 Excel Table 

This command saves an Excel files with the composite 
properties in a user defined folder, which can be defined 
by user. The Excel Table function can be useful for the 
buying office or to the workshop activities. Figure 7 shows 
an example of Table. 
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Fig. 6 Example of Excel Table 

The file Excel is dynamically linked to the digital model; if 
the lamination properties are changed, also the file is 
overwritten and modified. 

5.3 Flattening 

This command export in STL the surface selected and 
launch a software developed at Bologna University [25].  
 

                      

Fig. 7 Flattening Software interface 

A mass/spring system allow the flattening of the surface 
(Fig. 7), and an output draw of the parts can be obtained. 

5.4 Laminate Properties  

This command provides as an output the properties of the 
laminates, in terms of elasticity in the x axis (Ex), elasticity 
in the y axis (Ey), Transverse module (Gxy), Poisson’s 
Coefficients (νxy, νyx). These values can help the designer 
in the final laminate properties evaluations, since a sort of 
comparison with metallic materials can be performed. The 
whole of laminate thickness and elastic modulus provide 
an idea of the deformation of the structure and of the 
strength of the laminate in the x and y directions. These 
values doesn’t provide results in terms of resistance, but 
can help a metallic design skilled operator to define a 
likely lamination. 
 

                             

Fig. 8 Laminate Properties 

The theory used to provide these results and the 
implemented formula belongs to the macrotheory of 
composites and have been briefly described in the 
paragraph 2.3. These values can be useful also in FEM 
software to define the laminate properties. 

5.5 Drafting  

This submenu automatically adds the composite stacking 
to the 2D drawing of the part as an OLE (Object Linking & 
Embedding) object. The data listed are coherent with the 
Norms, as expressed in UNI-EN4408.  

6 Case Study 
In the following a case study is presented to show how the 
tools can be used. 

6.1 Composite Component CAD modelling 

The component selected to show the running of the add-
on is the nose of a small autonomous aircraft of 3.5 m of 
wingspan. The nose is made by a glass fibre composite: 
three plies of fabric (weight 120 gr/m2 for external plies, 
and 200 gr/m2 for the symmetry ply) with orientation 
45/0/45 form the nose structure. After the lamination (Fig. 
9 left), the nose is plastered and painted in yellow (Fig. 9 
right). 

          

Fig. 9 CAD rendering of nose (Fiber; plastered and painted) 

6.2 Stacking and plies properties definition 

The surface of the nose is selected and pressing the 
Composites menu, the bar “Composite Materials” appear. 
A reference system appears on the surface to define the 
ply orientation. The characteristics of each ply are 
introduced using the left submenu “Composite Materials”. 
Epoxy resin, Glass fiber and 45° orientation are defined; 
finally the Yes (“Si” in the Italian version of SW) option of 
the menu “New Ply?” is pressed. By this way the 
characteristics of the other two plies can be inserted, and 
the laminate definition ends when the “No” button is 
pressed. As can be seen in blue in Fig. 10, a local 
reference system of the selected surface has been 
defined by the software. 

 

Fig. 10 Nose Part reference system. 

The composites data are stored, and a following query of 
the surface provides the information provided. This 
happens every time the model is open within the CAD 
environment. The resulting laminate graphical icon is 
represented in Figure 11, where the three Glass plies can 
be detected (with also the orientation). 
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Fig. 11 The nose lamination Icon 

6.3 Table for archive 

By pressing the option Excel Table, the table in Figure 12 
appears. This table can be integrated in Product Data 
Management: in a future release of the add-in this table 
will list also the squared meters of fabric required, so that 
also consideration on quantities should be done.  
 

 

Fig. 12 Table of materials. 

6.4 2D drawing 

A table of laminate characteristics can be introduced 
automatically in the sheet by pressing the Drawing voice 
in the Composites Menu. 

 

Fig. 13 2D Drawing. 

The following Figure 14 presents a zoom of the drawing 
table. The table is coherent (both in columns, both in 
dimensions) with the EN 4408, as the Figure shows.  

                       

Fig. 14 zoom of the drawing table. 

6.5 Flattening 

The external surface of the model has been saved as an 
STL file. In the following, the files has been imported 

within the flattening software; furthermore the user defined 
the line of opening necessary to flatten a complex surface.  
 

   

Fig. 15 Flattening of the nose. 

The nose is obtained laminating a series of patches 
representing ¼ of the nose (upper surface, lower surface, 
left and right). The four patches of the nose should be 
larger than the walls nose as to allow its overlapping. 
Figure 15 presents one of the 12 patches which form the 
nose, once assembled and joined together. 

7 Conclusion 
Currently, a series of high band software are available for 
composites modeling and design. But, it is opinion of the 
authors that general purpose 3D CAD spread in the SMI 
do not allow effectively to model components in 
composite.  The increasing demand of composite in the 
industrial applications justifies the development of a CAD 
add-in useful to support the designer. This paper 
describes the requirements defined by possible end users 
for such a module. A simple add-in has been also 
developed to verify the critical issues in integration with 
general purpose CAD, the capabilities of such a module, 
the ease of use. The add-in has been so tested through 
the design of a series of components in composite 
materials. This research has to be considered as a 
preliminary work, since only a few of operations are 
implemented. But, even with a small list of functions 
implemented, the add-in showed useful to model 
composites. 
The final conclusion of this work is that an add-in to be 
added to general purpose CAD is required to model 
composites: this add-on presents reduced capabilities, but 
the SMI doesn’t need to change of the CAD software and 
the modeling of metals and composites can be performed. 
The functions implemented can help the designer, but 
more operations should be implemented to bridge the gap 
with CAE software packages. The link with a FEM 
software, the managing of variable thick surfaces, the 
internal implementation of the flattening algorithm are 
some of the improvements directions to consider. 
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Abstract 

Helicopters are complicated flying machines, whose lift is obtained by a main rotor, made by 
a variable number  of blades. The large amount  of rotating mass (rotors, engine, gearboxes) 
is responsible of high level vibrations over the helicopter structure: their amplitude is highly 
coupled with manoeuvring, so that pilots can feel flight phases not only by noise and external 
view, but also by vibrations intensity. An experimental campaign has been carried out to 
acquire vibration data over helicopters. The paper describes the implementation of a 
simulator which provides also the reproduction of vibration felt in flight by pilot. The attention 
is focused  on the conceptual and preliminary design, CAD modelling, FEM analysis, 
manufacturing and testing of the device conceived to reproduce vibrations over the pilot’s 
seat. Only the first frequency of the rotor is reproduced since it is the most important 
excitations and it is variable, depending on the flight phase. The shaker has been built and 
installed on a simulator. The final result shows that such a simulator can improve the realism 
involving not only the senses of sight and hearing, but also providing a more “physical” 
feedback due to vibrations perception.  

1 Introduction 
 
 

1.1 State of the art 

Modern engineering exploits the capabilities of 
simulation both for design purposes, both for training. 
Software packages of Finite Element Analysis (FEM) and 
Computational Fluid Dynamics (CFD) are useful tools to 
simulate the behavior of a body when stressed by a load 
or when immersed into a fluid. The simulation applications 
to training concerns for example driving, flying,  traffic and 
queue, manufacturing and robot motion. Virtual Reality [1]  
has been also used to support simulation realism [2], both 
in immersive, and in un-immersive systems. The research 
in simulation issues focuses the attention not only on the 
dynamic models (which compute the behaviour of the 
phenomena to simulate), but also on visualization 
systems. Head Mounted Display (HMD) [3], large field of 
view cluster of projectors, hemispherical monitors are 
widely used to increase simulation realism [4]. Problems 
like image blending have been solved using algorithm 
producing a better overlapping of image sides common to 
two or more projectors. Also techniques of geometry 
correction has been developed to correct the image 
distortion on flat or round screens. Virtual environments 
[5] like CAVE for stereo projection and 3D visualization 
has been developed and applied to simulation. Also the 
use of sounds is wide spread in simulator. But view and 
hearing are only two of human five senses: sight, hearing, 
touch, smell and taste. Modern simulators try to exploits 
also the other senses to improve the simulation. Devices 
dealing with touch are called “haptic”; an example of 
these is force feedback on simulators commands. A 
classical application of simulation is the helicopter flight 

[6]: the motivations lies in the high cost of such a 
machine, in the difficulty of flight learning and in the need 
to try hazardous manoeuvres  in safe conditions. The 
helicopter flight simulators can be used also to improve 
the design cycle [7]: test pilot can in fact fly a new 
helicopter model provided the dynamic model and the 
cabin internal layout. Flight simulators [8] are made of four 
main subsystems: the commands interface, which provide 
the man/machine interface, the flight model, which 
compute the physical behaviour of the vehicle, the visual 
interface which provide a panorama of the external view 
perceived during a real flight, and an instrument panel, 
which reproduce the gauges and indicator required for 
flight. The most advanced simulators include also a 
motion system which provide the tilt and roll of the 
simulator cabin to increase the physical involvement in 
simulation. The most common device for motion is the so 
called “Stewart Platform”, which is composed by a series 
of six electromechanical actuator connected in the top to 
three edges of the simulator cabin floor. Other techniques 
used for motion are based upon the use of electric motors 
which rotate the cabin providing angular displacements 
about the roll and pitch axis. But, vibrations are of 
straightforward importance in the helicopter flight [9]: the 
different flight phases can be in fact recognised by pilot 
through the vibration level perceived in cabin. Thus, the 
simulation of the helicopter flight can be improved a lot 
with the application of a device simulating the vibration felt 
by the pilot in a real flight. The vibration over an helicopter 
[10] cabin are induced  principally by the main rotor, the 
tail rotor, the turbine (or the motor in case of piston 
engine) and also by gearboxes. The vibrations induced by 
tail rotor and turbine lie in the high frequency zone; the so 
called “full body” vibrations are mainly due to main rotor 
whose excitation on cabin presents a frequency which is a 
multiple of the product of rotor speed times the number of 
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blades. In the last few times the market started to offer a 
series of devices for vibration simulation. The frequency 
of waves generated [11] is usually between 0 and 40 Hz, 
while the maximum amplitude is of few millimeters. 

 

1.2 This Paper 

This paper describes the conceptual design, the 
dimensioning, the CAD modelling, the FEM analysis, the 
final manufacturing and assembly of a device useful to 
simulate helicopter rotor vibration. The design started 
from an experimental phase in which the vibrations 
recorded onboard a full scale helicopter have been 
collected and analysed in the whole flight envelope. The 
analysis of the collected data and of helicopters 
specifications taken form bibliography, provided a better 
understanding of the vibration phenomena and of its 
perception by pilots and passengers. The device design 
has been carried out applying the classical formulas of 
machine dynamics and mechanical dimensioning.  The 
device has been finally added to an helicopter flight 
simulator developed at the Bologna University. Results 
obtained show the correct ending of the project and 
confirm the design methodology effectiveness. 

In the next second paragraph of the paper, the design 
methodology is described; the third section contains a 
brief introduction to the problem of vibrations in helicopter 
and describes the experimental phase of in-flight vibration 
data collecting. A brief list of the University of Bologna 
helicopter simulator main features is presented in the 
fourth section; the product design cycle of the shaker is 
reported in the fifth section, starting from conceptual 
design up to the installation; a conclusion paragraph 
highlights the project results, the advantages in realism 
gained and the drawback of the adopted solution.   

 
 

2 Design Methodology 
The design methodology followed for this work is 

represented in fig. 1, where all of the phases are listed.  
One of the most important design phase is the 

determination of the frequency and accelerations 
amplitudes range of interest. The simulator should in fact 
reproduce the vibrations perceived on board a large part 
of helicopters. The smallest helicopter are ultralight 
machines, without sophisticated devices for vibration 
suppression; on the other side, large helicopters present 
a better rotor mechanics, high power turbine (or turbines), 
takeoff mass up to thousands of Kilograms. One of the 
design requirements is so the modularity, as to gain the 
possibility to simulate not only one model of helicopter, 
but a large class of machines. It is very important to study 
the vibrating phenomena  over several helicopters so to 
cover the most significant vibrations which can be found 
in the frequency domain. 

This kind of research has been performed using a 
powerful mathematical operation called ‘Fourier 
Transform’ (described in the next paragraph), which allow 
to split a generic time domain signal into the sum of many 
different fundamental signals, each carrying a different 
single oscillation frequency.  

 

 
Fig. 1: Design phases diagram 

 
Once the vibration amplitudes and frequencies have 

been  investigated, the conceptual design of the device 
can start. Many solutions for vibrations reproduction have 
been considered, comparing technical capacity and 
drawbacks. The most promising solution have been 
deeply analysed in a more detailed design: after a first 
rough dimensioning, the device has been modelled within 
a CAD environment. In the following a series of FEM 
analysis has been deployed to check the design 
robustness. The virtual model of the shaker system has 
been added to a 3D model of the simulator to verify the 
installation and the interface with the simulator frame. The 
follow-up work has been the manufacturing of a prototype 
and its installation on the simulator. A final phase of 
testing concludes the design workflow. 

3 Vibrations on helicopters 
There are different important sources of vibration on 

board of an helicopter: They can be in general grouped 
into three main categories: 

- Main Rotor (shaft and blades) induced vibrations; 
- Engine and relative gearboxes vibrations; 
- Tail Rotor (shaft and blades) induced vibrations. 

 
Each of these mechanical groups contain a 

considerable amount of moving masses which rotate at a 
significant angular speed: main rotor speed is typically 
between 300 RPM for large helicopters, up to 600 RPM 
for ultralight helicopters. The turbine rotational velocity 
can be up to tens thousand of RPM, depending on turbine 
diameters. Tail rotor speed is normally a multiple of main 
rotor speed, since a rigid mechanical transmission 
synchronize the two rotors. Normal rates of transmission 
are variable between 4  to 7, depending on the tail rotor 
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diameter and helicopter’s features. Following this 
consideration, it’s immediate to understand that all these 
rotating masses can easily introduce very high level 
amplitude vibration phenomena on the entire helicopter 
structure. The main rotor vibrations [12] are mainly due to 
an asymmetric distribution of the unsteady aerodynamic 
forces on the blades: the exciting frequency lies in the 
range 12-40 Hz, depending on number of blades and 
rotor shaft rounds per minuteIn order to better evaluate 
the entity of this kind of vibrations, an experimental 
campaign has been carried on. A triaxial accelerometer 
has been rigidly mounted inside the helicopter fuselage 
(Fig. 2) of a series of helicopters. Using this sensor, it has 
been possible to collect vibration data during different 
typical helicopter flight phases like ‘Hovering Out of 
Ground Effect’ (HOGE), ‘Hovering In Ground Effect’ 
(HIGE), climb, descent, and cruise at various speeds. The 
test equipment employed for vibration measures is made 
by: a triaxial accelerometer (+-5 g), a Signal Acquisition 
Module (with a sampling frequency up to 50kHz, 24 bit of 
resolution) and a PC for data storing and synchronizing. 

 

 
Fig. 1: Accelerometer positioned inside the helicopter cabin 
 

 
Fig. 2: Acceleration signal sample, measured about the 

vertical axis (‘z’) 
 
It’s not possible to identify the characteristic 

frequencies of the helicopter used for the test from the 
acquired acceleration signal, as can be seen from Fig. 3. 

The use of a mathematical operator is necessary to 
transport the time-domain measured signals in the 
frequency domain: this operator is called the Fourier 
Transform. Practically, this operation splits a single time 
varying signal in a sum of contributes, each one at a 
different frequency.  

The transformation calculated is not a continuous 
signal integration, but an optimized approximation called 
Fast Fourier Transform (or ‘FFT’): a saving in 
computational resources is gained by this way. 

Figure 3 shows the analysis of a Fourier transform of 
the Z axis acceleration for frequencies up to 1000 Hz: 
main rotor, tail rotor and turbine contributions can be 
easily found. 

 
Fig. 4: FFT of the vertical vibrations measured at 

maximum speed, frequency [0-1000 Hz].  
 
Focusing the attention on the first 100 Hz of the 

vibration spectrum, the fundamental frequencies of the 
main rotor can be found. The main rotor speed is in fact 
380 RPM, so  the corresponding frequency is about 6.36 
Hz; the number of blades is 2. The harmonic main rotor 
frequencies will be so: 

( )_ / 60 /

1,2...

k

rotor rotor shaft shaftf k N f k N RPM k N rev

k n

= × × = × × = ×

=
 
Where:   
Number of blades (N): 2 
Main rotor shaft speed (RPMshaft) in RPM: 382 RPM  
Main rotot shaft speed (1/rev) in Hz: 6.37 
Harmonic frequency order (k): 1,2,3 
It follows (for the first 4 harmonics): 

1 2 3 412.7 ; 25.5 ; 38.1; 50.8rotor rotor rotor rotorf f f f= = = =  

 
The speed of the main rotor is normally kept constant by a 
regulator but the amplitude of the vibrations are highly 
dependent of the flight phase. Figures 3, 4, 5 highlight the 
difference in amplitudes between the phases of Hovering 
Out of Ground Effect (in which the rotor aerodynamic and 
the air flow is quite regular), the flight at cruise speed (for 
which the vibration suppression system has been 
designed), and the flight at maximum speed (VNE) phase. 
In this helicopter the 1-N/rev amplitude is lower than the 
2-N/rev and 3-N/rev because of in commercial helicopter 
damping systems are installed to reduce the vibrations in 
the low frequencies which are well felt by the human 
body. 
 

 
Fig. 3: FFT of the vertical vibration measured during ‘HOGE’ 

phase (amplitude vs frequency [Hz]) 



639

A.Ceruti et al. Improving Helicopter Flight Simulation with Rotor Vibrations 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

 

 
Fig. 4: FFT of the vertical vibration measured during a 

100 KTS cruise (amplitude vs frequency [Hz]) 
 

 
Fig. 5: FFT of the vertical vibration measured at the VNE 

(amplitude vs frequency [Hz]) 
 

As it can be seen from the above figures, is clearly 
visible that the amplitude peaks are positioned at the 
expected frequencies. Furthermore, the amplitude of the 
vibrations induced by main rotor is variable with flight 
phase. Results obtained are in agreement with 
bibliographic data, as Figure 6 and 7 taken from 
Bibliography [13], [14], [15] shows. Figure 7 in particular 
show the amplitude of vibration of the 4 blade German 
helicopter BO 105 as a function of the speed. 

   

 
Fig. 6: FFT of the BO 105 helicopter in level cruise flight 

(Source: O. Dietrich [13] and T. Mannchen[14]) 

 

 
Fig. 7: BO 105 Vibration amplitude with speed (Source: 

Strehlow et al. [15] and T. Mannchen [14]) 
 
The above concerns will drive the design of the device for 
the vibrations reproductions. In particular two are the 
main issues to consider: 

- The rotor speed is constant: the first harmonics 
can lie in the interval [10-30] Hz, mainly depending on the 

number of blades since the rotation speed is about 400-
600 RPM for all the conventional helicopters. 

- The amplitude of the vibrations is variable 
depending on the flight phase, from a minimum of 0.01 to 
a maximum of 0.15 g, which correspond to 0.1 m/s2 and 
1.5 m/s2. 

3.1 Vibrations and human body  

The body perception of vibrations is mainly due to the 
resonance of the internal organs, which is about [16]:  

- 7-19 Hz for eyes and head 
- 3-5 Hz for heart 
- 3-6 Hz for internal organs like liver, spleen, kidney 
- 5-12 Hz for spinal column 
Furthermore, vibration can be divided in  
- “full-body” (industrial machines, air ground and 

marine transports, normally passing through feet or seat),  
- “hand arm” (Industrial pneumatic and electric tools 

hand held, like drill or hammer drill).  
Full-body accelerations [17] presents medium-low 
frequencies (2-20 Hz) and involves the whole body; 
frequency at higher frequency are felt only locally by skin. 

Helicopters without vibration compensation systems, 
and helicopters with small weight presents a peak of 
vibrations amplitude for the 1-N/rev frequency. 

The most critical vibrations [18] for the human body lie 
in the range 4-6 Hz, as the international norm ISO-2631 
[19] explains; the interpretation of graphs of iso-exposition 
to vibrations shows how a vibration of 6 Hz and 0.3 m/s2 
RMS amplitude can be sustained for 8 hours. The same 
value of exposition is prescribed for a vibration of 2.5 m/s2 
(which is 8 time greater) at 60 Hz.  

As a conclusion, the most critical frequency in 
helicopter flight (with reference to body behaviour) seems 
to be the first N/rev. This frequency is not so far from the 
critical 4-6 Hz range. The other N/rev harmonics, even if in 
certain cases (large helicopters with vibration suppression 
devices) present larger acceleration amplitude, seems to 
be less “felt” by the human body. 

 

4 Helicopter Flight Simulator layout  
The Bologna University flight simulator is made up of a 
cluster of 3 PC connected with a local net providing: 
dynamics computation, external visual representation, 
flight commands acquisition. The implementation of the 
vibration simulation required to dedicate a PC to this task; 
the simulation speed is not affected by this new device 
since the other two PC are not overcharged. The main 
PC1 is connected to the helicopter simulator flight 
commands (collective, rudder, cyclic) by a USB port so 
that all the commands excursions are acquired in real 
time. The flight commands are in fact endowed with 
potentiometer sensors so that each displacement can be 
acquired using a dedicated acquisition module, and then 
used directly in the simulation program. 

A mathematical model of the flight is implemented in 
the PC 1. Different helicopter models can be simulated: 
the mathematical model is parametric so that new 
helicopter model data can be loaded each simulation run. 
Position (Lat Long Alt), attitude (Pitch Roll an Yaw), speed 
and accelerations are sent to the PC2. The PC 2 provides 
the visualization of the external view (based on the free 
simulator Flightgear) and of the instrument panel. A 
second UDP connection links PC1 with PC3.  
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Fig. 8: Helicopter Simulator Layout 

The mathematical model implemented for the helicopter 
dynamics [20] has been taken from books [21], reports 
and journal papers. The following Figure 9 shows the 
simulator view taken from the pilot seat. 

 

Fig. 9: UniBo helicopter simulator external view and flight 

instruments panel 

 

5 Shaker design 
 
The shaker design has been carried out following four 

steps: the conceptual design, the dimensioning, the CAD 
modeling, the FEM analysis. As presented in the previous 
sections, vibrations over helicopters cover a large 
spectrum of frequencies. But the most important ones are 
the medium/low frequencies. It is assumed that the 
shaker will reproduce only the amplitude of the first 
frequency of the rotor. This is a strong simplification which 
can be justified by the following matters: 

- the contemporary reproduction of more than one 
frequency requires expensive tools and a complicated 
control system. 

- the amplitude of the accelerations at the first rotor 
frequency of the rotor vary with the flight phase. 

- the frequencies of gearboxes and turbine are 
typically high and stress the structure; but are well over 
the resonance of the human organs. 

- the first rotor frequency depends on the rotor shaft 
speed and on the number of blades (which are data 
available for all helicopters), and the amplitude can be 
guess comparing data of similar helicopter. By this way, 
an approximate simulation can be performed also without 
experimental data of the helicopter.  

5.1 Shaker conceptual design and layout  

The main requirements for the shaker are maximum 
acceleration peak and frequency; the second is a fixed 
value once defined the helicopter model, while the 
acceleration peak should vary during the flight depending 
on the flight phase. The possible shaker solutions which 
were considered for the helicopter simulator application, 
have been taken from bibliography [22] and by technical 
solutions widely spread in mechanics like: 

1. Shaker with fixed eccentric mass and vibration 
intensity regulation through elastic elements 
deformation; 

2. Shaker with magnetic eccentric; 
3. Shaker with crank shaft mechanism to change 

vibration intensity; 
4. Shaker with eccentric variable through cam 

profile shape; 
5. Shaker with ‘Watt’ type variable eccentric. 
6. Electrodynamic shaker 
7. Hydraulic shaker 
8. Pneumatic shaker 

 
The best technical solution selection process was 
performed considering the following parameters: 

· Technical complexity of electrical and electronics 
boards and devices needed for the regulation of 
the vibrations amplitude; 

· Mechanical realization complexity; 
· Weight of the system; 
· Integration capability within the simulator frame 

and structure (small dimensions); 
· Shape of the produced vibrations; 
· Final cost; 
· Adaptability to a widest range of vibration 

frequency and amplitudes. 
 

At the end of the evaluation process, the Watt type 
variable eccentric device was preferred since it seemed to 
be a low cost solution able to satisfy the requirements. 

The device is made by two eccentric masses linked by  
two counter-rotating shafts, moved by an electric motor;  

The eccentricity of the rotating masses is changed by a 
stepper motor which acts on a maneuvering screw (see 
also Fig.21). By this way, moving back and forth the 
shaker regulator slider different values of eccentricity can 
be obtained.  

The eccentric can be equilibrated as to obtain low 
unbalance; this can be useful in high speed rotating 
rotors, for which a small eccentric mass is required. On 
the contrary, the maximum amplitude of vibrations can be 
increased by adding a larger mass.  

The following Figure 10 present a conceptual study of 
the eccentric device: in green the electric motor, in red the 
max volume occupied by eccentric mechanism, frame in 
white and green. The shaker in fact is made up by an 
electric motor, two counter rotating masses and a frame. 
The frame is required to connect the motor and the 
eccentric mechanism; at the top a series of screws rigidly 
connect the frame with the seat. The whole system frame 
and seat  are suspended over the simulator frame by a 
series of springs. These springs can also be replaced  in a 
short time, permitting to simulate non standard helicopters 
behaviors. 
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Fig. 10: Conceptual layout of the shaker: motor (green), 

eccentric maximum volume (red), frame (white and grey). 

5.2 Shaker dimensioning 

The equation describing the motion of a system 
excited by an harmonic force is: 

( )Mx cx kx F t+ + =Mx cx kx Fcx kxcx kx                                              (1) 

 
Where: 
M: mass of the system 
C: damping 
k: stiffness 
F(t): exciting force 
 
The shaker can be schematized as a vibrodyne: it is a 

mechanical system made by two counter-rotating masses 
with a given eccentricity respect to the rotation axis. The 
Figure 11 presents two masses (m1; m2) with an opposite 
rotational speed (Ω; -Ω), and with the same eccentricity 
(e). 

 

 

Fig. 11: Vibrodyne scheme 

The centrifugal force acting on the masses are Fc1 and 
Fc2, defined as: 

2

11 ( )Fc m e= W       ;     
2

22 ( )Fc m e= -W           (2) 

 
But the forces Fc1 and Fc2 can be decomposed on the 

axis x and y of Figure 13, so that: 
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Summing the contributions of the mass 1 and 2 in 

direction of the x and y axis it follows: 
 

2 2

1 2

2 2

1 2

( ) cos( ) ( ) cos( )

( ) sin( ) ( ) sin( )

total

total

Fc x m e t m e t
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= W W + W Wî
 

                                                                                    (5) 
 
If m1= m2 and if a new variable m is defined as m=m1+ 

m2 it follows: 
 

2

0

( ) sin( )

total

total

Fc x

Fc y me t

=ì
í

= W Wî
                                  (6) 

 
The shaker dynamic equation will then be 

approximated to a single degree of freedom vibration, 
where x represent the vertical translation of the system: 

 
2 sin( )Mx cx kx me t+ + = W WMx cx kx mecx kx mecx kx                                 (7) 

 
This equation can be solved (after an initial transient) in 

terms of displacement x, as: 
 

( ) ( )

( ) ( )

2

2 2
2 2

/ sin

1 / 2 /n n

me k t
x

y

z

é ùW W -ë û=
é ù é ù- W W + W Wë û ë û

                     (8) 

 
Where: 

/ ; / 2n nk M c mzW = = W  

 
The dimensions required for the design of the shaker is 

the product of eccentric mass per eccentricity and the 
spring stiffness; the requirements are the whole system 
maximum acceleration (in terms of [g] or [m/s2]) and a 
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rotating frequency (the N/rev, in [Hz]). The unknown 
quantities can be found by solving the equation (7) and 
(8) or by a simplified methodology, valid only for a rough 
estimation of the mass per eccentricity product in early 
design purposes. 

In this simplified approach the stiffness and the 
damping of the system are neglected, so that the motion 
equation became: 

2 sin( )Mx me t= W WMx meWmeme                                      (9) 

Ordering the terms it follows: 

     
2 sin( )

me
x t

M
= W W

me
x

M
W

me
 

Which can be recognized as an harmonic dynamics of 
the type:  

      
2 sin( )x x t= ×W Wx x Wxx                                        (10) 

 
By the comparison of the equations (9) and (10) it 

follows: 
2

max max max, /x x x m e M= ×W = ×max maxx xmax maxmaxx xx xmaxmax
                     (11) 

 
 Now considering that the maximum acceleration and 

the rotational speed are known,  the maximum 
displacement x can be found. The product mass per 
eccentricity is then expressed like: 

 

   2

max max /m e M x M x× = × = × W2

max /maxmax× Wmax /M xmaxmax
                       (12) 

 
The spring stiffness can be computed by the formula of 

the displacement in mass-spring forced system: 
 

           

( )
2

max 2

me
x

K M

W
=

- W
                                        (13) 

 
The only unknown is the stiffness of the spring, while 

other terms are known.   
 
As an example, with mass M=150 Kg, 1-N/rev=13 Hz 

and max acceleration equal to 0.5 m/s2, we have: 
 

2150 0.5 / (2 13) 0.01m e pi Kg m× = × × × = ×  

 
which can be obtained for instance using two eccentric 
masses of 50 grams, and an eccentricity of 100 mm. 

The stiffness of the spring in this case will be: 
 
K=990000 N/m,  
 
And with 4 springs in parallel, the stiffness of each one 

will result: 
 
K=250 N/mm, which represent a deflection of 1 mm 

with a force of 25o N.  
An helical spring with a 3mm wire diameter presents 

similar values. 
 
 

5.3 CAD modelling 

All the shaker parts have been modeled within a 3D 
CAD, as Figure 12 shows.  

.  

 

Fig. 12: CAD modeling of the shaker, with its eccentric 
masses 

 
All the parts of the 3D model has been assembled and 

coded with labels to allow the further assembly, as Figure 
13 shows.  

 

Fig. 13: Assembly drawing of the shaker 

A series of 2D drawings have been realized to product 
parts. Materials used to build the device are: steel, nylon, 
aluminum.  

 

Fig. 14: 2D constructive drawing of one of the shaker 
components 

 

Also the frame of the shaker has been modeled as 
Figure 15 shows. 
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Fig.15: 3D model of the shaker frame 

5.4 FEM analysis  

A Finite Element analysis was required to check 
dynamic interference between  the simulator frame and 
the shaker frame. The software used is Patran for 
preprocessing and post-processing, and Nastran as the 
main solver.  For instance, the model of the shaker 
support structure has been modeled within the Patran 
software: mono-dimensional ‘beam’ type elements have 
been applied to simulate all of the metal tubes and 
sections in the structure. A single concentrated ‘mass 
element’ positioned on the motor CoG and joined to the 
support plate through ‘rigid elements’ has been used to 
model the motor itself. The complete model is made of 
422 nodes and 458 elements, for a total of 2261 degrees 
of freedom (DOF). Element types used in the model are: 
Beam, Plate,  Mass, Rigid. 

Beam elements are used to represent tubes and bars, 
with the following dimensions: “L” type beam dimension 
50x50x5 mm, Plain beam of 40x5 mm, Plain beam of 
50x8 mm, Plain beam of 55x10 mm, Plain beam of 50x10 
mm, Square beam of 40x40x5 mm, Bar with a diameter of 
D=20 mm. 

The material used in the FEM modeling process is 
carpentry steel which has been chosen for cost and for 
weldability. Its main characteristics are:  

- Young Modulus: 2.1 e11 N/mm2 

- Poisson coefficient: 0.29 
- Density: 7850 Kg/m3 
- Max design Tension: 200 N/m2  
The model (Fig. 16) constraints consist in 4 joints 

(each of them blocking all 6 degrees of freedom) 
positioned in the upper part of the structure, at the 
connection between the seat and the simulator. 

 

 

Fig. 16: FEM model of the frame and shaker 

 

The natural vibration modes have been found to be: 
- Mode 1   :   49 Hz 
- Mode 2   :   64 Hz 
- Mode 3   :   78 Hz 
- Mode 4   : 146 Hz 

 
Among all these modes, the most interesting are those 

presenting a deformed which agrees with the direction of 
the shaker harmonic excitation force, because they can 
be subject to resonance. 

 

 

 

Fig. 17: First (left) vibration mode: 49 Hz; fourth (right) 

vibration mode: 146 Hz 

Following these considerations, the shaker support 
structure modes which have a practical interest are the 
first one at 49 Hz and the fourth at 146 Hz, which are 
beyond the work frequency of the device. A similar 
investigation has been performed for the simulator frame. 

5.5 Electric Motor 

The electric motor needed to move the eccentric 
mechanism has been selected considering a maximum 
frequency for the first harmonic of 40 Hz. The torque of 
the motor is not a mandatory requirement since the only 
reaction is given by the friction of the bearings. Transitory 
dynamic is not so fast; the changes in amplitude of 
vibrations are small due to the inertia of the helicopter, 
which speeds up and decelerates in quite long times.  

The characteristic of the motor (in Figure 18) are: 
- maximum power output = 550 Watt; 
- single phase, bipolar electric motor; 
- max angular speed of 2440 RPM   
- endowed with an inverter for speed settings. 

 

Fig. 18: Electric motor and inverter to set the rotation speed. 

The stepper motor is small enough to fit into the 
assembly: the torque required is very low and the correct 
angular position is provided by a look-up table which sets 
the number of motor steps needed to move the screw  in 
order to obtain the desired eccentricity. A control board is 
linked to PC3, which drives the stepper motor and 
computes (in open chain loop) the current and required 
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position of the eccentricity. A calibration procedure is 
necessary to set the correct initialization of  the control 
system.  

  

 

Fig. 19: Stepper motor: CAD and real 

5.6 Manufacturing and assembly 

All the parts have been designed and manufactured 
aiming to lower the costs. The chosen materials are 
aluminium for non structural parts to be machined; nylon 
for non structural parts to be worked by lathe; steel for 
structural parts. Moreover, a large use of commercial 
items has been considered for bearings, screws, springs. 
The following Figure 20 shows the work in progress of 
bearings covers and support plates.   

 

 
 

Fig.20: Manufacturing process of the shaker radial 
bearing enclosures by automatic machine 

 
In the following Figure 21, there are some picture of 

CAD and realized parts.  

  

      

Fig. 21: View of the shaker eccentricity regulator (down) and 

housing for bearings (up) CAD model (left) and after 

manufacturing (right) 

Finally, the shaker has been assembled and installed 
in the simulator, as Figure 22 shows. 

 

 

Fig. 22: Image of the shaker frame (bottom part with shaker 

and motor- left) and upper part (connected to the seat-right)  

The assembly seat / shaker has been suspended on 
the simulator frame by four helical springs. 

 

   

Fig. 23 Shaker group (seat+frame+motor, in the left) 

suspended on simulator frame by springs (in the right). 

6 Final Result 
The following Figure 24 presents a CAD image of the 

device installed on the simulator structure. 

 

Figure 24: 3D CAD view of the simulator 

The simulator has been evaluated by an operator both 
in static mode, and with vibration shaker on, returning a 
realistic feeling. In spite of the lack of higher frequency 
replication, the simulator has been successfully tested by 
several pilots with positive comments in terms of realism. 
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Fig. 25: Simulator with shaker turned on (right) and off (left) 

7 Conclusion 
This work presents the workflow of a design activity 

which led to the implementation of a device to be used in 
helicopter flight simulators to reproduce flight vibrations. 
Helicopter pilot is in fact accustomed to feel different 
levels of vibrations during flight, depending on flight 
phases. The largest part of current simulator is not 
provided with such a device owing to high cost and 
complication of electrodynamic shakers. 

A device useful to reproduce the first frequency of the 
main rotor has been so designed and tested. 

The design of the device started by the analysis of the 
typical frequencies felt inside the cabin during the whole 
flight envelope. Next, the data has been analyzed as to 
define a list of requirements. A conceptual design phase 
led to the definition of the shaker configuration; a 3D 
modeling and a further FEM analysis campaign was 
performed in the detail design phase. The manufacturing 
and the assembly of the device allowed the installation of 
the device over an helicopter simulator. The whole 
system have been implemented and tested: the 
reproduction of vibration increases the similarity with real 
flight and contribute to the realism of the simulation. 
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Abstract 

This paper describes an original application of unconventional optimization techniques by 
Particle Swarm Algorithms. An Unmanned Aerial Vehicle performed by Hot Wire Cutting is 
designed for a typical civil mission defining geometry and aerodynamics with a Particle 
Swarm Algorithm. The tailless configuration of the vehicle requires an accurate design to gain 
the satisfaction of all the requirements and to obtain a low cost solution. Only an 
unconventional technique can be applied because of the high non linearity of the problem and 
the high number of parameters to be defined. A first preliminary series of tests have been 
carried out to define the best values for inertia and acceleration coefficients of the Particle 
Swarm algorithm; in the following the algorithm results have been compared with those 
obtained by other two techniques like Genetic Algorithms and Monte Carlo Simulations. The 
result of this study shows how the Rapid Prototyping techniques can be applied to the 
performing of small lots of UAV: the required optimal design is gained applying the Particle 
Swarm Algorithm. The conclusion of this work confirms the suitability of non conventional 
optimization methods to non linear problems: Genetic Algorithms and Particle Swarm 
optimization provide similar results in term of fitness maximization, while Monte Carlo 
algorithm presents a lower efficiency. The Particle Swarm and Monte Carlo algorithms are 
simple to implement within a software code with respect to the Genetic Algorithms which are 
quite difficult to code.  

1 Introduction 
        

1.1 State of the art 

Unmanned Aerial Vehicles (UAV) are aircrafts without a 
pilot on-board. UAVs are systems composed by an air 
vehicle and by a Ground Control Station (GCS). The flight 
can be performed by a remote pilot, who commands the 
aircraft trajectory using a camera and a joystick or in 
automatic mode, so that the aircraft follows a series of 
waypoints. In this latter case the operator watches a 
monitor in which a map of the terrain to fly over is 
visualized; the flight path is imposed by moving on the 
map a series of waypoint and the operator check the UAV 
activity as a back-up of the internal logic. The UAV brain 
is an on-board autopilot in which the flight management 
system (FMS) algorithm in implemented. The FMS 
provide dialogue with the GCS and the interface with 
airframe actuators. In civil field, the UAV are now mainly 
used by government’s agencies in D3 (Dull, Dangerous 
and Dirty) missions. The interest in such vehicles is also 
increasing since the future of the commercial air transport 
seems to be unmanned: UAV can be so used to gain 
experience in unmanned flight and in autonomous 
operations. Two of the main factors limiting the wide 
spreading of UAV in civil missions are flight rules and 
costs. Civil protection, territory monitoring, scientific data 
collection, naufraghi search in sea, police and firefighter 
operations, volcanoes activity studies, pipelines integrity 
check, floods and landslides alert are applications in 
which UAVs can be suitable. One of the way to reduce 
the cost of UAV system manufacturing and operation is 

the reduction of the aerial platform cost. The GCS can be 
in fact standardized to reach “economy scale” production, 
but the vehicle must be designed “on the mission”: flight 
profile, autonomy, ceiling, speed and payload drive the 
dimensions and the features of the air vehicle. Thus, a 
standardization of the vehicles dimensions and 
configuration is impossible; a too large aircraft implies 
high fuel consumption, and a too small aircraft doesn’t 
alloy to carry the payload or accomplish the mission. At 
the University of Bologna a family of UAVs has been 
developed since 2000, with increasing dimensions and 
following costs. One of the research herein deployed aims 
to reduce the manufacturing costs of the UAV vehicles. 
The main idea is to apply new techniques like rapid 
prototyping to reduce “time to market” and production’ 
costs, also in case of small lots. The hot wire (HW) 
technique permits to cut a polystyrene block as to obtain 
ruled surfaces. The HW cutting machine is equipped with 
a series of electric motors which allow the wire to translate 
in space, following an imposed trajectory; the ends of the 
wire move in two lateral planes of a frame. The precision 
and ease of use of the HW machines has been increased 
at Bologna University developing a managing software 
tailored for such type of machines [1]. As a previous study 
showed [2], the structure of a UAV of medium size (up to 
4-5 meters of wingspan) can be obtained with parts 
realized with HW technique. Parts belonging to ruled 
surfaces, like tapered or straight wing, can be in fact 
obtained by HWC. A tailless configuration [3], with a 
double sweep wing requires only parts bounded by ruled 
surfaces. This configuration has been considered also by 
other Universities and Research Centres; in South Africa 
studies of optimization has been carried out on the Sekwa 
UAV [4]. The main problems of such configuration are: 
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stability and efficiency. The UAV aerodynamic 
configuration, and the whole structure must be accurately 
designed. Differently from aircrafts with tail (in which the 
angle of attack of the horizontal plane can be modified 
without efforts), tailless configuration requires a good 
design. The tailless stability is in fact achieved with sweep 
and with wing tip profile twist. But the wing twist can’t be 
changed once the wing has been manufactured: a not 
satisfactory design imply the waste of the prototype. The 
efficiency of the tailless configuration is low, so that the 
aerodynamic profiles of the wing, the twist, the taper, the 
wing surface and the weight must be chose within an 
optimal compromise. By this way, the UAV airframe 
permits mission requirements’ accomplishment, with the 
maximum efficiency and minimum weight. The 
parameters to define are more than ten, so that a 
conventional design doesn’t guarantee best results. Only 
of the possible way to overcame these problems is to 
apply unconventional optimization techniques [5] like 
Genetic Algorithms (GA), Particle Swarm Algorithms 
(PSO), or Monte Carlo Techniques (MCT). Genetic 
algorithms has been developed by authors like Goldberg 
[6] and Koza [7]: the main idea is to apply the rules of the 
natural selection to mathematical problems. The use of 
mutations, crossover of genes, and elitarism over 
generations allows a quick solution [8]. The problem of 
local minimum values is well solved since the algorithm 
explores all the dimensional space of the possible 
solutions. GA has been widely used in aeronautical 
design by many authors, also for aircraft design and 
optimization [9]. As an example, Marta [10] describes 
results obtained in an aircraft design optimization by 
varying GA settings. A similar UAV configuration has 
been optimized in a study from South Africa [Broughton 
2008]: results show how the geometry and the wing 
airfoils can be designed and optimized with GA to reduce 
the drag of the vehicle. Studies [11] have been also 
carried out to optimize wing using GA and a Fuzzy logic 
controller to evaluate solutions: by this way multiple 
design criteria can be tested. Particle Swarm Optimization 
is described in the seminal paper of Kennedy and 
Eberhart [12]: also in this case the optimization strategy 
idea derives from nature. It is implemented the logic of a 
swarm of birds or fish in which each individual explores a 
zone and communicate to the other the position in which 
the food has been found. A territory is so explored 
depending on the best position found by the single 
individual and by the whole swarm; by this way, in few 
iterations the fitness (food detection for birds or fish) is 
maximized. The PSO algorithm [13] has been widely used 
in several industrial applications as bibliography [14] 
shows, and many toolbox are available on the net; one of 
the most popular has been developed for Mathworks’ 
Matlab® and GNU Octave by [15]. The latter 
unconventional technique considered in this work is MCT: 
it is based on a simple algorithm in which a random set of 
parameters is evaluated and an optimal solution is found 
after a large number of simulations. The unconventional 
optimization techniques [16] have been widely applied in 
aeronautics [17] since they are suitable in cases in which: 
a large number of factors affects the results, no solution 
of the problem in a “close” form is possible, it is difficult a 
prevision of the final result. The optimization of a UAV in 
tailless configuration obtained with HWC respects all of 
these conditions. 

1.2 In this work 

This work describes the application of PSO to a complex 
optimization problem: the multidisciplinary optimization of 
a UAV obtained by HWC technique. The results obtained 
have been compared with other optimization techniques 
like Monte Carlo and Genetic Algorithm.  
Aim of the paper is to show how well unconventional 
optimization techniques are suitable to solve such a 
problem. The attention will be focused in particular on: 
fitness maximization, convergence, time required, 
repeatability of the results, and computational complexity 
required by algorithm. 
In the second paragraph UAV main features are 
presented; in the third paragraph the attention is focused 
on how the RP techniques can be applied to UAV 
manufacturing. The fourth paragraph describes the PSO 
theory and its implementation to the case study proposed. 
In the fifth chapter the optimization algorithm is described: 
the fitness definition, the parameters to optimize list, and 
the code layout are described. The sixth paragraph shows 
a comparison of the results obtained with PSO and other 
optimization techniques like GA and MCT. The final 
paragraph presents conclusions and future developments 
related to this work. 

2 Unmanned Aerial Vehicle Design 
Critical Issues 

The design of UAVs is critical since many aspects should 
be considered at the same time. Aim of the project is the 
satisfaction of the requirements, which are expressed in 
terms of: mission profile (speeds, heights, cruise distance, 
loiter time, landing/takeoff type), flight safety, costs, 
operational requirements, man/machine interface. The 
aircraft design can be so considered as the definition of a 
compromise.  
Aerodynamics, structures, materials, propulsive system, 
stability and control, operational and manufacturing cost, 
ease of production, maintainability and end-cycle 
dismissing should be considered. The maximization of 
one of these issues can affect another one; there is in fact 
a high correlation between these design aspects. For 
instance, the use of high performance materials can 
reduce weight but typically buying cost are increased, 
ease of manufacturing is reduced and maintainability cost 
can raise up. The maximization of the aerodynamics 
performances can be obtained by a high aspect ratio and 
by thin airfoils; but this affects the structure. The wing 
spars must be oversized since the moment and the shear 
on the wing are higher. Moreover, the design of an 
industrial product should be faced considering the whole 
life-cycle: solutions leading to a low cost of manufacturing 
can imply high operative costs so that the initial gain is 
overcome by the following drawbacks. Studies to apply 
the tailless configuration have been carried out also for 
large passengers transport aircraft, but the problems 
related to the cabin height and the internal space revealed 
the lack of economic exploitation for this configuration. 
Also the payload require some considerations: civil UAVs 
usually carry instruments like cameras, batteries, radio 
devices, Radar, magnetometers or similar devices. 
Moreover, flight computers, radio link with the GCS, 
motor, batteries and servoactuators are necessary for the 
flight operations. For a medium size UAV, like the model 
considered in this study the payload consist of: a small 
camera in the nose for external view transmission to the 
GCS, a better quality camera pointing the terrain for the 
monitoring of the interest zone (e.g. a forest fire, a leak 
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from an oil pipe, a ship in trouble), a pack of batteries 
need to supply the on board electric devices. The avionic 
consists of an autopilot (MEMS accelerometers, 
magnetometers, gyroscopes and an electric board) of 
small dimensions and small mass (less than 100 grams). 
The miniaturization of devices is so advanced that the 
payload and avionic weight for a small UAV can be less 
than 500 grams. The propulsive system of the UAV is 
based upon a fan (of 69 mm of external diameter) moved 
by an electric brushless motor (with  a peak power of 600 
Watt), which can assures a maximum thrust of 10-12 
Newtons. The throttle setting of the motor decrease as 
the required thrust by the UAV decrease; a lower electric 
motor consumption  allows an higher autonomy (or a 
smallest pack of battery and an increased payload with 
the same weight).  
 

 

Fig. 1 UAV configuration and wing payload compartment. 

Figure 1 shows in the left a UAV tailless configuration; in 
the right side the volumes of the internal part of a semi-
wing useful to load the payload are in red. The payload 
compartement can be obtained in the thick of the airfoil, in 
the central part of the wing. 

3 Application of Hot Wire Cutting to 
UAV Performing 

The HWC technique has been applied to obtain in a small 
amount of time the skeleton of UAVs in foam material. 
The design loop starts from a 3D design of the aircraft, 
like explained in Figure 2 (rendering in the left; wireframe 
in the right).  

 

Fig. 2 Tailless 3D modeling 

In a rough way, this tailless configuration can be 
considered as the sum of four elements: two external 
wings (right and left), and two internal wings (right  and 
left). [see Figure 3]. 
 

 

Fig. 3 Left wing – internal and external part 

All of these four parts can be obtained interpolating two 
bi-dimensional airfoils. Moreover, the path of the wire can 
be designed so that also the compartment for the payload 
bay (in the internal wing), or the track for spars (in the 

external wings) can be obtained, as Figure 4 shows for 
the internal wing, and Figure 5 for the external wing.  

 

Fig. 4 Internal wing airfoils to be interpolated with the HWC 

machine. 

Figure 4 shows also the features of the internal wing 
compartment: the payload bay is obtained within the 
airfoil. Three zones are available (see also Fig. 1): ahead 
the main spar, between main and rear spar, and after the 
rear spar. 

 

Fig. 5 External wing airfoils to interpolate with the HWC 

machine. 

The cut of the 3D foam shape of the internal and external 
wings requires: the 2D drawing of the two airfoils, their 
relative position and twist, and the span of the wing. The 
HWC machine needs also the dimensions of the block, 
and its distance from the X-Y plane of the machine. As 
figure 6 shows, in fact, the machine is made by a frame in 
which the ends of a wire can move on two parallel planes 
represented by the axis X1 and Y1, and X2, Y2 in Figure 
6: each axis is moved by a stepper motor. The moving of 
the motors is piloted by a driver board which converts the 
input of a PC software in steps of rotation to be run by the 
motors. For a better description of the machine features 
and software see reference [1]. 
 

 

Fig. 6 HWC machine during wing cut 

A simulation of cut (Fig. 7) within the cutting software can 
be useful to evaluate the correctness of the data provided 
by the operator and for a preview of the final result.  
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Fig. 7 Simulation of the wire cut 

The polystyrene block is finally cut to obtain the external 
and internal wing as reported in Figure 8. The cutting 
operations takes  few minutes and the precision is good. 
 

 

Fig. 8 HWC machine during wing cut [2] 

All of the four parts of the wing are performed in such way 
and finally assembled to check the final structure, as can 
be seen in Figure 9. 
 

 

Fig. 9 The wing of the UAV performed by HWC 

Finally the components in polystyrene are covered with 
composite materials (glass fiber and epoxy resin); spars 
in composite or wood are glued in the wings, the payload 
bay is equipped with sensors, the airframe is added by 
controls and electric motors. As previously stated the 
geometry of the wing can’t be modified after the 
manufacturing of the wing sections. This is the main 
reason for which an optimization is necessary: if the 
design is in fact wrong, the aircraft stability can’t be 
modified and the airframe has to be disposed. 

4 Optimization algorithms 
This chapter briefly introduces the algorithm used to 
optimize the UAV.  (2) 

4.1 Particle Swarm 

Kennedy can be considered the father of the PSO: further 
studies have been deployed to improve the original 
formulation. One of the most common PSO algorithm [15] 
consists of two steps: particle speed update, and particle 
position update. The position of a particle represent a 

solution to the problem in the n-dimensional space of the 
parameters; the speed indicates the direction in the n-
space toward a new position to explore. 
  
The velocity can be obtained by the following formula: 
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Where symbols stand for: 
i : index of the single particle 
k : algorithm step 
Φ(k): inertia function 
vi : velocity of the ith particle 
α1,2: acceleration constants 
p: personal best, best position found by the ith particle  
G: best position found by the whole swarm  
(it is the best position within the personal bests) 

1,2g : it is a random number in the interval [0÷1] 

 
In a similar manner, the position can be obtained using 
the following formula: 

( 1) ( ) ( 1)i i ix k x k v k+ = + +                              (2) 

Where: 
xi : position of the ith particle 
vi(k+1): updated velocity of the ith particle 
 
The step of iterations can be fixed by the user before the 
simulation; a convergence condition to break the 
algorithm can be also introduced when no improvement in 
solution is achieved for a defined number of consecutive 
iterations. 

4.2 Genetic Algorithms 

Genetic Algorithm simulates the natural evolution of 
individuals, as introduced by C. Darwin. A solution of a 
problem is coded in a chromosome, composed by the 
sum of a number of genes equal to the parameters to 
optimize. A population is randomly generated (within a 
certain interval defined by the user) and the fitness of 
each individual is evaluated. Each chromosome is coded 
in a binary number and the fitness is evaluated. The best 
individual is copied as it is in the new generation (if 
elitarism is set), while the other individuals of this new 
generation are obtained by the combination of the best 
chromosomes of the previous generation. Two techniques 
are introduced to solve the problem of the local peaks: the 
mutations and the crossover. The first term indicates a 
random change of a gene, while the second describe the 
cross change of genes between two chromosomes.     

4.3 Monte Carlo 

The MCT is a technique inspired to the Casino roulette 
game. It consists in the whole simulation of the cases that 
can arise in a problem in which some parameters may 
vary. It is widely used in problems in which a model is 
unknown or in games and strategy. One of the typical 
application is a chess game between a human and a 
machine: the machine simulates all of the future moving of 
the human until the chess mate. The best move is the 
move which guarantee the highest number of mate ending 
for the machine. This method is effective but a large 
number of simulations is necessary especially in cases in 
which the fitness depends on a large number of 
parameters, whose value is continuous. 
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5 Optimisation framework 
   (2) 

5.1 Fitness 

One of the most critical issue in optimization is the 
definition of the fitness. In this work this function will 
consider two aspects: the satisfaction of requirements, 
and the maximum economy of the final product. The most 
important mission requirements [18] are the flight speed, 
the payload needs, and the stability (an aircraft unstable 
is difficult to fly and pilot). Moreover, the payload bay 
should be large enough to carry the subsystems need by 
the UAV: autopilot, radio, actuators, battery, camera or 
other sensors. The cost can be split in two main items: 
the manufacturing cost, and the operative cost. The 
weight can be considered an indicator of the 
manufacturing cost: raw materials quantity and manpower 
can be roughly dependent on the dimensions of the 
airframe. On the other side, the flight efficiency can be 
considered responsible for operational costs: the power 
required for flight is in fact minimized when the efficiency 
is maximised. A fitness formulation which consider all of 
these aspects is: 
 

* _ * _ * _ /Fitness E SM ind VOL ind SPEED ind WEIGHT=       (3) 

 
Where: 
E: flight efficiency 
SM_ind: stability margin coefficient 
VOL_ind: internal volume coefficient 
SPEED_ind: correct speed coefficient 
WEIGHT: final weight of the aircraft 
 
E can be computed as the coefficient of lift divided by the 
coefficient of drag of the airplane; 
 
SM_ind is defined as: 

1, 4% 8%
_

0.1,

if SM
SM ind

otherwise
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î

                                         (4) 

Where SM in the static margin of the aircraft: it is 
considered good for a tailless aircraft between 0.04 and 
0.08. 
 
VOL_ind is defined as:  

31, _ 0.015 &max_ 145
_

0.1,

if payload volume m thickness mm
VOL ind

otherwise

ì > >
= í
î

(5) 

 
In this case study 0.015 m3 is the volume of the payload 
increased by a quantity to keep into account the geometry 
of the items; 145 mm is the minimum height which allow 
to carry the most voluminous element in the bay (a frame 
in polystyrene of 10 millimetres should be considered so 
that a net height of 120 mm is obtained in the central part 
of the wing).  
In a similar manner to the SM_ind, also the VOL_ind can 
be considered a penalty functions which express the lack 
of satisfaction of the requirements: in this case, the 
volume of the payload bay or the thickness of the wing 
are too small to fit the payload and systems. 
 
SPEED_ind express the satisfaction of the speed 
requirement. In the case study we propose: 
 

1, 0.95* _ _ 1.05*
_

0.1,

if Tspeed calculated cruise speed Tspeed
SPEED ind

otherwise

ì < <
= í
î

(6) 

Tspeed is the flight speed defined in the mission 
requirements (12 m/s of cruise speed). 
WEIGHT is the final weight of the aircraft: it is the sum of 
the contribution of payload, electric motor, batteries, 
actuators, and airframe. All of these weight are fixed by 
the requirements, except the airframe which depends on 
the aircraft shape and on the designer choices. 
 
The formulation of the fitness can be considered as the 
efficiency divided by the weight of the aircraft, multiplied 
by a series of coefficients. By this way, the fitness value 
increases when the efficiency is better and the weight is 
low. The other terms in the formula (SM_ind, SPEED_ind, 
VOL_ind) can be considered as penalty coefficients which 
pull down the fitness when a requirements is not satisfied. 
The penalty terms are multiplied (and not added) so that 
the fitness reduces with a high ratio when two or more 
requirements are not in the correct range. The fitness is 
proportional to efficiency and weight, while the penalty 
coefficients can assume the value of 0.1: this formulation 
assures first of all the satisfaction of the requirements, 
and in the second place the optimization of efficiency and 
weight. In fact, the fitness is low and the solution is 
rejected when it presents a good efficiency to weight ratio, 
but at least one of the requirements is not satisfied.  
 

5.2 Parameters to optimize 

The parameters to define for the design of the UAV 
airframe are listed in the following Table 1. They include: 
airfoils type, geometric shape and layout, flight design 
angle of attack. 
 

# 

Parameter Name 

Parameter 
Symbol (see 
also Fig.10 

XXXX) 

Min 
Value 

Max 
Value 

1 Wing Span [m] b 2.5 4.0 
2 Chord at tip [m] e 0.2 0.3 
3 Chord at root c 0.8 1.2 
4 Chord at intermediate 

section 
d 0.4 0.6 

5 Span from the root to 
the intermediate 

section 
f 0.35 0.55 

6 Sweep at 25% Wing 
Cord [Deg] 

SW 20 40 

7 Airfoil twist at 
intermediate section 

[Deg] 
Int_twist 0 2 

8 Airfoil twist at tip 
[Deg] 

Tip_twist 0 4 

9 Airfoil Type at root 
(first figure A), 

intermediate section 
(second figure N) and 

tip (third figure B) 

ANB 111 999 

10 Angle of attack [Deg] Alfa 0 8 

Tab. 1 Parameters to optimize. 

 
The geometric parameters meaning is shown in Figure 
10. The aircraft stability can be achieved using twist, 
sweep and “Reflex” Airfoil. Nine airfoil have been 
considered as suitable for the design of such an aircraft 
(depending on experience and bibliography), as Table 2 
lists. 
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Fig. 10 Plan view of the UAV 

 
The airfoil to use at tip, at root, and in the intermediate 
(junction between internal and external wing) sections are 
expressed by a number of three figures: the first 
corresponds to the type of airfoil used in the root, the last 
in the tip, and the second in the intermediate section. A 
useful simplification is obtained in such a way; instead of 
three different parameter the airfoil choice is represented 
by a unique number. The following table shows the 
correspondence between number and airfoil type. 
 

Airfoil Name Airfoil 
Thickness 

Figure in ANB 
parameter 

Cj25209 9.5 6 
E186 12.7 7 

Fauvel 14 9 
Horten Standard 13 1 

Martin Hepperle 45 9.85 8 
Martin Hepperle 46 11.4 2 
Martin Hepperle 49 10.5 3 
Martin Hepperle 78 11.4 4 

NACA 0012 12 5 
NACA 0015 15 0 

Tab. 2 Correspondence figures – airfoil in the parameter 
ANB. 

The coefficient need for the definition of SM_ind and E 
are calculated using the lifting line theory, in the 
formulation proposed by Anderson [19]: it is an 
aerodynamic theory which consider a wing as a 
bidimensional surface. The wing is divided in a series of 
patches, as Figure 12 shows.  

 

Fig. 11 Wing patches for aerodynamic computations 

 
A series of vortex are placed in the quarter of chord of 
each patch, and a speed is calculated at the center. A 
condition of tangency of the speed in proximity of the wing 
surface allows to compute the lift of each panel. The other 
fitness terms are simply calculated by the geometrical 
parameter; the airframe weight is found by multiplying the 
volume and the surface by the polystyrene density and 
the fiber weight per square meter.  

6 Results and Comparison with other 
optimisation algorithms 

Two analysis have been deployed: a series of PSO 
optimization varying settings, and a following comparison 
between PSO, MCT and GA. 

6.1 PSO optimization 

The first test was performed to show how inertia and 
accelerations affect the optimization with PSA. Literature 
[Birge] suggest to fix accelerations around the value 2, 
while a good value for inertia can be considered 1.4 in 
case of constant inertia, or a decreasing value (as a 
function of k) from 0.9 to 0.4 in case of variable inertia. 
[Chi et al.] suggest a value of 0.8-1 for accelerations.  
 

# 
Run 

Particle Swarm Optimizer 
Best 

Fitness 

Time 
elapsed 

[s] 

Iterations up 
to  

convergence 
1 Inertia Φ=1.4  

Acceleration α1=2 
Acceleration α2=2 

0.192 336 
 

19 

2 Φ =1.2 ; α1=2 ; α2=2 0.208 355 20 
3 Φ =1 ; α1=2 ; α2=2 0.2546 323 16 
4 Φ =0.9 ; α1=2 ; α2=2 run1 0.2109 337 17 
5 Φ =0.9 ; α1=2 ; α2=2 run2 0.218 1308 52 
6 Φ =0.9 ; α1=2 ; α2=2 run3 0.235 595 30 
7 Φ =0.8 ; α1=2 ; α2=2 run1 0.199 191 13 
8 Φ =0.8 ; α1=2 ; α2=2 run2 0.218 2403 88 
9 Φ =0.8 ; α1=2 ; α2=2 run3 0.221 654 35 
10 Φ =0.7 ; α1=2 ; α2=2 0.241 1081 74 
11 Φ =0.6 ; α1=2 ; α2=2 0.2425 2156 150 
12 Φ =1 ; α1=1.8 ; α2=2.2 0.207 492 24 
13 Φ =1 ; α1=2.2 ; α2=1.8 0.2298 552 23 
14 Φ =0.8 ; α1=1.8 ;α2=2.2 0.223 587 29 
15 Φ =0.8 ; α1=2.2 ; α2=1.8 0.222 391 18 

Tab. 3 Parameters to optimize. 

 

The inertia was chosen as a constant (in the interval [0.4-
1.4]) value in these test to show the best one. 
Acceleration were set equal to 2 in all the test, except in 
the last 4 runs, in which the value was a little varied.  
 

# 
Parameter Name 

Value from 
Particle Swarm 

Optimization 
1 Wing Span [m] 3.83  
2 Chord at tip [m] 0.24 
3 Chord at root [m] 0.82 
4 Chord at intermediate 

section [m] 
0.41 

5 Span from the root to the 
intermediate section [m] 

0.53 

6 Sweep at 25% Wing Cord 0.527 (30.2°) 
7 Airfoil twist at intermediate 

section [rad] 
0.033 (1.9°) 

8 Airfoil twist at tip [rad] 0.055 (3.15°) 
9 Airfoil Type at root (first 

figure), intermediate section 
(second figure) and tip (third 

figure) 

 
661 

10 Angle of attack 0.093 (5.3°) 
 FITNESS 0.2546 

Tab. 4 Parameters of best run. 

Table 3 lists the results obtained in the test in terms of 
best fitness, time elapsed during simulation, and finally 
the number of run to convergence: the simulation ends 
when no improvement in fitness are achieved in 10 
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consecutive iterations. The results of Table 4 shows the 
best optimization result (Fitness value=0.2546) in the 
case Φ=0.9 α1=2 α2=2. The design parameters obtained 
in the best run (#3) are listed in the following Table 2. The 
Figure 12 shows also the distribution of swarm during 
optimization during a run (Chord at root in X, Wing Span 
in Y), and the fitness evolution in the time.  
 

 

Fig. 12 Swarm distribution (wing span in X and Chord at root 
in Y ) 

The following Figure 13 shows the trend of the Fitness 
during an optimization with PSO.  
 

 

Fig. 13 Fitness Trend during optimization. 

 

6.2 Comparison 

A comparison with other optimization techniques has 
been carried out to prove the efficiency of the PSO: 
results obtained with Genetic Algorithm and Monte Carlo 
are herein listed. The comparison between PSO and GA 
has been carried out with an equal number of swarm 
individuals and population, and with the same number for 
PSO iteration to convergence and GA generations. The 
GA main settings have been set to standard values: 
elitarism, on; Mutation probability, 0.8; crossover 
probability, 0.04. The Monte Carlo technique has been 
applied in a number of test equal to swarm individuals 
times the number of iteration for convergence. Thus, the 
computation time is equal for both PSO, both GA and 
both MonteCarlo: the most computationally consuming 
activity is in fact is the fitness evaluation which occurs the 
same number of times.  
 

Best Fitness 
Number of 
iterations 

Particle 
Swarm 

Optimization 
Φ =0.9        

α1=2 ; α2=2 

Genetic 
Algorithm 

Monte Carlo 
Optimization 

Best 
method 

10 iterations 
30 particles 

0.186 0.194 0.195 MCT 

15 iterations 
30 particles 

0.231 0.193 0.025 PSO 

20 iterations 
30 particles 

0.201 0.221 0.1889 GA 

25 iterations 
30 particles 

0.220 0.204 0.195 PSO 

30 iterations 
30 particles 

0.215 0.2234 0.2002 GA 

35 iterations 
30 particles 

0.242 0.2379 0.167 PSO 

Tab. 5 Results of Optimization with a constant number of 
iteration. 

The above Table 5 shows that for small numbers of 
iteration the MCT provides the best results: GA and PSO 
algorithm in fact requires a number of iterations to work. 
For small iterations the MCt explore best the space. After 
the value of iterations of 15 the GA and PSO functions 
better than MC (see also Figure 14).  

 

Fig. 14 Algorithm efficiency vs. number of iterations 

 
The efficiency of GA and PSO seems to be similar. It 
should be noted that the PSO algorithm is more simple 
than the GA one.  
 

7 Conclusions 
This paper presents an application of Particle Swarm 
Algorithm to a complex optimization problem: the design 
of a UAV performed by Hot Wire Cutting Techniques. 
Results obtained show the PSO algorithm settings useful 
to achieve the best fitness. The comparison between GA, 
MCT and PSO showed the equivalence of GA and PSO in 
case of a number of iteration equal or major to 15. Future 
developments of the paper should consider a large 
number of simulations, considering a mean value and a 
standard deviation instead of a single optimization value. 
A sensibility analysis can improve the settings of inertia 
and accelerations. A more deep study should include also 
a comparison with furthermore optimization techniques. 
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Abstract 

Purpose: 
This article deals with modelling and design of embedded autonomous microsystems able to 
harvest energy from their close environment. Due to their numerous functionalities, progress 
in electronics and the development of wireless applications, microsystems are used in a wide 
range of applications. Moreover, they require a large autonomy to ensure reliability and avoid 
maintenance operations. We focus on energy harvesting to power them to replace the 
conventional energy source with an energy harvester. Different sources can be used but one 
difficulty is to select the most adapted to a specific application and choose the energy 
harvester architecture to get an efficient system. 

Method: 
A decision support to design autonomous microsystems working by harvesting energy is 
proposed. It aims to support designer’s decisions from qualitative representation to physical 
models. Our approach is based on the identification, analysis, modelling and minimization of 
antagonist flows and effects through a system-level model to estimate the energy that can be 
harvested. 

Result: 
The method is illustrated through a validation case dealing with the displacement and 
deformation measurement of a cantilever beam with an accelerometer. The aim is to choose 
the energy source and the architecture of the energy harvester to satisfy the requirements. 

Discussion & Conclusion: 
Through the application, this paper demonstrates the relevance of our tool in aiding the 
design of the energetic part of an autonomous embedded microsystem. We can also note 
that our top-down approach can be use as a decision tool. 

 

1 Introduction 
This paper presents a new approach to model and 

design embedded autonomous microsystems able to 
harvest the energy from micro-sources of the 
environment. This is an important issue because the main 
limitation of actual microsystems is their power supply. 
Indeed, batteries are not adapted to autonomous 
microsystems because of their limited lifetime.  

Consequently, energy harvesting is used to replace 
batteries. This notion is explained in the following section. 
Usually, several energy sources exist in the environment 
of a microsystem. Select the best one is a difficult task 
that will influence the energy harvester architecture and 
the microsystem's performances. As a result, we propose 
a decision support to design autonomous microsystems 
powered by ambient micro-sources in complex energy 
environments, through a system level modelling. 

Our method breaks down into four parts: entity 
identification and description, aid to embodiment design 
of the energy harvester, system level modelling and 
detailed design.  The global method focuses on the 
analysis of antagonist flows and effects. 

The first phase is based on a functional approach. 
Distinct entities are distinguished: Sources, System and 

Sinks. The designer needs to describe the environment, 
identify and quantify the energy sources. Then, criteria are 
defined to select the energy sources by considering the 
environment and the constraints of the application. Later, 
the energy harvester architecture is chosen and a system 
level model of the microsystem is implemented to 
evaluate the global autonomy. Finally, the model of every 
block is refined through specific design software 
programs. Moreover, as microsystem design is a 
multiphysic task (electronics, mechanics, automation, etc.) 
we are working on the creation of gateways between the 
different programs to make detailed design easier. 

To support our method, we developed a tool in Java 
connected to databases. 

To conclude, the method is based on a top down 
approach and guides designers to choose components, 
materials, technologies and architectures. It helps them to 
define the global structure by coupling the different 
engineering fields from the early phases of the design 
process and leads to the definition of models. 
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2 Autonomous microsystems and 
energy harvesting 

A microsystem is a compact, miniaturised and 
multifunctional intelligent device integrating sensor and/or 
actuator associated to their processing unit [1] [2] [3] (Fig. 
1). It can exchange data and communicate with the 
external environment or with other microsystems [4]. 

The originality of our work comes from the 
consideration of energy harvesting, in the design process, 
to replace batteries. This is possible with microsystems 
having very low power consumption [5] [6]. Energy 
harvesting represents the conversion of the available 
energy in the surrounding environment of the 
microsystem (also called ambient energy) into exploitable 
energy. Different sources can be used like sunlight [6] [7], 
thermal gradient [8], human activities [9], etc. [10]. When 
considering energy harvesting, the energy source is thus 
replaced by an energy harvester composed of (Fig. 1): 
- an energy converter to convert the input energy into 

electrical energy 
- voltage converters to rectify and adapt the signal to 

the rest of the circuit 
- a storage element to ensure the presence of power 

for the system operation 
- an energy management and control unit to maximise 

the system's efficiency. 
Microsystem design is really dependant on the 

application and represents a multidisciplinary task. 
Indeed, energetic engineering intervenes in the choice 
and the energy source modelling. Then, non electrical 
knowledge (mechanics, material science, optics, etc.) is 
needed for energy converter selection and design 
whereas electronic engineering is dominant when dealing 
with voltage conversion and is combined with automation 
for the management and control of the global system. 
Regarding this last point, the automation part is limited to 
embedded software but its impact can be evaluated [11]. 

In other words, microsystem design is as a large scale 
engineering problem including multiple components 
(electronic circuits, mechanical elements, etc.) and 
multiphysics (mechanics, electronics, energetics, etc.) [4]. 
It requires the collaboration of specialists in distinct 
engineering fields. 

 

Energy

converter

(El, En)

Voltage

converter

(El)

Storage

element

(El)

Energy management

system

(El, A)

Ambient energy

source

(M, El, En)

Control processing

(El, A)

Sensor

(M)

Communication interface

(El)

Energy source

Measurements

Orders

Energy
Data

Energy harvester

Actuator

(M)

M Mechanical engineering

El Electronic engineering

En Energetic engineering

A Automation

Fig. 1 Global architecture of autonomous microsystems 

3 Decision making approach 
Our multidisciplinary decision making approach starts 

between the conceptual and embodiment design phases. 
It begins with qualitative data to get quantitative ones. 

The starting point of this approach is the application 
and more precisely environmental constraints and 
autonomy requirements. 

Our decision support system can be divided into four 
main phases, as illustrated in Fig. 2: 
- entity identification and description 
- aid to embodiment design of energy harvester 
- system level modelling and energy estimation 
- detailed design 

These different steps are described hereafter. 
 

Entity identification and

description

Aid to embodiment design

System-level modelling

Specifications

Energy source classification and selection

Architecture selection

Estimation of energy consumption

Validation
System and environment definition

Energy sources identification

Detailed design

Energetic losses and harvested energy evaluation

Autonomy estimation

High level models

Specific models

Global design

Autonomy evaluation

 

Fig. 2 Global approach 

 
Moreover, to support our approach, we developed an 

interface in JAVA that is connected to a database. It helps 
designers to make choices by providing data from the 
literature and can also be enriched by new results. 

3.1 Entity identification and description 

 

3.1.1 Objectives 

Due to the increase in functionalities, microsystems are 
used in a wide range of applications like automotive 
industry, medical field or monitoring operation. As a 
consequence, their behaviour is highly dependant on their 
environment. This is particularly true when dealing with 
microsystems able to harvest ambient energy to work. 
Indeed, the nature and quality of the sources vary from 
one place to another one. 

The aim of this first point is to identify, qualify and 
quantify all the entities involved in the application and the 
energy sources that are present in its surrounding. 
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3.1.2 Approach 

A microsystem is a system including some 
functionalities like the environment perception (sensor), 
data treatment and analysis, decision making, 
communication with the external world or action on the 
environment.  

Thus, our approach adopts a functional point of view 
[12]. We distinguish the System (the energy harvester) 
and the Super-System (the surrounding environment). 
Among the environment, we define specific entities called 
Source and Sink. A Source can either emit or receive 
flows from the System or the Super-System and a Sink is 
a tank absorbing flows. Typically, for an autonomous 
microsystem, a Source is an energy source like solar 
radiation or thermal energy and the Sink is a sensor or an 
actuator. 

Then, a physical breakdown is done to identify the 
functional flows through the studied elements and the 
interactions between them [13]. It is mainly based on 
Product Breakdown Structure (PBS) and Functional Block 
Diagram (FBD) [4] [14]. They give a detailed 
representation of the Super-system and identify the 
interaction between entities of System and Super-system 
and flows circulating between them (Fig. 3). These 
interactions can be physical, sensorial and cognitive [15] 
and are direct (they associate the System and an element 
of the environment) or indirect (they link two elements of 
the environment). Interaction diagram is used to represent 
these interactions [1]. 

Context, need System breakdown

System

FB1 FB2

C2

Environment

Interactions

Model of

component

C 1

C 2

FB2

FB 1

System

InteractorInteractor

Interactor

function
User Matter

Product

Function,

need

function

Components Interactions,

Design variables,

Flows, Models

SpecificationsNeed

Entity description

C1

Physical breakdown

FB Functional Block

C Component

Interaction diagram Product Breakdown Structure PBS)

Functional Block Diagram (FBD)

Fig. 3 Entity description 

3.1.3 Tool: entity identification and description tab 

As mentioned previously, we developed a tool to 
support our approach. Three tabs are dedicated to the 
description of the distinct entities including Sources and 
Sinks. They are defined through the following parameters 
(see Fig. 4): 
- name 
- class (radiant, mechanical and thermal energy) 
- function 
- comments. 

This definition format enables to save and reuse data 
for other projects. 

 

Fig. 4 Entity identification and description tab 

Furthermore, the interactions are defined and the graph 
of interactions is generated. Each interaction is defined by 
a name, a type (physical, sensorial and cognitive) and a 
characteristic (contact or contactless). Also, flows 
associated to these interactions are characterized through 
the functional base proposed by Hirtz et al. [16]. More 
precisely, each flow is associated to a primary class, a 
secondary class and dual variables (see Tab. 7 in 
Appendix) (Fig. 5 and Fig. 6). 

 

 

Fig. 5 Interaction tab 
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Fig. 6 Graph of interaction 

3.2 Aid to embodiment design 

 

3.2.1 Objectives 

The second part of our approach deals with 
embodiment design for the energy harvester. The 
objectives are to qualify and quantify the energy sources 
and select the energy harvester architecture before 
quantifying the energy that can be collected. 

A classification of the energy sources is thus obtained. 
Then, possible architectures are proposed to get a rapid 
energetic balance. 

3.2.2 Approach 

a) Qualify and quantify energy sources 
 
To classify the energy sources, we defined four high 

level criteria: relative distance, relative intensity, relative 
nature and flow characterization [17]. 
- Relative distance (D): the aim is to minimize the 

distance between the Source and the microsystem to 
limit the introduction of transport elements leading to 
energetic and economic losses. 

- Relative intensity: this criterion is divided into three. 
We consider the magnitude (M), variation (∆) and 
rhythm (F).  Through this criteria, Sources providing 
power in the same range as the one needed by the 
System are favoured to restrict converter number and 
thus minimise energetic losses. However, the 
available energy should be sufficient enough to 
overcome the whole losses caused by all the 
elements. Variation and rhythm aspects focus on 
Source presence and periodicity. 

- Relative nature (N): this criterion is related to the 
nature of the source flow and puts forwards the fact 
that some transformations are more efficient than 
others. 

- Flow characterization (FC): this criteria aims to 
identify unwanted effects (called antagonist effects) 
that could damage the system and decrease its 
performances, like overheating or corrosion. They 
are identified early in the design process to anticipate 
them with a specific design or to eliminate some 
solutions. 

All these criteria are associated to aggregation 
functions [18] [19] to classify the energy sources. Then, 
the designer has to choose the ones he wants to go on 
studying to evaluate the energy harvester architectures. 

 

b) Select energy harvester architecture and estimate 
energy 

 
According to the selected energy source, different 

possibilities exist to design the energy harvester. 
The energy harvester breaks down into functional 

blocks: Converter, Transmitter, Operator and Controller 
(CTOC logic) [14]. 

A Converter transforms the input flow into another type 
with a change of nature. A Transmitter ensures flow 
transmission without any nature changes. An Operator is 
either a converter or a transmitter and the Controller 
supervises the passage of the functional flow. 

For the energy harvester, the architecture is 
represented on Fig. 7. The Converter is an energy 
converter that transforms the energy from the source into 
electric energy. The Transmitter is a voltage converter to 
adapt the signal to the rest of the circuit. The Operator is a 
storage element and can associate a supercapacitor to a 
battery. Finally, the Controller is a power conditioning 
circuitry. 

Source

Energy harvester

Energy converter Voltage converter Storage element

Control and process unit

Sensor

 

Fig. 7 Representation of the energy harvester 

3.2.3 Tool: aid to embodiment design tab 

In our tool, Sources are qualified with decimal value in 
the [0; 1] interval (Fig. 4). The higher the coefficient is, the 
better the Source is. Moreover, for the global qualification, 
weights are associated to each criterion, depending on 
their importance. Then, the coefficient aggregation leads 
to a classification of the energy sources previously 
defined. 

To guide the designer, the "decision making" tab 
proposes possible architecture for the energy harvester 
with the efficiency of the distinct elements. As represented 
on Fig. 8, the breaking down in Source, System and Sink 
is used. The objective is to quickly get an architecture that 
is based on existing technologies and components. 

In order to test energy harvester architecture, the 
designer needs to set source parameters like power 
density, frequency, amplitude or size. Besides, storage 
elements are characterized by their capacity and voltage 
levels. Finally, the measurement periodicity and power 
consumption are needed for the sensor. 

To sum up, the energy that can be harvested depends 
on the available energy in the surrounding environment of 
the application, the efficiency of the different converters 
and transmitters, the capacity of the storage elements and 
the consumption of the sensor during its cyclic operation.  
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Fig. 8 Aid to embodiment design tab 

3.3 System-level modelling 

 

3.3.1 Objectives 

The objectives of this phase are to calculate the 
amount of energy that can be harvested from the 
considered ambient source (by evaluating energetic 
losses in the different elements) and to evaluate the 
microsystem autonomy. This evaluation enables to check 
whether energy harvesting consideration is relevant for 
the application or not. Moreover, it can also put forward 
the necessity of hybridize several energy sources. 

3.3.2 Approach 

A system-level model of the microsystem is created on 
Matlab-Simulink. Each element is represented by a block 
containing editable parameters (Fig. 9). These 
parameters come from the previous step. 

As mentioned before, the microsystem breaks down 
into three main parts: an energy production unit, a storage 
element and a control and management unit. 

The energy production unit is made of the energy 
source associated to the energy and voltage converters. 
The source is represented by its power density value 
(Dsource) and the size of the energy converter (Sdisp) to 
estimate the output power (Pharvest) (eq. 1).  

 sourcedispharvest DSP .S  (1) 

 
Then, converters are modelled with coefficient of 

efficiency (α) to evaluate the output power Po  from the 
input one Pi, as shown in eq. 2. 

 .. iPPo .P  (2) 

 
For the storage element, a supercapacitor and a 

battery are combined. For these storage elements, 
different functioning phases are identified: charge (eq. 3), 
discharge (eq. 4) and no use. During this last one, the 
available energy is considered constant. In fact, in a first 
approximation, the ageing of battery, the leakage current 
of supercapacitor and the thermal effects are neglected. 
With such devices, we have a constant voltage charge 

fixed by the energy harvester output voltage and a 
constant current discharge imposed by the microsensor 
node consumption. Then, these two phases are 
respectively modelled using simple following expressions. 
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tt

UeU .1.)( 0  (3) 

 
C
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where U0 and Ufinal are respectively the initial output 

and the final output voltage of the storage element which 
could not exceed the maximum output voltage Umax. τ is 
the charge constant which depends on the impedance of 
the storage element. C is the capacity of the storage 
element and Icons the microsensor node consumption. 

 
Finally, the management unit must control the energy 

flows to correctly power the sensor during its cyclic 
operation mode. More precisely, it chooses whether the 
sensor is powered by ambient energy directly, the 
supercapacitor or the battery. This is done by comparing 
the harvested power Pharvest and the consumed power 
Pconsumed: 
- if Pharvest > Pconsumed, the sensor is powered by 

ambient energy directly and the energy surplus 
charges the supercapacitor up to its maximal voltage.  

- if Pharvest = Pconsumed, the sensor is powered by the 
ambient energy directly 

- if Pharvest < Pconsumed, the sensor is powered by the 
supercapacitor and the battery. 

 
Our model gives energetic profiles showing the energy 

stored in the supercapacitor with regard to the ones 
available in the environment and needed by the 
microsystem. Therefore, we can deduce the autonomy of 
the global system and choose the most efficient 
architecture for our application. 

We must note that our system does not include any 
expert system. The different choices are done by the 
designer himself. Our interface only provides elements 
and tools to make the selection easier and guide 
designers to choose components, materials, technologies 
and architectures. It helps them to define the global 
structure by coupling the different engineering fields from 
the early phases of the design process and leads to the 
definition of models. 

3.4 Tool: system-level modelling tab 

The parameters of each element are to initialize our 
system-level model. The simulation result is a 
representation of the energy stored in the supercapacitor, 
the ambient energy and the energy consumption of the 
sensor. 

Moreover, by evaluating the working time of the battery 
and the average current, battery lifetime is evaluated. This 
enables the designer to see the impact of energy 
harvesting on the application autonomy.   
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Fig. 9 Implementation of the system-level model 

 

3.5 Detailed design 

 

3.5.1 Objectives 

The last phase of our approach is to obtain accurate 
models to design the whole system. Consequently, 
models of entities, interactions and environment are 
needed. Component models (material and immaterial) 
reproduce component behavior and interaction models 
describe how the components interact. 

Behaviour models illustrate the conditions under which 
behaviours can exist and represent their mechanisms.  
These models are aggregated into a component model 
describing all the possible behaviours of the component. 
Thus a phenomenological description of the component is 
obtained. Then, environment models aggregate 
component models. They describe their organisation and 
their relations [20]. 

Moreover, as microsystems design is a 
multidisciplinary task, the distinct elements are modelled 
on specific software programs. We aim to create 
gateways between these programs to make the design 
easier. 

3.5.2 Approach 

To define models, the variables involved and the 
relations between them have to be identified. In our work, 
we consider distinct modelling levels. As an example, for 
a piezoelectric converter, we can select the following 
models [21]: 
- one-dimensional model with a weak 

electromechanical matching (current source) or with 
a strong matching (beam representation and 
equivalent circuit) 

- three-dimensional model. 
To create collaboration and interdependence between 

engineering fields, relations between specific software 
programs must be developed. Parameter extraction at the 
physical level has to be easier. 

We choose a computer-aided design and analysis 
software (ANSYS) for mechanical simulation. Matlab is 
used as an interface and enables system-level 
simulations. Finally, an electronic simulation and design 
software (Cadence) is chosen for electronic simulation, as 
well as for the global System design. 

To facilitate the design, inputs and outputs of each  
software come from another one [4]. Consequently, we 
have a global simulation that includes mechanical and 
electronic engineering. Relations and data exchanges 
enable us to get efficient structures from mechanical, 

electronic and energetic points of views. Moreover, this 
approach enables designers to choose existing 
components or design specific ones. 

3.5.3 Tool: detailed design tab 

An analytic model is associated to every existing 
component to describe its behaviour. As a result, 
variables and relations between them are identified for 
each entity (Fig. 10).  

Moreover, simulation models are proposed. These 
models are already implemented. For instance, a 
piezoelectric material can be modelled with a SOLID 98 or 
a SOLID 226 in Ansys. Electronic elements are also 
associated to VHDL-AMS models. However, if the existing 
components are not suitable for the application, new 
models can be defined. 

With Matlab, gateways can be created to import and 
export data into these specific software programs. As a 
result, the design remains specific but the collaboration 
between specialists is easier.  

 

Fig. 10 Models associated to the entities 

4 Application case 
 

4.1 Objectives of the application 

This section illustrates our approach with an application 
case. It deals with a microsystem that harvests energy 
from its surrounding environment. The device has to be 
maintenance free. As a result, the use of battery is not 
suitable to the application. The microsystem includes  
- an accelerometer whose role is to measure 

deformation amplitudes of a beam. Its characteristics 
are given in Tab. 2 

- a microcontroller to treat data and manage energy 
- a storage element associating a battery and a 

supercapacitor 
- an energy harvester 
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- a communication interface to send data to a remote 
station. 

The microsystem has a cyclic activity with a 50 ms 
period. The characteristics of these elements are given in 
Tab. 1. From this table, we see that the ambient energy 
should at least provide 943.5 µW during 46 ms to ensure 
a correct functioning of the microsystem. 

Task Time Power Energy 
Measurement 2 ms 700 µW 1.4 µJ 
Transmission 2 ms 17 mW 34 µJ 

Microcontroller 4 ms 2 mW 8 µJ 
Period 50 ms 868 µW 43.4 µJ 

Harvested 
power required 

> 46 ms 943.5 µW 
43.4 µJ 

Tab. 1 Energy estimation of the microsystem 

Furthermore, the beam is submitted to a cyclic and 
unidirectional effort with a frequency and amplitude of 5 
Hz and 1 m/s² respectively. It is also submitted to solar 
radiation, constant thermal gradient and radiofrequency 
waves. 

The objective is to determine the most adapted source 
in order to get the energy harvester architecture that will 
absorb and convert enough wasted energy from the 
environment.  

 
Voltage 1.8 – 3.6 V 
Current 212 µA at 3.3V 
Power 700 µW at 3.3V 

Tab. 2 Sensor's characteristics 

4.2 Entity identification and description 

For this application, the Sink is represented by the 
accelerometer and the System is the energy harvester. 
From the previous section, the following sources are 
present in the system's environment (Tab. 3):  
- solar energy (direct and diffuse) 
- mechanical energy from vibration and deformation 
- thermal energy 
- electromagnetic energy 

Their power densities are listed in Tab. 3. From this 
table, we can see that the energy from radiofrequency 
waves can't be used alone to power the microsystem 
because the available power is lower than the one 
required. 

 
Source  Power density 

Solar radiation 
Direct 
Diffuse 

100 mW/cm² 
100 µW/cm² 

Vibrations  800 µW/cm3 
Thermal energy gradient of 5°C 40 µW/cm² 
Radiofrequency GSM, Wifi 0.1 µW/cm² 

Tab. 3 Identification and characterisation of ambient energy 
sources 

4.3 Aid to embodiment design 

The energy sources are previously identified and 
characterized through the developed interface. The 
different criteria are evaluated and the involved flows are 
defined. In our studied case, distance and magnitude are 
more essential than the other ones. Therefore, the 
classification is the following (Tab. 4):  
- mechanical energy from vibration and deformation 
- solar radiation 
- thermal energy 
- electromagnetic waves 

Sources D 
I 

N FC Total 
M Δ F 

Vibrations 1 1 0.5 0.5 0.5 0.5 6 
Solar 1 0.5 0.5 0.5 0.5 0.5 5 

Thermal 
gradient 

1 0.5 0.5 1 0 0.5 5 

RF 0.5 0 0.5 1 0.5 1 4 
Weight 2 2 1 1 1 1 8 

Tab. 4 Energy source classification 

Through the interface, the designer can select a 
source. He can also choose a technology and a kind of 
converter. For example, three technologies are available 
to transform mechanical energy into electric energy: 
electrostatic, electromagnetic and piezoelectric 
converters. Later, for piezoelectric converters, different 
materials exist like PVDF (Polyvinylidene Fluoride) or PZT 
(lead (Pb) zirconium (Zr) titanate (Ti)). Each technology is 
associated to a coefficient of efficiency (Tab. 5). 

 
Energy 
source 

Converter Efficiency 
Influent 

parameters 

Solar 
Photovoltaic 

panel 
15 % Material, 

size, 
technology Solar panel 80 % 

Vibrations, 
deformation 

Electrostatic 0.32 % Distance 
Electromagnetic 6 % Material, 

acceleration, 
frequency, 

mass, 
stiffness 

Piezoelectric 
0.5-25 % 

PVDF 1-5% 
PZT 35-50% 

Tab. 5 Efficiency of energy converters from literature 

 
The Sink is also characterized by setting its power 

consumption and its measurement periodicity. 
All these data are collected to evaluate the harvester 

energy through a system-level model (see section 4.1). 
Only best configurations are studied more thoroughly, 

namely energy harvesting with photovoltaic panel and 
piezoelectric converters. 

4.4 System-level modelling 

From the previous classification of the energy sources, 
the first two ones are studied, namely mechanical energy 
from vibrations and solar radiation. Simulations show that 
the application autonomy is higher when harvesting 
mechanical energy through a piezoelectric converter. 

We consider a 1200 mAh battery associated to a 10 F 
supercapacitor. When using a battery alone, the 
microsystem autonomy is only 4 years. With a 
piezoelectric converter, the system has an autonomy of 
16 years whereas with a photovoltaic panel, the autonomy 
only reaches 8 years. From these results, we choose to 
harvest mechanical energy from vibrations with a 
piezoelectric converter. Now, models have to be refined to 
design the global system. 

4.5 Detailed design 

From [22], we can see that different configurations exist 
for piezoelectric converters: 
- unimorph structure 
- bimorph structure 
- stack structure. 

As the studied beam has a cantilever structure and is 
fixed at one end, we consider a piezoelectric film 
deposited onto the beam (Fig. 11). All parameters are 
listed on Tab. 6.  
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SOLID186 and SOLID226 finite elements were 
selected for the elastic structure and the piezoelectric film, 
respectively. The structure has been meshed using 
quadratic 20-noded-brick. It is fixed at one end and a 
force is applied on the other end. 

Electrical aspects appear in boundary conditions. 
Indeed, a reference voltage point is defined to measure 
electric potential in the structure. 

We evaluate the electric potential on each node of the 
structure. This magnitude is related to physical ones like 
the displacement or the stress. In our application, the 
maximum voltage is 6 V for a 0.92 µm displacement. 

Beam

Piezo

Bb
Lb

Lp

H
p

H
b

F
+

-
V

 

Fig. 11 Representation of the cantilever beam 

 
Magnitude Symbol Value 

Beam length Lb 60 mm 
Beam height Hb 2 mm 
Beam width Bp 25 mm 

Piezoelectric element 
length 

Lp 40 mm 

Piezoelectric element 
height 

Hp 0.3 mm 

Gap d 5 mm 

Tab. 6 Parameters of the cantilever structure 

 
With these results, we can design the voltage 

converters to rectify and adapt the energy to the rest of 
the circuit. Through the database, a classical voltage 
rectifier composed of Schottky diodes was selected. 
Then, a low input voltage DC/DC converter was chosen 
from existing components. 

4.6 Solution 

As the piezoelectric generator does not produce 
enough power to continuously power the sensor, the 
power conditioning circuit has to carry out two tasks (Fig. 
12): 
- store the generated energy until it is sufficient to 

enable the sensor to take a measurement  
- power the sensor.  

The power generated is stored in a storage capacitor 
Cstorage. Meanwhile, the sensor is disconnected from the 
capacitor. When the voltage reaches the value VH (high 
value), the charge of the capacitor can flow through the 
power conditioning circuit to power the sensor. During this 
phase, the capacitor Cstorage is disconnected from the 
generator. Then, when the voltage at the capacitor 
terminals reaches the voltage VL (low value), the 
comparator disconnects the sensor and the circuit stores 
energy.  

This commutation is carried out with a comparator, as 
represented in Fig. 13. 

 
 

Energy srorage in the capacitor

Cstorage

VS > VH

Power supply of the sensor

VS < VL
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Yes
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Fig. 12 Working operation of the system 
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Piezoelectric
converter Cstorage

Comparator

 

Fig. 13 Global representation of the system 

 
Our energy harvester is efficient enough to power the 

accelerometer every 50 ms. Power transfer from the 
supercapacitor to the conditioning circuit is around 340 
µW. As a result, the harvested power is sufficient to power 
the application. 

5 Conclusion 
This article exposes a decision making approach based 

on the identification, analysis, modelling and minimization 
of antagonist flows and effects. It is a multidisciplinary 
approach that guides designers to choose components, 
materials, technologies and architectures. It helps them to 
define the global structure by coupling the different 
engineering fields from the early phases of the design 
process and leads to the definition of models. This paper 
also describes the developed interface to support the 
method. 

Moreover, we use a simulation tool to test different 
scenarios and configurations of the energy harvester. The 
energy estimation enables the designer to evaluate the 
global autonomy of the system. 

For the future works, we plan to improve the analytical 
tool and to test our approach on other application cases. 

We also want to improve the detailed design phase by 
improving the models and creating gateways between 
specific tools. 

Finally, we must note that our approach is the starting 
point of a top-down approach. Indeed, our system-level 
simulation tool can be use as a decision tool to see 
whether we can use components of the shell or if a 
specific design is required. 

 
 
 
 
 
 



662

V. Dupé et al. Decision support system to design autonomous microsystems 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

Appendix 
 

Primary 
class 

Secondary 
class 

  

Material 

Human   
Gaz   

Liquid   
Solid   

Plasma   
Mixing   

Signal 
Status   
Control   

   Effort Flow 

Energy 

Human  Force Velocity 

Acoustic 
 Pressure Particle 

velocity 

Biological 
 Pressure Volumetric 

flow 

Chemical 
 Affinity Reaction 

rate 

Electric 
 Electromotive 

force 
Current 

Electromagnetic  Effort Flow 

Hydraulic 
 Pressure Volumetric 

flow 

Magnetic 
 Magnetomotive 

force 
Magnetic 
flow rate 

Mechanical  Effort Flow 
Pneumatic  Pressure Mass flow 

Nuclear 
 Intensity Decay 

rate 
Thermal  Temperature Heat flow 

Tab. 7 Description of flows and dual variables 
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Abstract 

This paper presents an example of integration between 3D CAD models and multi-domain 
simulation applied to the optimization of an energy scavenger device. A MATLAB® 
framework controls a block-oriented Simulink® model of the energy scavenger, drives the 
FEMM finite element magnetic simulation of the device and manages the updating of the 
SolidWorks® CAD models. All the model parameters are stored in a unique data file from 
which data for all simulations and models are extracted. This leads to a reduction in both the 
number of errors produced and the time required at the design stage. Moreover constructive 
drawings are automatically updated and are immediately suitable for tolerance and design 
constraints checks and also for the effective prototyping of the device. Constructed 
prototypes are suitable for experimental tests and model performance validations. 

 

1 Introduction 
In the field of Virtual Prototyping [1] and Simulation 

Based Design [2-3] the main objective has always been to 
achieve the widest possible integration between different 
design tools in order to optimize, simplify and speed up 
the design process from the initial drafts to the final 
validation [4-6]. This integration is usually accomplished 
between 3D CAD, FEM and multi-body dynamics analysis 
instruments, which are often already available in the 
majority of CAE packages [7-9]. A further Widely used 
technique is co-simulation between different time-domain 
lumped parameters simulation environments to simulate 
both control and controlled system and interactions 
between complex multi-domain systems [10-12]. Even so 
it is very rare to find in literature examples of interaction 
and automatic data exchange between this last kind of 
simulation environments and 3D CAD systems [13-15]. 

For these reasons a MATLAB® based platform has 
been developed to allow the integration of different 
designs and simulation environments thus reducing, 
simplifying and automating a lot of iterative editing 
operations. The proposed methodology, in this case 
applied to an Energy Scavenger device powering a tyre 
sensor node [16], can be transferred to a wide variety of 
situations. 

This methodology, starting from a single configuration 
file containing geometric and functional system 
parameters, can automatically execute simulations, FEM 
analysis, CAD models and constructive drawings in order 
to validate design and build prototypes. In this way a 
complete and effective multi-directional integration 
between different software environments, concerning 

different and distant engineering aspects, has been 
achieved. 

To create this platform following software tools have 
been used: 
- MATLAB®: the well known numerical computing 

environment and programming language has been 
used to the management and hierarchical structure 
operations. 

- Simulink®: the MATLAB® simulative tool has been 
used to create a block-oriented substructured 
environment for the development of the physical 
model of the system. 

- Finite Element Method Magnetic (FEMM): is a 
freeware powerful finite element tool for 2D and axial-
symmetric electro-magnetic field computing. It has 
been used to calculate magnetic forces and fluxes 
maps. 

- SolidWorks®: reference software in the field of 
mechanical design and drawing suitable both for 
preliminary models, as the methodological set-up of 
new design proposals, and to develop detailed 
models and drawings. 

2 Device working principle 
The device under examination is a vibrational magneto-

mechanic energy scavenger conceived to power a remote 
sensor mounted on the inner-liner of a tyre [16]. The 
sketch of the device is shown in fig. 1. 

When revolving around its axis, the external surface of 
the tyre is subjected to high deformation gradients when 
contacting ground. An energy scavenger, bonded to the 
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inner layer of the tyre, follows the imposed external 
deformation. 

 

Fig. 1 Energy scavenger sketch 
(the figure is not to scale) 

In fig. 2 the main phases involved in the energy 
scavenger dynamic behaviour are sketched: 
1) the tyre doesn’t touch the ground, so the scavenger 

is subjected to radial (centripetal) acceleration, 
therefore a centrifugal force acts on the device; 

2) the tyre arrives up to the ground and is deformed, so 
the scavenger is subjected to an acceleration peak; 

3) the tyre is on the ground (contact patch, footprint) 
and it moves with a straight motion, the radial 
acceleration quickly drops to zero; 

4) the tyre leaves the ground contact and the scavenger 
is again subjected to another acceleration peak. 

 

Fig. 2 Energy scavenger behaviour during wheel rotation 
(the figure is not to scale) 

The floating magnet inside the scavenger is radially 
repelled toward the revolution axis during the third phase 
and again it is forced toward the inner liner during the 
fourth phase. The motion of the floating magnet is 
responsible for the energy conversion. The main details of 
the scavenger are shown in fig. 1. The floating magnet 
has a magnetization axis parallel to the guide axis, which 
is fixed radially in the tyre. The inner size of the guide is 
slightly bigger than the magnet, in order to allow the air to 
flow through the two chambers above and below the 
magnet. Two rubber bumpers are bonded to the upper 
and lower lids to prevent fatal collisions of the magnet at 
the end of the strokes. Between the lids are wound two 
coils, divided by a separator connected to the guide. 
When the floating magnet moves along the guide, excited 

by the external deformation of the tyre, the variation of the 
magnetic flux linked to the coils produces an 
electromotive force that can be used as power supply for 
an electrical load. The coils are series connected and 
wound in opposite direction so that to sum their 
electromotive force. A lower, smaller and fixed magnet 
has an elastic nonlinear preload function: when the tyre is 
on the ground (phase 3), it repels the floating magnet 
toward the wheel axis, allowing the active motion. The 
behaviour of the dynamic system will be adaptive 
resonant, due to the fact that during the undeformed tyre 
arc the floating magnet displacement and the resonant 
dynamic properties are dependent with respect to the 
wheel speed. An external shell of soft magnetic composite 
material (SMC) can be added to contain magnetic flux and 
flux linking with coils. 

3 Design, simulation and optimization 
multi-software framework 

A framework in which MATLAB® manages and drives 
all the other software tools for simulations, data exchange 
and CAD models updating (fig. 3), has been developed in 
order to allow a correct and effective interaction between 
the different components of the device. 

 

 

Fig. 3 Interactions between software tools 

Particularly through a sequence of MATLAB® functions 
the following operations are provided: 
- to define the geometrical characteristics by the 

creation of a shared parametric model used by all 
simulative tools, multibody (MB) and finite element 
models (CAE) and 3D modeling software (CAD); 

- to compile SolidWorks® in order to obtain an 
automatic model and drawings update from 
geometric data file; 

- to pilot FEMM in order to calculate magnetic forces 
and linked fluxes maps for the substructured 
multibody model; 

- to pilot Simulink® models starting from geometric 
data, magnetic maps and accelerometric data 
available for the different vehicle speeds. It is also 
possible to perform simulation sequences with 
variable parameters to make comparisons or 
optimizations; 

- to post-process data for further elaborations and to 
compare different configurations or simulation and 
experimental results. 

3.1 Functional parameterization choices 

One of the key aspects in the realization of this 
platform is the most convenient choice of the geometrical 
parameters of the Energy Scavenger components. This is 
not an unambiguous choice but it is fundamental to take 
into account all the relationships linked to the 
industrialization and production aspects of the 
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components. Through these parameters, both the 
geometric description of the device and its functional 
simulation are completely defined. The chosen 
parameters are used to compile a configuration file 
suitable both for simulation environments and solid 
models. 

Parameters should be chosen in order to avoid 
redundancy, conflicts and ambiguity. It is also necessary 
to preserve parameters independence and at the same 
time minimize their number [17]. As an example (fig. 4) 
since the nominal inner diameter of the guide and the 
floating magnet one are the same, their quotes are 
directly obtained from the same parameter dm. Similarly 
the inner coils radius, as its sizes are tightly linked to the 
guide, is not directly parameterized but its value is 
calculated as the sum of dm/2 and guide thickness 
dr_guide and the external one as sum of the calculated 
inner radius and coil thickness dr_coil. 

 

Fig. 4 Energy scavenger geometry parameterization 

 

Fig. 5 FEMM magnetic induction distribution  
for a specific magnet configuration 

3.2 FEMM finite element calculation 

Forces applied on the floating magnet by the two coils 
and the preload magnet are evaluated through a FEMM 
model (fig. 5) driven by MATLAB®. The calculus is 
iterated for different positions of the floating magnet 
obtaining an effective approximation of the real magnetic 
characteristics. 

Starting from the configuration file, a Lua script is 
updated substituting predefined strings with matching 
values. Then the script is automatically launched in FEMM 
and results are stored in a text file from which Simulink® 
reads the force and linked flux characteristics as functions 
of the floating magnet displacement. 

3.3 Energy scavenger model 

The Energy Scavenger Simulator has been built in 
Simulink® using a block-oriented logic [18]: every system 
component interacts with the other ones by a mutual data 
exchange about actions and reactions between the same 
components. This kind of logic partitioning of the model 
emphasizes interactions between system components 
giving a quick and easy comprehension of cause-and-
effect relationships. 

The Energy Scavenger Simulator is composed by four 
sub-systems (fig. 6): signal source, Energy Scavenger 
mechanical model, sensor node (simply as power 
consumption device) and sensor-generator interface. 

 

 

Fig. 6 Energy Scavenger Simulator 

The input block allows to choose different types of 
inputs as sinusoidal accelerations with fixed or variable 
frequency or tyre acceleration experimentally measured 
during steady-state vehicle velocity (i.e. 40 km/h, 60 km/h) 
or during transient behaviour (acceleration or braking 
manoeuvre, coast down test, etc.). 

The simulator mechanical subsystem, that is the 
effective Energy Scavenger model, is itself partitioned in 
its physical components according to the functional block 
logic emphasizing mutual interactions (fig. 7). 

 

 

Fig. 7 Energy Scavenger mechanical subsystem 
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Floating magnet: 3 d.o.f. model (x, y and vertical z 
displacements, rotations are ignored) gets as inputs 
forces in z direction applied by other components, system 
acceleration and gives as outputs its displacement, 
velocity and acceleration in z direction and forces 
exchanged with the guide in x and y directions. 

Guide: gets as input the floating magnet dynamic and 
gives as output magnet friction forces and pneumatic 
effect forces due to the pressure difference at the two 
sides of the magnet and to the air flow in the clearance 
between the two components. 

Coils and preload magnet: get as input the floating 
magnet displacement and velocity and a feedback from 
the interface block. They give as output tension and 
current on the interface, the dissipative force (viscous 
equivalent to energy subtraction to the coils) and the non-
linear elastic force on the floating magnet. These forces, 
due to the floating magnet displacement and velocity, are 
calculated through the FEMM maps by the geometrical 
data. 

End-stops: get as input the relative displacement 
between the floating magnet and the guide and give as 
output the elastic and dissipative forces due to the 
bumpers between magnet and end-stop. 

The scavenger interface provides AC-DC conversion 
and energy management through Simulink® SimPower 
library blocks and StateFlow state machine charts. More 
details on the electro-mechanical logics for improving the 
efficiency of the energy conversion are resumed in [16]. 

The sensor node is simply modelled as a power 
consuming device. Typically the load is represented by a 
resistor supplied by a capacitor that acts as energy 
storage [16]. 

3.4 Parametrical CAD model control 

To achieve a complete automation in CAD models 
building, geometry changes are driven by a macro 
automatically compiled starting from a properly structured 
configuration file. This open-source approach has been 
developed in SolidWorks® by means of API (Application 
Program Interface) tools that allow the execution and 
parameterization of modelling features and functional 
simulations with ASCII text files. 

Once geometrical parameters are chosen is possible 
to start the SolidWorks® modelling. Models have to be 
completely parametric and equation driven: equations, 
defined by a program window, state mathematical 
relations between model quotes and global variables are 
shown in fig. 8 for the coil part. 

 

 

Fig. 8 SolidWorks® equations manual editing window 

In the models there are two different categories of 
equations: global variables (the effective system 
parameters) and model dimensions (calculated by the 
previously defined parameters). 

Through the model equations editing is possible to 
modify component geometries and update the assembly. 

Once the model parameters have been identified and 
defined in the CAD model of the device the next step is 
the building of a SolidWorks® VBA Macro [19] to 
overwrite the equations of every component in the 
assembly. This macro can be easily recorded directly in 
the CAD environment and in a second while modified by a 
text editor. 

The operations to be recorded are subdivided into four 
steps: 
- loading, 
- parametric equations rewriting, 
- rebuilding, 
- closing. 

Then each component singularly recorded macros can 
be assembled to operate on all the components and the 
assembly with a single command. Moreover, thanks to the 
great simplicity of API tools and VBA language, it is very 
easy to find useless operations in the macro (as an 
example views translation and rotations) and clear them 
from the code. 

Another choice, having a good knowledge of VBA 
language and SolidWorks® API, is to write the macro 
directly in a text editor. However it is often a better choice 
to use a hybrid solution recording the macro for a single 
component and then editing to operate on the whole 
assembly. 

The macro, once played in SolidWorks®, opens 
individually each component of the scavenger, modifies 
the linking and controlling model quotes equations, 
deactivates not necessary features, rebuilds and closes 
the model. Then it opens the assembly, deactivates 
unnecessary components and rebuilds it. The last 
operation is the updating procedure of constructive 
drawings of single components and assembly. 

Macros compiling is performed by a MATLAB® function 
completely independent from the edited model. The 
compiler needs two external files to work and generates 
the compiled macro: the parameters file and a source file 
(the macro to be compiled). The source file differs from 
the effective macros because it contains, instead of 
numerical values of model geometrical parameters, 
definite strings univocally matched to a defined parameter 
and easily detectable by the compiler. During a run the 
compiler searches and substitutes these strings with the 
corresponding numerical values. 

As an example the guide inner diameter is defined by 
two equations in the SolidWorks® model: the first one 
associates dm parameter to its numerical value while the 
second one associates it to the guide inner diameter. If 
the guide has a 5 mm inner diameter, the macro will 
contain the following two instructions: 

 
Part.AddRelation """dm""=5" 

Part.AddRelation """D1@Sketch1""=""dm""" 

 
That it will add the following two relations in the 

selected part: 
 
"dm"=5 

"D1@Sketch1"="dm" 

 
In the source file the modified instructions will be: 
 
Part.AddRelation """dm""=ParVar14" 

Part.AddRelation """D1@Sketch1""=""dm""" 
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The macro compiler, when it detects ParVar14 string, 
recognizes it and substitutes the associated value. The 
second equation, since it does not constitute a parameter 
definition, will not be edited. Obviously it is necessary to 
avoid confusing any part of the source code with the 
string chosen to define parameters. 

3.5 Design feedback, test and comparison 

In the generated models it is possible through 
SolidWorks® embedded tools, but widely available in the 
largest part of CAD software, to perform a complete 
check of interferences and tolerances analysis. Drawings 
of the parts and assembly are univocally linked to solid 
models. Models changes are automatically transferred to 
the drawings, immediately available to perform a check 
on design constraints and to eventually start prototypes 
construction. In this way it is possible to quickly set up an 
experimental test campaign in order to verify and validate 
simulated design configurations. Through a comparison, 
automated by a complete set of MATLAB® functions, 
between simulation and experimental results it is possible 
to improve and refine the system simulation model. As 
shown in fig. 9, this closed-loop approach between 
geometrical parameters, CAD models, CAE evaluations 
and multibody simulation tools, represents an effective 
and innovative design tool for the optimization of 
performance of energy scavenger devices. 

 

Fig. 9 Summary of the design approach 

4 Conclusion 
Integration between simulation, analysis and CAD 

instruments is everyday more important to obtain a 
quicker and more effective virtual environment and rapid 
prototyping. A design optimization can be faster with a 
simulation and drawing automation for all the 
configuration of possible interest. A complete and 
effective system parameterization with a complete sharing 
of the parameters, stored in a unique data file, between 
all the involved software gives the designer great 
advantages in terms of time saving and error reduction. 
These characteristics of multi-objective design has been 
successfully implemented to optimize an Energy 
Scavenger device powering a tyre sensor node. 
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Abstract 

Studies and implementations of virtual and physical prototyping on dental prosthesis can be 
found in literature, together with experimental studies on forces generated during chewing 
due to occlusal geometry. 
In this work it is proposed an integrated methodology for the functional design and simulation 
of dental prosthesis. This methodology develops in four phases: virtual and physical 
prototyping, contact forces and areas analysis and functional optimization of teeth and arches 
geometry. 
A virtual environment for the modeling of the prosthesis (NM - Tooth) was developed: it 
includes a database of 3D CAD models of artificial teeth and allows to simulate the fabrication 
techniques used in dentistry. In particular, it is possible to create a full denture virtual model 
by a semi - automatic procedure, where a preliminary occlusal configuration is set up. By 
using rapid-prototyping techniques, a physical model of the prosthesis is manufactured which 
is utilized for the experimental analysis. 
The analysis phase includes the study of the occlusion forces in relation to the identification 
of contact areas. A multi - axial force measuring system allows the detection of forces acting 
on the physical model. Simultaneously with a reverse engineering procedure the relevant 
contact areas in the virtual model are related with the load configuration. 
According to the experimental output, it is possible to modify the preliminary geometry both of 
the arches and of the individual tooth. 
This integrated methodology is an original instrument to study the dental prosthesis and 
acquire information for its functional improvement. 

 

1 Introduction 
The complete dental prosthesis is a biomedical 

device, supported by the mucous gingival or implants, 
individually designed and used to restore the dental 
arch of complete edentulous patients. In fabricating this 
type of prosthesis they must be considered two 
fundamental aspects that are the aesthetic and 
functional requirements in order to re-establish 
phonetic, masticatory and swallowing (the only time in 
which the prosthesis is in complete occlusion) functions.  

A fundamental component of the prosthesis is the 
artificial tooth, a prosthetic artefact made with different 
materials and with different morphological properties.  

1.1 Prosthesis design 

Starting from the plaster cast impression of the 
patient, a resin base that will be part of the final 
prosthesis it is manually manufactured. The resin base 
exactly replicate the mucous support as acquired in the 
edentulous patient mouth. A wax rim is then 
manufactured, adherent to the resin base, to preliminary 
identify the artificial teeth positions: it has to be 
registered in the patient mouth through functional and 
aesthetic tests. The wax rim with the relevant resin 
base, corresponding to the maxillary and mandibular 

arches, are finally assembled to an articulator. This 
operation guarantees the alignment between the two 
arches and a reference plane (Fox Plane), assumed as 
the occlusal plane of the patient. Proceeding with the 
teeth assembly, they gradually replace the wax rim. After 
the teeth position is completely defined, the prosthodontist 
proceed to model the aesthetic parts of the prosthesis. 

1.2 State of art on CAD/CAM systems in 
dentistry 

The CAD/CAM manufacturing protocols used in the 
dental industry are based on the Reverse Engineering of 
plaster models which, once digitized through appropriate 
acquisition devices, are used in the design of structures or 
moulds which are later maunfactured by CNC technology 
or RP techniques. The CAD/CAM technology have been 
introduced in dentistry since the 1980s. The first 
application of CAD/CAM system dates back to 1984 [1]. 
The first commercial application of CAD/CAM technology 
in dentistry was developed by Dr. Moermann (CEREC®): 
he used the new technology in the dental clinic at the 
chair-side of patients [2]. From these pioneering 
applications, in the last 20 years there have been a lot of 
developments that have caused a significant spread of 
CAD/CAM software dedicated to the dental industry. 

The integration of advanced functionalities carried to the 
realisation of sophisticated systems characterized by high 
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performances and cost: CEREC and inLab; 3D and 
DCs, Precident; Procera; Lava; Cercon Smart 
Ceramics; Everest; Denzir; DentaCad and Evolution 
D4D, etc. Its functionality allow the design and the 
automation of the productive process of the dental 
device. The result is accurate as concerns morphologic 
requirements while the process is more "clean" 
compared to traditional techniques [3-4]. 

1.3 Occlusion forces  

One of the more investigated aspects concerning the 
functionality of the prosthesis is the load generated 
during the various functional condition of the prosthesis. 
Many factors influence the load configuration and 
consequently  the resultant forces (point of application, 
force vector and moment vector), as for example the 
patient health, the morphology of teeth, the 
musculature, the presence or absence of prosthesis or 
the type of them, etc. An useful indicator of the 
functional status of the masticatory system is the 
maximum bite force in complete occlusion, which 
increases with the number of contact areas and the total 
contact area, while the mean pressure remain constant 
[5-7]. Maximum bite force is influenced by several 
factors and its quantification depends on the 
measurement methods adopted. In literature values 
ranging from 200 N [8], 300 – 600 N [5], up to 1500 N 
[7] are recorded. These values decrease when a dental 
prosthesis is used [8]. Experimental in vivo 
measurement of the force acting on an implanted tooth 
was proposed [9,10]. In these studies, it is observed 
that as the magnitude of load increase the direction of 
the load tended to correspond with the direction of the 
palatal root of the tooth, thus offering a 3D 
representation of the local bite force. Moreover, within 
the aim of the investigating prostheses stability during 
mastication it was emphasized its correlation to the 
position of the resultant force in alveolar ridge and to the 
space for the tongue movement in swallowing and 
speaking [11]. Many contribution are available in 
literature which adopt a load cell based on strain 
gauges or piezoelectric crystal to assess the load effect 
during occlusion. Strain gauge sensors (load cell) are 
typically constituted of metal elastic structures to which 
full bridge strain gauges are bonded: when the structure 
is loaded, an elastic deformation occurs which changes 
the electric properties of strain gauges. In the literature, 
different structural flexible element geometries were 
adopted. In the past, traditional method of dental 
occlusion analysis were based on an articulation paper, 
waxes, pressure indicator paste, etc., and were adopted 
by dentists to assess and balance occlusal 
forces/contacts [12]. Most of these methods are not 
sensitive enough to detect simultaneous contacts, and 
none of them can measure both biting time and force. 
Carey [13] showed that a linear relationship between 
applied load and articulating paper mark area could not 
be found. Recently new approached based on pressure 
grid sensors have been introduced in dental occlusion 
analysis [12,14], but this new techniques are not able to 
offer a complete 3-dimensional quantification and 
representation of the acting forces. 

2 Integrated methodology 
This article has the aim to present an integrated 

methodology for the functional design of dental 

prosthesis. This methodology is structured in four steps 
(figure 1): 
1) Virtual design of the dental prosthesis and of each 

tooth. 
2) Physical manufacturing of the dental prosthesis 

through rapid-prototyping techniques. 
3) Experimental analysis of occlusal forces and contact 

areas. 
4) Verification of the prosthesis functionality. 

Rapid
Prototyping

Occlusal
force/areas

Analysis

Virtual Prototyping

Prosthesis
Design

Tooth
Design

Functional
verification

NO

YES

Prosthesis

 

Figure 1 Iterative flowchart 

The virtual prototyping system is structured with a CAD 
3D application, in which the technical practice in 
prosthesis design is strictly implemented. Information 
about patient are processed by reverse engineering 
methodology, to define the functional requirements of the 
prosthesis. The prosthesis is manufactured starting from 
the selection of the morphology of the teeth. The design of 
the tooth is generated according to a virtual methodology 
based on a CAD 3D design process which starts from 
morphological and functional information. 

The analysis of occlusal forces needs the manufacture 
of a physical model of the prosthesis. This can be 
obtained by rapid prototyping the virtual model. 

By a specifically designed 6-axis load cell, the resultant 
bite force acting in the occlusal configuration between the 
maxillary and the mandibular dentures of a complete 
denture can be measured (figure 2a). Force vectors 
versus time are thus represented in a 3D coordinate 
system defined on the load cell. Adopting reverse 
engineering techniques, the dentures are digitized as they 
are aligned in the occlusal configuration on the load cell. 
In this way a geometrical model is obtained, which can be 
represented in a 3D virtual reference system. By 
associating the 3D coordinate system defined on the load 
cell with the 3D virtual reference system of the complete 
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denture in occlusal configuration (figure 2b) both the 
orientation and the position of forces and contact areas 
on the digitized denture can be visualized. 

With the obtained results it is possible to define the 
functional status of the prosthesis. In the verification 
phase the prosthesis load status defines the need or not 
of iterating the design and analyzing process. In this 
way it is possible to optimize the functionality of the 
prosthesis. 

a)     b)  

Figure 2 Physical occlusal configuration and 

corresponding virtual condition 

2.1 The virtual prototyping 

The development of an innovative methodology for 
virtual prototyping of artificial teeth, involves the 
following four stages: 
1) Design of macro-morphological  characteristic of 

the tooth using a CAD software (Pro/Engineer). 
2) Creation of organic surfaces through Rhinoceros 

and T-splines softwares. 
3) Addition of aesthetic-morphological details using 

Clay Tools with haptic interface (Sensable). 
4) Definition of a local reference system on the tooth. 

The virtual approach to the prosthesis design involves 
the following steps: 
5) Acquisition of wax rims shaped and recorded in the 

patients mouth by reverse engineering techniques. 
6) Importation of rims and virtual realization of the 

prosthesis in a CAD environment with dedicated 
functionality. 

7) Geometric validation of the new prosthesis. 

2.1.1 The tooth design 

1. The development of a solid polygonal 3D CAD 
model:  
Design of macro-morphologic features is based on the 
state of the art of manual modeling techniques 
(Lundeen, Thomas etc.). For the modeling of a 
polygonal solid CAD prototype, it is necessary a 
previous morphologic definition of the tooth and a 
schematization in orthogonal projection of the principal 
geometric features of the crown. The representation in 
orthogonal projections allows to reproduce morphologic 
features on the surfaces of a solid parallelepipedon 
geometry, as it is shown in Figure 3, whose sizes 
coincide with the average dimensions documented by 
Black  [15]. 

 

Figure 3 The geometric schematization of the tooth. 

After the sketching of the basic schematization, through 
standard operations of solid modeling, a polygonal solid 
having the required morphological characteristics is 
obtained (Figure 4). 

 

Figure 4 The final polygonal geometry. 

2. Construction of organic surfaces: 
The creation of organic surfaces, freeform surfaces 
characterized by the required smoothness and continuity 
properties, is performed in a NURBS-based software 
environment which implements the mathematic theory of 
T-Splines [16] (Figures 5). The number of control points 
needed to define the same  object using NURBS surfaces 
(150 control points against more than 20.000 of the same 
surface with NURBS). 

 

Figure 5 Polygonal model (a) and organic surfaces (b) 

3. Addition of aesthetic-morphological details: 
At this stage, using haptic interface tools, all the 
morphological details are modelled. Both aesthetic 
(development shower, marginal sink, etc.), and functional 
elements (ridges, and occlusal grooves) are added to the 
organic surfaces. For this task it is used ClayTools with 
the Phantom Omni as haptic interface. The modeling can 
be divided in 3 steps: 
- Ridges modeling 
- Major and minor grooves addition 
- Aesthetic and morphological details modeling and 

final smoothing. 
In the figure 6 below an overview of the various 

modelling phases is given. 
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Figure 6 Various modeling stages in Claytools 

4. Definition of a local reference system on the tooth:  
In order to use the tooth model in a virtual prototyping 
system for the prosthesis, an unique reference system 
must be defined. The following phases show 
synthetically the procedure for the definition of tooth 
reference system, according to the FACC approach: 
1) Tracing of the axis which joins two points on the 

tooth: cervical point and starting point of the 
intercuspal vestibular valley (Figure 7) 

 

Figure 7 Tooth axis (z) 

2) Creation of an auxiliary plane perpendicular to the 
axis at the cervical point (Figure 8) 

 

Figure 8 Auxiliary plane 

3) Tracing of the intersection curve between the tooth 
surface and the auxiliary plane; creation of an axis 
tangent to this curve from the cervical point parallel 
to the mesio-distal direction (Figure 9) 

 

Figure 9 Tangent axis (y) 

4) Creation of an axis which is perpendicular to the 
previous and which goes out from the tooth surface 
(Figure 10) 

 

Figure 10 Perpendicular axis (x) 

5) Creation of an auxiliary plane which is normal to the 
vertical axis (z) and tangent to the most prominent 
cusp (Figure 11) 

 

Figure 11 Tangent plane 

6) Intersection between the created plane and the 
vertical axis (Figure 12): Origin 

 

Figure 12 Intersection between plane and axis (z) 

7) Translation of the reference system defined at 4) on 
the origin point (Figure 13)  

 

Figure 13 Translated reference system  

The position of each tooth is defined by the location and 
orientation of its local reference system in the global 
reference system which is defined: 
- the XY plane virtually reproduce Fox plane; it is fitted 

on the following points of the upper jaw: midpoints of 
occlusal line central incisors, canines cusps, 
vestibular cusps of first premolars, vestibular and 
palatal cusps of second premolars and mesio-palatal 
cusps of first premolar (figure 14). 

- The XZ plane is defined by the implementation of the 
mesial plane, obtained from the calculation of the 
symmetry plane of the teeth fixed on the prosthesis. 

- The frontal plane is constructed to be orthogonal to 
the previous and to pass through the most vestibular 
between the two midpoints of central incisors occlusal 
line. 

2.1.2 The prosthesis design 

The software called “NM-Tooth” was realized as a plug-
in for Rhinoceros 4.0. Microsoft Visual studio 2005 and C# 
was used as programming language. The software is a 
design and validation environment for dental prosthesis: it 
allows the user to virtually reproduce the work of the 
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technician who fabricates the prosthesis. The main 
steps to use the system are the following:  

 

Figure 14 Points of the Fox plane 

1. Loading artificial teeth models. The software allows 
to align the tooth in a standardized reference system 
based on the theory of FACC points. This pre-alignment 
is crucial for a proper expression of the angles of tip, 
torque and roll which identify the orientation of 
tooth(figure 14). 

 

Figure 15 Reference points FACC 

2. Import of rims as point cloud from 3D scan. The two 
rims (top and bottom) can be freely oriented in space 
but they must have a proper relative position. 

3. Orientation of the formed rims in a standard 
reference system whose XY plane coincides with Fox 
plane. After the choice of three points on the surface of 
bottom formed rim to determinate the location of Fox 
plane, we proceed to a second alignment based on 
principal moment of inertia of the formed rim. Finally the 
centerplane of the formed rim is defined with an 
algorithm of matching between the formed rim and its 
specula copy. 

4. Extraction of reference curves for the positioning of 
the teeth through a semi-automatic operation traced 
along the edge of the formed rim. The curves can also 
be placed on the parametric form with pricipal measures 
of patient mouth. 

5. Placement of teeth by stages, respectful of 
established procedures, depending on extracted curves, 
on the position of adjacent teeth and on orientation 
parameters. In particular the placement is done by 
stages, in which the user can choose different models of 
teeth. Placement phases include : 
- Upper front group: placed symmetrically from the 

center 
- Lower canines: placed than the lateral incisor and 

the upper canine 
- Lower incisors group: placed symmetrically from 

the center 
- Upper molars: placed from the upper canine 
- First lower molar: placed than the upper molar 
- Lower molars: placed in the empty spaces 

Each tooth is positioned so that his reference system, 
determined during the loading in the software library, 
coincides with the reference system identified by the 

tangent vector and normal to the reference curve at the 
insertion point. The orientation is then corrected by values 
that are read in a database and that correspond to 
translations or rotations  which are predefined for each 
typology of tooth. 

6. Optimization of the teeth through movements and 
rotations based on contact analysis with the existing 
geometries. The position of each teeth can be corrected 
by applying selective movements in three canonical 
directions in dentistry (intrusion-extrusion, distal-mesiale, 
vestibular-lingual-palatal). Furthermore, three rotations 
can be applied corresponding to tip, roll and torque (figure 
15). 

 

Figure 16 Optimization of the tooth placement 

7. Identification of later contact between adjacent tooth, 
for optimal mesio-distal and palatal/lingual-buccal 
positioning; identification of contact areas through 
appropriate algorithms implemented within the software. 
These algorithms allow to submit the model to functional 
analysis to assess the areas of contact between 
antagonist teeth. 

2.2 Physical prototyping 

Once defined the virtual model of the prosthesis the next 
step is to create the physical model. The physical 
prototype can be fabricated, according to the geometrical 
and functional characteristic of the prosthesis, as an 
assembled prosthesis composed by a rapid prototyped 
flask and commercial artificial teeth [18] or a fully rapid 
prototyped model. 

In this work the use of a rapid prototyping technique 
(EOS Formiga P100 for plastic laser-sintering) allows the 
cost effective manufacturing of a complete model of the 
prosthesis on which to perform the experimental force and 
contact areas investigation described in the following. 

2.3 Force and contact areas analysis 

2.3.1 Six component load cell 

The proposed load cell is constituted by four column 
sensible elements constrained by two support plates 
(figure 17a). The column elements (figure 17b) consist of 
a double parallel beams perpendicular to each other. Two 
full bridge strain gauges are positioned in each column as 
depicted in figure 17c. Signals are acquired by a 
CRONOS-PL IMC data acquisition system (figure 17d). 
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a)  b)  

c)  d)  

Figure 17 Load cell design: 

a) columns and support plates assembly, 

b)column sensible element, 

c) strain gauges and 

d) data acquisition system. 

In the design phase three main aspects were 
considered: 
- Two flexible hinges are located on the ends of the 

columns, in order to reduce the mutually influence 
between different parallel beams and different 
columns; 

- Two safety C-shape elements to avoid the yield of 
the horizontal parallel beams, are placed on each 
columns; 

- One safety step-shape elements to avoid the yield 
of the horizontal vertical beams, are placed on each 
column. 

Both the columns and the plates are manufactured in 
aluminum by EDM technologies. 

With the aim to obtain numerical information relevant 
to the force, the load cell must be calibrated as 
proposed in literature [17, 19], adopting the reference 
frame illustrated in figure 17. 

 

Figure 18 Reference frame adopted on the upper 

plates of the load cell. 

2.3.2 Digitalization and contact areas 
reconstruction 

Reverse engineering techniques were applied for the 
reconstruction of a virtual (CAD) geometrical model of 

the load cell and its reference frame, of both the dentures 
and of its relevant alignment. The scanning instruments 
used (figure 18) are: 
- Dental Wings 5 Series: a 3D scanner laser. In this 

work, the scanner is adopted to digitize the dentures 
and the relevant supports;  

- FARO CAM2 Platinum 7-axis: an articulated arm that 
provides a tactile probe and a laser head. In this 
work, the articulated arm is adopted to identify the 
position of the load cell and of the upper and the 
lower dentures in the occlusal configuration. 

a) b)  

Figure 19 a) cnc laser scanner, 

b) articulated arm with laser head. 

By the alignment (registration) of the two virtual single 
dentures with the virtual complete denture in occlusion 
configuration it is possible to identify the contact areas: 
areas of the virtual single dentures where the distance 
between the two shells is lower than a threshold value 
(0.1-0.5 mm). Alignment and contact areas identification 
are performed in Rapidform (INUS Technology). 

2.3.3 Techniques integration 

The magnitude of the resultant force is given by: 
222

FzFyFxF ++=
(9), 

while the direction of the resultant force is parametrized 
as: 

Fz

MxFyz
y

Fz

MzFxz
x

+×
=

-×
=     ,

(10). 
Finally the prosthesis, the resultant force (magnitude 

and direction) and the contact areas can be shown 
together in the same virtual reference frame (figure 20) by 
using a conventional CAD software (Rhinoceros, McNeel 
and Associates). 

 

Figure 20 Resultant force and contact area 

2.4 Functional verification 

Analyzing the results of above mentioned analysis it is 
possible to assess the functional status of the prosthesis. 
If the load scheme and the contact areas are compatible 
with a stable occlusion and masticatory status the 
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prosthesis can be considered adequate and therefore 
submitted to the aesthetical evaluation. 

3 Validation and implementation of 
methodology 

The experimentation relevant to the validation of the 
methodology is briefly presented in the following. 

3.1 Prosthesis design  

The virtual prosthesis design was verified by 
comparing the prosthesis generated in NM-Tooth with a 
prosthesis manufactured by a dental technician, 
acquired by laser scanner. 

Positions of teeth on the Fox plane have been 
evaluated: in the virtual prosthesis teeth are located 
along a narrower curve than in the physical case (figure 
22a), Z coordinates are similar within 0,25 mm 
range(figure 22b-22c). 

Teeth orientation in the global reference system are 
evaluated by Euler angles: in the virtual prosthesis the 
orientation of teeth shows a nearly symmetric and 
continuous distribution than in the physical case.   

3.2 Occlusal force/areas 

Several occlusal configurations were studied to 
evaluate the potentialities of the proposed method 

Force analysis:  
In this test a vertical load is applied to the upper 
prosthesis, constrained by a ball joint (free or locked), 
while the lower denture is constrained to a micro-
positional, as in figure 2a. The manual positional are 
used in order to simulate the mandibular movements. 
The loads applied are equal to 50 N and 100 N. 
Dentures are placed in the ideal occlusal condition 
(derived from the articulator in which the prosthesis was 
manufactured). From this position the lower denture is 
moved in x and y directions in the range from -2 mm to 
+2 mm. In figure 24 the representation of the force 
vectors on the digitized virtual prosthesis are shown. 
Points of application of force vectors are estimated on 
the Fox plane of a virtual articulator. Results are 
obtained with the ball joint unlocked. Force vectors 
converge in a single location, the centre of the ball joint, 
as it was expected. By the analysis of the resultant 
force, the stability of the prosthesis can be deduced: if 
the force is within the alveolar ridge a stabilization effect 
is obtained. 

Contact area analysis:  
The contact areas are studied in dentures manufactured 
with Strack geometric artificial teeth Acry Plus [W2] 
(Ruthinium).In figure 25, results of the virtual contact 
areas analysis compared with articulation paper 
analysis are shown. The best correspondence is 
obtained with a threshold for the distance analysis equal 
to 0.5 mm. Reducing the value of the threshold it is 
possible to identify smaller contact areas (contact 
points) with no correspondence with articulating paper 
and an increasing measurement uncertainty. 

 

a)  

b)  

c)  

Figure 21 positions of teeth in the global reference 

system: a) XY coordinates, b) Z coordinates upper 

arch, c) Z coordinates lower arch7 

a)  
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b)  

c)  

Figure 22 Euler angles of the upper arch : a) Y angle 

(roll) b) Q angle (torque) c) F angle (tip). 

 a)   b)  

Figure 23 Resultant force represented 

in the prosthesis virtual model:  

a) protrusive movement, b) lateral movement. 

 

Figure 24 Comparison between contact areas 

detected by the proposed method and by 

articulation paper. 

Integrated analysis: 
To simulate a typical masticatory configuration, a steel 
sphere with radius 3 mm is placed in different position 
between upper and lower arches. In figure 16 both the 
resultant force relevant to experimental measurement and 
the contact area derived by reverse engineering 
techniques are shown in a common virtual reference 
frame, together with the digitalized denture model. The 
resultant force is directed through the centre of the steel 
sphere in contact with the occlusal surface of the molar 
tooth (figure 20).The resultant force and the relevant 
contact areas relevant to different sphere positions are 
shown in figure 26.The stability of the prosthesis can be 
fatherly analyzed in different mastication condition. 

 

Figure 25 Force vectors and contact areas 

4 Conclusions 
The proposed methodology approaches the problem of 

the functional design of removable complete dentures. 
Functional design is dealt with a dual methodology which 
opens two independent lines of research: the virtual 
simulation of the behaviour of the prosthesis and the 
physical simulation of the occlusion configuration. 
Both the relevant techniques, whose results are to be 
evaluated in a integrated manner, have proven to be 
valuable tools for studying the project of restoration and 
its optimization. However, the potential of the 
methodology is far wider to what was presented: indeed, it 
allows to conduct clinic research by quantifying and 
controlling the manufacturing variables of the prosthesis 
to be correlated with the clinical-functional parameters. 
In addition, it is underlined that the proposed approach is 
up to date with the emerging CAD-based technologies 
which are wide spread in the dental technician 
community. 
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Abstract 

Aim of this work is designing a new intramedullary nail able to reduce the drawbacks of the 
distal locking, ensuring the axial stability, so enabling a speedy recovery of the fracture and a 
time-reduced immobilization of the limb. 
During the first phases of the design process, the parametric CAD model has been carried 
out and, successively, several numerical analyses have been set up to verify the nail 
behaviour under the usual post-operation loading conditions. 
In particular, non linear FEM analyses have been performed to define the right nail 
positioning, the average and maximum values of stress and contact pressure, and the 
stability of the joining by means of the new nail. 
The obtained results have shown a not uniform contact pressure distribution at the nail-tibia 
interface due to the irregularity of the inner surfaces of the tibia. 
Moreover, no longitudinal or rotational sliding has been observed during the numerical 
simulations, then demonstrating the effectiveness of the distal locking by the expansion of the 
flanges nail. 
The new designed nail, besides simplifying the distal locking procedure and reducing the 
operation time, it is able to assure a reliable distal fixation and ensuring the stability of the 
system. 

 

1 Introduction 
Intramedullary nailing is currently the most common 

surgical technique for the fixation of tibia fractures 
requiring surgical treatment [1]. This surgical technique 
uses special nails for the treatment of the fractures [2]. It 
is largely used for the lower limbs fractures, especially in 
the diaphyseal tibial and femoral ones, when the fracture 
involves the region between the two epiphyses [3]. 

In particular, the locked intramedullary nailing 
technique uses nails with radial holes for its fixation, by 
screws, inside the  bone. Two kind of fixing techniques 
are usually used: static and dynamic [4]. In static fixing, 
both ends of the nail are locked, both in the proximal and 
the distal part of the fractured bone. In dynamic fixing, 
instead, the nail is fixed by screws only at one end of the 
bone (proximal or distal depending on the location of the 
fracture); whereas the opposite extreme is free to slightly 
slide inside the bone [5]. 

The localization of the nail holes used for the distal 
fixing usually turns out to be quite difficult. The distal 
fixing procedures, in fact, is made manually, through a 
centering framework connected to a luminance amplifier 
that requires very long operating times and, consequently, 
a long exposure to ionizing radiation of the surgeon, 
medical staff and patient [6]. 

Moreover, many times, after some attempts and very 
long operation times, surgeons are forced to leave the 
nail unstable, so reducing the effectiveness of the 
intramedullary nailing technique.  

To overcome these problems allowing a simpler use 
of this technique, a new intramedullary nail has been 
designed. 

In particular, the new designed system allows to fix the 
nail in a very effective way, without any additional skin 
incisions so reducing the operation time. 

2 The new “expansion nail” 
Basing on the previous observations, it can be state 

that some of the most important requirements that must 
be met in the designing of a new intramedullary nail [7] 
are the following: 
- the distal fixation of the intramedullary nail must be 

stable; this characteristic (in terms of torsional and 
sliding stability), in fact, ensures a fast and active 
mobilization of the injured limb, even with the 
possibility, in some cases, of an immediate full 
loading; 

- the reduction of the radioscopical exposure time; 
- the reduction of the surgical time; 
- the possibility to use a guide-wire,  that simplifies the 

insertion and centering operations of the nail inside 
the bone, (that can be achieved only using a holed 
nail to allow the wire longitudinal insertion); 

- the nail must have an anatomic (ergonomic) shape 
that facilitates its insertion and extraction. 

To achieve the objectives related to the improvement 
of the intramedullary osteosynthesis technique, basing on 
an idea of a previous work [8], a new intramedullary nail 
has been designed (figures 1-2). 
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Fig.1 Nail - screw assembled.  

 

Fig.2 Axial section of the nail.  

This is composed by the following elements: 
- an ergonomic cylindrical body with an axial hole to 

allow the use of a guide-wire. The bottom side of the 
nail has four flanges, whose external surfaces are 
knurled to increase the friction with the inner surface 
of the tibia ensuring high sliding and torsion stability; 

- a particular screw (whose lower end has a truncated 
cone shape) allowing the nail expansion (fig. 3); the 
upper end of the screw, instead, has a hexagonal 
shaped hole for the insertion of a flexible Allen key, of 
course also the screw has a hole to allow the use of 
the guide-wire. 

2.1 Assembly and operating principle 

Before to insert the nail, the tibia is bored (by a mill 
tool) in order to obtain a regular shape of its inner surface. 

When the milling phase is completed, the nail is 
inserted in the tibia, using a particular aid-tool, similar to a  
handle. Once positioned, the nail must be fixed in the 
upper and the lower ends. 

The proximal (upper) fixing is performed by radial 
screws, inserted through skin incisions and holes made 
on the bone .  

In the standard nails, the same procedure is used for 
the distal fixation.  

Through the new designed nail, instead, it is possible 
to fix the lower end without any skin incision or bone hole.  

In fact, by using a flexible hexagonal torque key (a 
maximum torque value of about 20 Nm is needed to fix 
the nail in a young healthy bone) the screw is rotated until 
the flanges expand themselves. This expansion must 
assure the suitable values of the friction forces able to 
eliminate any sliding or rotation of the nail under the usual 
working loads but, also, should avoid any damage of the 
bone structure whose mechanical properties are highly 
variable according to species, age, etc...  

Thanks to the expansion, in fact, the external surfaces 
of the nail get in contact with the internal surface of the 
tibia, producing the needed pressure to assure the 
stability of the distal locking.  

 

 
Fig.3  The new nail before(on the left) and after (on the right) 

the expansion  

 The following figures show the nail-screw assembly, 
positioned inside the bone at the end of the surgical 
treatment, before (fig.4) and after (fig.5) the expansion of 
the nail. 

 

Fig.4  Nail before the expansion. 

 

Fig.5  Nail after the expansion. 

2.2 Material 

The material used for the nail is the Ti6Al4V (90% 
Titanium, 6% Aluminum, 4% Vanadium) [9]. 

The Ti6Al4V titanium alloy is frequently used in 
several industrial sectors like aerospace, chemical, 
marine, automotive and, above all, for  medical implants. 
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The Ti6Al4V is a very favourable material for medical 
implants thanks to its mechanical characteristics (e.g. 
good tensile strength and compression, good resistance 
to fatigue and corrosion) and, especially, its excellent 
biocompatibility level which represents an essential 
property for orthopaedic implants. 

Table 1 shows the main mechanical properties of a 
common Ti6Al4V alloy, whose values also depend on the 
used processing and heat treatments. 

Yeld 
strength 
(MPa) 

Ultimate 
strength 
(MPa) 

Young 
modulus 
(GPa) 

Poisson 
coefficient 
  ------ 

760-895 1140 80-125 0.29-0.39 

Tab.1 Mechanical properties of the Ti6Al4V. 

3 FEM Analyses 
To evaluate the performances of the new designed 

“expansion nail”, several simulations have been set up. 
In particular, non linear FEM analyses were set up 

through the numeric code ANSYS, to define the right nail 
positioning inside the bone and to verify the distal locking 
and the nail behaviors in terms of resistance of the nail 
under the working loads to which the tibia is usually 
subjected after the surgery [10]. 

3.1 Set up of FEM models 

The nail working simulation, after a preliminary prep-
processing step in which the CAD and FEM models are 
set up, have been subdivided into the following  
simulation phases: 
- expansion of the nail inside the bone; 
- compression testing; 
- torsion testing. 

The bone model, created through computerised 
tomography images; is also available at the 
3dcontentcentral web site 
(http://www.3dcontentcentral.com/), an online free CAD 
models library. After importing the models in ANSYS, all 
the materials have been defined for the different 
components. As said, for the nail and screw Ti6Al4V alloy 
was used; as regards the tibia, basing on previous works 
on the characterization [11], [12] and modeling [13] of the 
mechanical properties of a bone structure, the tibia has 
been considered as a material having a linear, elastic, 
orthotropic behavior, following the Hooke’s laws. During 
the FEM simulations the layered structure of the bone has 
been neglected by only considering the cortical bone. 
That because the trabecular bone structure has very low 
mechanical properties but, also, because most of the 
trabecular parts in the bone-screw (nail) interface is 
removed during the regularization drilling phase. 

 The following table shows the main mechanical 
properties of a bone material.  

 
Main mechanical properties 
(GPa) of the cortical bone 
E1 6.91 
E2 8.51 
E3 18.4 
G12 2.41 
G13 4.91 
G23 3.56 
n12 0.49 
n 13 0.14 
n 23 0.12 

Tab.2 Mechanical properties of tibia. 

Finally, for the radial screws, used for the proximal 
locking, it was chosen a steel having the mechanical 
properties summarized in the table 3. 

 
Young modulus (GPa) Poisson coefficient 
210 0.3 

Tab.3 Mechanical properties of locking screws. 

The following images show the meshed models of the 
nail, tibia and locking screws.  

Solid elements with 10 nodes, with 3 degrees of 
freedom for each node, have been used for meshing the 
models.  

Even if tetrahedral elements have been used, the  
quadratic formulation of the displacement function allows 
to obtain very accurate results even if irregular shapes 
(like the tibia) are simulated. 

 

Fig.6  Mesh of the nail – screw assembly. 

 

Fig.7  Mesh of the tibia. 

 

Fig.8  Mesh of the locking screws. 

After meshing the models, the right material 
characteristics have been defined for every component 
and the contact surfaces have been identified. In 
particular, the following pairs of contact surfaces have 
been defined: 
- Nail – Screw; 
- Nail – Tibia; 
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- Nail – Locking screw; 
- Tibia – Locking screw. 
     Finally, the boundary conditions, like displacements 
and rotations, have been imposed on the FEM models. 
This step was carried out carefully to simplify the 
assembly model but also assuring a correct simulation of 
the working conditions. 

3.2 Expansion simulation 

To simulate the expansion of the flanges, as a 
consequence of the screw movement, a z-axis 
displacement equal to 30 mm (corresponding to the total 
insertion of the screw inside the nail) has been imposed 
on the lower end surface of the screw.  

Figure 9 shows the expansion of the nail according to 
the imposed boundary conditions. To obtain the shown 
(total) expansion, it has been calculated that a torque of 
about 20N/m must be applied to the screw. 

 

Fig.9  Expansion of intramedullary nail. 

Due to the irregular internal shape of the tibia, the 
flanges displacements along the x and y directions are no 
symmetrical, as shown in Figures 10 and 11, because it is 
hampered by the internal part of the bone. 

  

Fig.10  Displacements along the x-axis. 

 

 

 

Fig.11  Displacements along the y-axis. 

Moreover, even if reamed, the lower part of the inner 
surface of the bone has an asymmetrical shape, so 
causing a not uniform contact with the external surface of 
the nail. 

For this reason, the pressure distribution generated 
between the nail and the screw and between the nail and 
the tibia is not uniform. 

Despite this, the contact pressure distribution, even if 
irregularly distributed on the surface, is enough to 
guarantee the distal locking of the tibia, as verified in the 
subsequent tests of compression and torsion.   

The maximum pressure value at the nail-bone 
interface is comparable with the one calculated in the 
contact between the screws (used for the proximal 
locking) and the bone. 

 
Fig.12  Contact pressure distribution. 

 

Fig.13  Contact pressure distribution. 
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3.3 Compression testing 

After the expansion of the nail, the compression test 
has been carried out, to verify the stability of the distal 
locking as well as calculating the stress distribution on the 
nail components. 

Of course, another objective is to verify the stresses 
distribution on the tibia, ensuring that the new nail is safe 
and does not cause, under the usual compression loads, 
any fractures of the tibia. 

The compression test has been simulated by 
imposing on the nail-tibia assembly a 700 N compression 
load [14] (value equal to the weight of a patient of 
approximately 70 kg), that was applied on the upper 
surface of the tibia along the longitudinal axis. 

Other boundaries conditions were applied on the 
lower surface part of the tibia by locking some 
displacement along the reference axes.  

 
Fig.14 Reaction forces. 

Figure 14 shows the reaction forces that are 
generated on the model following the application of 
compression load. 

The distal reactions confirm the occurred contact 
between the nail and the tibia and the consequent distal 
locking. 

As regards the contact pressure between the nail and 
the tibia, the distribution along the contact surface was 
almost unchanged, with a slight increase in term of 
maximum values. 

 
Fig.15 Von Mises stress on nail. 

Figure 15 shows the stresses that are generated on 
the nail due to the  compression load applied. 

It is observed how the most stressed areas, as 
expected, are those corresponding to the proximal and 
distal locking. The values of stress are in the range  
130-250 MPa, remaining, therefore, much lower than the 
yield strength (760–895 MPa) relative to the titanium 
alloy, Ti6Al4V, which is used for the nail. 

 

 
Fig.16 Von Mises stress on tibia. 

As regards the tibia, in figure 16 can be observed that, 
also in this case, the most stressed regions are those far 
from the outbreak of the fracture. This confirms the 
efficacy of the expansion nail. The load, in fact, is 
transmitted through the proximal screws, from the bone to 
the nail, sparing the area affected by the fracture, and 
then is re-transmitted to the distal part of the cortical bone 
through the contact area with the nail. 

The values of stress, obtained as result of the 
compression load, are included between 50 and 70 MPa, 
then largely admissible, because less than the ultimate 
strength of the cortical bone, which is about 150 MPa. 

Finally, figure 17 shows the Von Mises stress 
distribution along the radial proximal locking screws. 

Even for the screws, the obtained values (varying from 
80 to 130 MPa) are largely lower the yield strength of the 
steel used for the screws. 

 
Fig.17 Von Mises stress on locking screws. 

3.4 Torsional testing 

As an additional testing of verification, was executed 
to evaluate the system behaviour under torsional load. In 
particular, it was simulated the machine used for the 
torsion testing. That was made using the device shown in 
figure 18, connected to the upper surface of the tibia, and 
blocking the lower face. 

It has been considered a torque of 8 Nm, value used 
in many tests on long bones [14]. 

A pressure of 1.42 MPa was applied on the four faces 
of the device, in order to generate the required torque 
testing value. 

Also in the torsion test the calculated values of contact 
pressure are similar to those obtained in the compression 
testing. The calculated tangential forces, due to the 
friction actions, are enough to avoid any rotation of the 
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nail, so ensuring a good distal locking and an optimal load 
transmission from the nail to the tibia. 

 

Fig.18 Device for torque transmission. 

Unlike the compression test, the stress distribution on 
the nail slightly varies. Also in this case, however, the 
most stressed areas are those related to the proximal and 
distal locking parts, as shown in figure 19.  

 

Fig.19 Von Mises stress on nail. 

The stress values are very similar to those obtained 
from compression testing (varying from 130 to 280 MPa) 
and much smaller than the material yield strength. A slight 
stress values increasing has been noted in the areas 
close to the upper locking screw holes.  

 
Fig.20 Von Mises stress on tibia. 

The results obtained in the torsion test have given a 
further confirmation of the effectiveness of the expansion 
nail.  In this case, in fact, the load is transmitted from the 
distal to the bottom part of the tibia (through the nail), 
without affecting the middle part of the fractured bone, 
which is fully unstressed (figure 20). 

The stress values measured on the bone during  the 
torsional test are included in the 50 - 70 MPa range, and 
then they are less than the ultimate strength of the cortical 
material. 

Figure 21, finally, shows the stress ditribution along 
the proximal locking screws; the resulting values are lower 
than the yield strength of the steel used for the screws. 

 
Fig.21 Von Mises stress on locking screws. 

4 Conclusion 
The present intramedullary expansion nail has been 

designed in order to satisfy, as best as possible, the 
primary requirements, which are the basis of a good 
intramedullary osteosynthesis treatment: 
- a good distal locking, in order to ensure the axial 

stability of the system, allowing a rapid recovery of 
the fracture and an equally rapid recovery of the 
motor functions; 

- a reduced radioscopical exposure time of the 
surgeon, medical staff and patient; 

- easy insertion of the nail inside the bone and equally 
easy proximal and distal locking, in order to reduce 
the surgical times. 

The contact pressures, obtained by compression and 
torsional tests, are able to ensure the stability of the 
system. 

In fact, no longitudinal or rotational sliding has been 
noted during the numerical simulations; moreover, the 
most stressed areas, as noted, are those at the proximal 
and distal locking and the values of stress, although high, 
is much lower than the yield strength of the nail materials. 

As regards the tibia, the most stressed parts are those 
far from the fracture, demonstrating the effectiveness of 
the distal locking by the expansion of the flanges nail. 

Moreover, its application is less difficult than traditional 
nailed and this helps to reduce the surgery time. 

For a complete design of the nail, then, could carry out 
further tests, simulating different load cycles (for example 
a walk, a run, etc…) and bending testing, and of course, 
to perform tests directly on the dry bones and patients, in 
order to compare the results with those obtained by 
numerical analysis and to estimate the fatigue behaviour 
of the assembly. 
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Abstract 

The artifacts that appear on maxillofacial X-ray computed tomography (CT) images are 
mainly caused by the presence of metallic prosthetic appliances (such as amalgam or gold 
fillings). They cause problems in the three dimensional virtual reconstruction and in the 
eventual physical reproduction by Rapid Prototyping systems. 
At present the classification of different artifact types, metallic presences or artifacts induced 
by them, is left to the experience and sensitivity of the operator. 
In this paper an innovative methodology to automatically remove the artifacts in CT data is 
presented. 
An expert system based on fuzzy logic was used to process the CT images and to clean 
them automatically leaving the decisional phase to the computer. 
Decisional networks were created, using the Hounsfield scale values  of each CT image pixel 
for the membership functions. 

1 Introduction 
The 3D representation of Computed Tomography (CT) 
scans is widely used in medical applications such as 
virtual endoscopy, plastic reconstructive surgery, dental 
implant planning systems and more. This representation 
is built thresholding the axial CT slices which constitute 
the volume of the CT scan. 
Metallic objects present in CT scans cause conspicuous 
artifacts such as beam hardening and streaking, strongly 
evident in axial images, as shown in Fig. 1.  
 

 

 

 

 

 

 

 
 

Fig. 1 Artifacts in CT image caused by metallic implants.  

The artifacts in the tomographic acquisition caused by the 
presence of metallic structures are the most demanding 
obstacle on the way to obtain data-set for the 
reconstruction of the skull and the maxillofacial bones, or 
segments of these. The main consequence of such 
artifact is the effective impossibility to operate the 
reconstruction of the zone subordinate to surveying CT. 
The X-rays intensity, recommended for cranial CT 
diagnostics, is relatively low. For this reason metallic 
implants, such as dental fillings or orthodontic devices 
cause massive star-shaped artifacts in resulting CT 
images which hamper detailed diagnostics when planning 
cranio-maxillofacial surgery. Important information is 

destroyed both near dental fillings as well as in the 
periphery of the image because X-ray beams are 
completely absorbed by metallic implants. The maximum 
attenuation at the detector is limited by an upper boundary 
value, i.e. higher values are cut off [1, 2, 3, 4, 5]. Thus, in 
cranio-maxillofacial surgery there is a demand for 
recovering CT image information that has been corrupted 
by artifacts. In surgical planning, detailed CT-based 
knowledge of the exact anatomy of the patient is 
fundamental, specially in the dental region. In order to 
reduce surgery time and pre-surgical planning, it has 
become common practice to use Rapid Prototyping (RP) 
systems to manufacture 3D anatomical replicas. However, 
2D image artifacts result in 3D spikes in the RP model, 
making it useless (Fig. 2). Consequently metal-induced 
artifacts  must be eliminated before model manufacturing.  
At present the elimination of artifacts is left to the 
operator, by means of a process of manually editing each 
CT-slice. 

 

 

 

 

 

 

 

 

Fig. 2 Incorrect RP jaw model. 

The aim of this study is the development of a system 
based on non-binary logic, in order to obtain the automatic 
artifact removal in CT data, by means of the visual 
impression quantification. To this end, fuzzy logic is 
applied in the analysis to create decisional networks. The 
Hounsfield scale values that the pixels have in the 



686

M. Martorelli               A Novel Method of Removing Artifacts in Dental CT Images 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

different circumstances have been used for the 
membership functions. 

2 CT IMAGE & TRACE APPROCH 

2.1 Approach for artifacts removal 

The resolution of the problem of artifacts removal is linked 
to the use in sequence of different modules, shown in Fig. 
3, each dedicated to a single operation.  
 

 
 

Fig. 3 Procedure to obtain a metallic artifact reduction  

in CT image. 

To supply a procedure that allows to obtain the CT image 
without artifacts and reconstructed in the zones where 
these were present, it is necessary to distinguish if the 
input file is already an image or if it is a raw CT file (Fig. 
4).  
 

  
Fig.4 Raw CT data (sinogram). 

In both cases, the zones affected by artifacts must be 
preliminarily identified. Subsequently, the regions where 
the metallic presences (source) are localized, must be 
distinguished from those where only the luminous star 
(artifacts) propagated from the source is present [6,7].  
Considering the raw file (sinogram), the Center of Gravity 
(COG) algorithms are applied to localize the centers of 
gravity of the artifacts. The line interpolating the gravity 
centers is used to carry out the analysis and the 
correction, rather than the points on the bidimensional 
region. Thus, the artifacts on the sinogram are easily 
located  as sinusoids. 
Once the contours of these have been accurately 
recognized, the interpolation of the zone affected by 
artifact can be performed, using the unimpaired values, 
immediately surrounding the altered zone. To make 
possible the same procedure starting from the image, it 

would be, at least in principle, sufficient to apply an 
algorithm of projection, obtaining again the initial 
sinogram. 
Although it would be convenient to operate on the raw 
files, these are not always available, because the CT 
system could export them in an proprietary format. Thus, it 
is necessary to solve these problems and to make the 
procedure equally applicable using directly the images or 
the raw data. For this purpose a pre-processing phase on 
the image data (Fig. 3) must be carried out.  
Pre-processing is the stage where operator experience is 
more relevant in setting of the operation parameters. 
For the artifacts reduction, such modulus must restore total 
equivalence, between the CT image and the raw CT data. 
Moreover, in this phase of the process, it is very important 
to distinguish between artifacts and sources, eliminating 
the first one and creating the map of the points in which 
there are the sources.  
In this phase the author considers useful the application of 
the fuzzy decisional rules, within an expert system 
substituting human intervention. In particular, the expert 
decisions are used in the thresholding phase and in the 
recognition of the constellations identified in the clustering 
phase. The phases of the pre-processing stage are 
depicted in detail in Fig. 5. 

 

 

Fig. 5 Pre-processing elements. 

2.2  Fuzzy Thresholding: Creation of a Network-
Model in Fuzzy Logic 

A CT image is a  mosaic of pixels, with different grey 
levels representing the absorption coefficients of the 
tissues. CT values are given in a 12-bit format, within the 
range [-1000, 3095] Hounsfield units (HU). Tab. 1 shows 
some examples of Hounsfield scale values, for the human 
body [8]. The metallic artifact sources have high 
absorption values, totally blocking the X-ray beams.  

 

Tab. 1 Values in HU scale of some human body tissues. 

Usually for a metallic artefact, the range of HU values is 
typically [2095,3095] and [-1000,0], outside of the normal 
absorption field for the human body.  
Fixing a thresholding value, in presence of metallic 
artifacts, to delete them, could create problems because, 
for some values, it is possible to confuse the effects of a 
metallic artifact with the metallic presence itself. 
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In the paper the author uses the "truthfulness degree" of a 
"statement of membership" to the trail of an artifact, or to 
a metallic source, or to none of the two situations, of a 
pixel whose HU value is included among those typical of 
artifacts.  
However, this first phase of pre-processing must be 
limited to provide a full map of all the image pixels. To 
distinguish, in accurate manner, sources of artifacts and 
effects of them, in fact, can be made only at the end of 
thresholding and clustering phases.  
The membership functions for the two cases of source or 
simple artifact, are easily defined.  
The decisional rules to classify a pixel as belonging to an 
artifact site (and, in the affirmative case, if it is a source or 
not) and the truthfulness degree of the statements lead to 
three different situations: 

1. A pixel is artifact source or it belongs to a region 
in which there is an artifact: such situation 
identifies, conservatively, all the points of the 
image to process.  

2. A pixel is affected by artifact and it is at the same 
time site of a source point: this is a more 
restricted evaluation, suitable to define the 
regions where it is possible to isolate metallic 
artifact sources.  

3. A pixel is artifact source and it is not affected by 
characteristic values of the regions in which 
there are artifacts: this evaluation characterizes, 
in selective way, the artifact sources.  

The above three points are the premises of three different 
rules. 
They allow to define a model-network with four terminal 
nodes: three related to the above described rules and one 
related to the simultaneous negation of all of them. 
The first node performs the dimensional check of the 
absorption of the image pixels. The system will accept the 
image if the values are expressed in HU, otherwise it will 
send the image to a node that will convert the absorption 
value of each pixel in HU. 
This node will check moreover that the format in HU is 
represented in 12 bit and will convert, if necessary, 13 or 
16 bit representations. After the check node, the system 
will proceed to scan the image pixel by pixel, creating a 
new token (a counter) to send in the network with a 
depth-first approach (preferential exploration direction 
vertical). When such a counter arrives in a terminal node 
of the network-model, a degree of membership in the 
range [0,1], earned in the crossing of the network, must 
remain associated to the token. 
It is possible to express the three conditions previously 
seen, synthetically, in the following way: 

1. HU IS (Source OR Artifact) 
2. HU IS (Source AND Artifact) 
3. HU IS (Source AND (NOT Artifact))  

The model-network is shown in Fig. 6. Every time the 
token exits from a node, it will be assigned a truthfulness 
degree calculated by the expression contained in the 
node and the value associated with the token. This value 
will be updated every time, calculating the minimum value 
between the last value associated to the token and the 
new value earned in the node. 

 

Fig. 6 Fuzzy thresholding. 

2.3  Clustering Algorithms 

One of the major points of force of an expert system 
based on fuzzy logic is the ability to manage, indifferently, 
events having decisional uncertainty, utilizing networks 
based on fuzzy logic, and events based on binary choices 
[9]. It is desirable that the expert system of management 
of CT images, after the fuzzy thresholding, carry out an 
image mapping, according to the rules previously 
described, distinguishing the different regions in terms of 
certain presence of source, probable presence of source 
or artifact, certain absence of artifact. This information will 
be then organized in a systematic way in the recognition 
of the regions marked by a common characteristic, by 
means of clustering algorithms, known in literature, 
belonging to the wide class of the pattern recognition 
algorithms. These algorithms are used to separate the 
regions affected by artifacts from the regions where the 
sources are localized. If this phase of clustering was not 
carried out, subjecting the image to the successive 
median filter, whole regions affected by distortions would 
be misinterpreted as metallic sources.  
It is necessary therefore to take advantage of available 
information on how pixels affected by artifacts and artifact 
source pixels are arranged in formation. The separation is 
necessary because the artifacts must be eliminated from 
the image and replaced with the values obtained through 
interpolation, while the sources must be kept and marked 
on the corrected image, to give back an exact image of 
the anatomical area subjected to the analysis. 
It is important to locate clearly the boundaries of the 
region affected by distortion to avoid the interpolation 
between the edges, without eliminating the peripheral 
zone of the artifact.  
Two clustering algorithms are widely used for this kind of  
problems: Single-Linkage Clustering (SLC) (nearest 
neighbor) and Complete-Linkage Clustering (CLC) 
(furthest neighbor). Both of them are iterative processes: 
an initial cluster list contains one cluster for each valid 
pixel, where a pixel is valid if it is indicated by the fuzzy 
thresholding algorithm as a probable or certain artifact site 
or artifact source [10]. The clustering procedure is carried 
out by fixing a threshold value for the distance between 
two clusters. When the distance between two clusters is £ 
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Membership 

Degree 

distance threshold a fusion of the two clusters into one is 
performed.  
The first algorithm (SLC) recognises a new cluster when 
the distance between at least one element of one of the 
clusters to at least one element of the second is lower or 
equal to the distance threshold. Accordingly, it is also 
known as Nearest Neighbor Clustering. The distance is 
computed by the Euclidean distance in the Cartesian 
space. The main characteristic of this clustering method is 
the ability to group values which build long chains a 
feature referred as chaining. Fig. 7.a depicts an example 
of Single-Linkage, with  a distance threshold of 2 pixels. 
The second algorithm (CLC) performs cluster fusions 
when the distance between all objects of each cluster is £ 
distance threshold.  
 

 

 

 

 

 

 

(a) Single-Linkage Clustering      (b) Complete-Linkage 

Clustering 

Fig. 7 SLC and CLC algorithms  

This feature is the reason why Complete-Linkage 
Clustering is also known as Furthest Neighbor Clustering. 
An example for Complete-Linkage Clustering with 
distance threshold of 2 pixels is depicted in Fig. 7.b. This 
clustering method is referred as no chaining. 

3 EXPERT SYSTEM BASED ON FUZZY 
LOGIC 

Through clustering algorithms, pixel aggregates are 
obtained having common characteristic as, for instance, 
belonging to the same constellation of artifacts or being 
the image of an artifact source. It is useful to recognize a 
pattern in such a way when one does not want to 
distinguish among the located configurations. For 
example if one does not want to indicate to the dentist the 
exact position of the metallic implantations. A 
straightforward wayto locate the position of artifact 
sources is to use the information orignating from the 
network-model of the fuzzy thresholding in order to detect 
an aggregate based on the pixel type. The terminal nodes 
of the network model are in fact four. Each token, with its 
member degree, can reach only one of them, as depicted 
in Fig. 6. In particular, the tokens are classified as source 
points if they belong to “terminal node 1”, as undefined 
points of one or of the other type if they belong to 
“terminal node 2”, as member points of an artifact, if they 
belong to “terminal node 3”, and finally, as points not 
interested by any artifact if they belong to the “terminal 
node 4”. These must be considered as fuzzy statements, 
with a certain level of uncertainty, inherent in the 
membership degrees associated with the tokens. With the 
aid of a graph as in Fig. 8, it is possible to associate to 
each pixel a membership degree to a fuzzy “source”.This 
is achieved by calculating the minimum value between 
the membership degree associated with a token and that 
of the terminal node to the fuzzy source sub-ensemble. 

 

           

  

Fig. 8 Membership function of  the terminal-nodes to the 

sub-ensemble source. 

This solution, even if it is in terms of fuzzy logic, appears 
conceptually efficient to establish if the single pixel 
belongs or not to the pattern representative of the metallic 
presence. However, it is not able to characterize, in the 
whole of the image, relations of closeness and likeness. 
To overcome such deficiency, it will be necessary to use 
an observation of fundamental importance in the 
distinction between a metallic object and its effect on the 
image. Namely, the sources appear, on the image, as 
clouds of points occupying a relatively small area with 
high concentration, whereas induced artifacts appear as 
long, near-rectilinear trails of light. The latter are defined 
as “chains” in pattern recognition terminology. This 
approach finds substantial support in the experience, but 
its practical application is hampered by the difficulty to 
graphically represent, in  computer implementations, 
aggregates as clouds of points or as chains.  
As  proposed here,  the decisional syntax of fuzzy logic to 
the pre-processing of the image, can also be realised in 
this aspect, thanks to the indeterminateness of the 
classification of the pixel groups by clustering algorithms.  
The first step is to remove from the image the points not 
affected by artifacts, i.e. those assigned to the “terminal 
node 4”, as mentioned above.  
The remaining points will be included in a list, updated 
each time a cluster is found. By default, every element of 
the list will be considered as a cluster. Consequently, a 
single pixel will be a cluster of unitary dimension. On this 
list the Single-Linkage Clustering (Nearest neighbor) 
algorithm, previously described, will be first applied, 
followed by the decisional module. As mentioned above it 
will be necessary to find an algebraic criterion to define a 
constellation as a chain or as a cloud of points. To this 
end, it is necessary to evaluate the point density of each 
possible chain candidate. 
A simple binary decisional rule could the following:  

                                      Npix/2d < 1.0                              (1) 

where d is the maximum chain length and Npix the number 
of pixels.                                               
If  equation (1) is verified it means that there is an 
insufficient density of points and, therefore, that the 
presence of a chain and consequently of an artifact to be 
eliminated can be suspected. On the other hand, if 
equation (1) is not satisfied, a cloud of points is 
envisaged, and one is in presence of a metallic structure 
that has to appear in the final cleaned-up image. The 
algebraic rule clearly divides the two outcomes. Thus, it is 
necessary to construct a membership function to the 
“artifact source” group that expresses also a membership 
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degree, in the spirit of fuzzy logic, while respecting  the 
binary decisional rule expressed by (1) in the limit cases.  
The proposed membership function is shown in Fig. 9: in 
abscissa there is the value (Npix-2d)/2d and in ordinate the 
membership degree; it is possible to note that when the 
abscissa is zero, the membership function assumes a 
value = 0.5, filling in this way the uncertainty left by 
equation (1), while the membership function assumes 
unitary value only when Npixel³4d.  
In reality, this boundary is fuzzy. 
 
 

     

Fig. 9 Membership function in the chains elimination. 

Therefore only a decisional rule has to be established, 
such as:  

IF MF < 0.5 THEN Eliminate Chain 

where MF is the value of the membership function in Fig. 
8.  

It is of course possible to calibrate the algorithm by 
changing the threshold value of MF, correcting it if some 
artifacts remain, or if the undesired elimination of some 
sources occurs.  

It is possible, at this point, to write completely the 
algorithm to locate the clusters and to eliminate the 
chains. The Single-Linkage Clustering (Nearest neighbor) 
can thus be implemented: the threshold distance value, 
dth, is fixed, below which the algorithm connects two 
clusters. The minimum distance between every pair of 
clusters previously located  is estimated by calculating the 
minimum distance between all the groups included in 
each of the two clusters. It is necessary to remark that the 
initial list of the formed clusters is certainly not empty, 
because every valid pixel is initially entered in the list as a 
single cluster. Subsequently, every cluster will increase in 
dimension or will remain unitary. Hence, it is always 
possible to compare the distances between clusters. 
Because the procedure is iterative, it is possible to give 
an analytical description of it with the following 
expression: 

                           dqi
new=min(dpi

old,dqi
old)                        (2) 

in which the distances between the nearest elements of 
the two clusters are compared and can be updated, after 
the formation of a new cluster.  
Once the cluster individuation is completed, the 
procedure continues with the chain elimination algorithm, 
for which it is necessary to associate to every cluster the 
maximum length (number of pixels in the prevailing 
direction) and the number of pixels that are present in the 
cluster. The calculation of the function (Npix-2d)/2d is 
followed by the search of the membership degrees, and 
finally the elimination of the group of pixels thus 
individuated. 

The completion of the pre-processing phase will require 
retouching the image by means of some procedure, in 
which expert decisional intervention is not required, such 
as the expansion and the convolution by a median 
function. 
Fig. 10 depicts the 3D model before and after the 
automated removal of the artifacts in CT data obtained 
using the new methodology proposed in the paper 
 

   

Fig. 10 3D model before and after the automated removal of 

the artifacts in CT data. 

4 CONCLUSIONS  
Image management by expert systems requires minimal 
effort from the operator, consisting in the manual input of 
some recognition parameters. These few preliminary 
operations, that can be executed only once for a given set 
of operating conditions, allow the expert system to 
manage, in full autonomy, the whole procedure of artifact 
reduction and of mapping of the metallic source positions 
on the cleaned image. A requirement for a successful 
outcome is the perfect and complete equivalence between 
the raw CT data and the images. Since this circumstance 
is not verified in presence of metallic objects, image pre-
processing is necessary. Such operation has required, in 
the past, human supervision, because the decisions to 
take in such field are not usually able to a binary classic 
approach implementatble on computers. 
In this paper the application of the fuzzy logic syntax is 
used to entrust to the computer this decisional phase, 
especially in the field of pattern recognition.  
In particular, the thresholding and chain elimination 
phases, obtained through clustering, appear to be suitable 
for the implementation in fuzzy logic. The correct 
implementation of the pre-processing module could solve 
definitively the problem of the equivalence between image 
and trace-data, permitting to determine accurately, the 
limits of the eliminated artifact trails, without  damage to 
the visualization of metallic presences in the image, and 
thus allowing  to apply the interpolation algorithms directly 
on the image.  
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Abstract 

Purpose: 
This paper proposes a new method for the identification of the symmetry plane of the human 
face, starting from a 3D high – density scanned data. This plane is used to evaluate the local 
and mean asymmetries of the face. 

Method: 
The proposed method evaluates the symmetry plane taking into consideration the initial 
estimation of the symmetry plane performed by an iterative mirroring and registration-based 
method. Once the mirroring of the original data is carried out with respect to the symmetry 
plane which has been previously estimated, the source point cloud and the mirrored data are 
registered by the ICP algorithm that minimises a new weighted function. The final symmetry 
plane obtained approximates in the least-squares sense the midpoints of the lines connecting 
homologous points randomly chosen. 

Result: 
This method is validated by analysing some specifically-designed test cases. The obtained 
results show that the method is insensitive to local asymmetries, whether they be near or far 
from the symmetry plane, and is also repeatable and slightly conditioned by the acquisition 
process. 

Discussion & Conclusion: 
This method offers promising applications not just in the medical field but also in the face 
recognition field. Future work should address how to improve the performance of the method 
in terms of timing costs and how to use the symmetry plane for face feature segmentation 
and for facial authentication and recognition. 

1 Introduction 
For the last decade, and especially thanks to the 

development of 3D acquisition techniques, much of the 
research interest has turned towards the study of shape 
recognition and feature extraction from three-dimensional 
acquired objects. For their versatility, cheapness and non-
invasiveness these techniques are also used in the 
biomedical field. A drawback in their use is the fact that 
the acquired data cannot be directly used, but needs 
processing so as to be able to recognise human body 
shapes and features. One of the most important human 
body features to be evaluated is bilateral symmetry. Since 
Antiquity studies concerning human face symmetry have 
tried to explain its attractiveness by means of sociological 
and psychological investigation. More recently, the issue 
of facial symmetry evaluation has been approached for 
several purposes such as: 
- face authentication and recognition by middle profile 

feature extraction [1], [2], 
- quantification of asymmetry in human face and 

development of computer-aided protocols for half-
damaged face reconstruction or cosmetic surgery for 
aesthetic corrections in MFS (Maxillofacial Surgery) 
[3], [4], 

- correlation between facial asymmetries and 
symmetry line for the back pathologies in 
Orthopaedics and Orthodontics [5], 

- correlation between facial asymmetries and cognitive 
disorders for schizophrenia diagnosis in Neurology 
[6]. 

It is on account of the importance of this issue that 
numerous algorithms for human face symmetry plane 
detection and asymmetry quantification are presented in 
literature. These evaluations are blurred by the fact that 
perfect symmetry is an ideal condition, never to be verified 
in the case of real human faces. Face asymmetry can 
occur in non-bilateral symmetry of single features such as 
ear displacement or asymmetry which affects face shape 
as a whole. Such is the case, for instance, of a face in 
which the symmetry line is not located on a symmetry 
plane. Furthermore, in the case of acquired faces, facial 
asymmetries can result from the acquisition process and 
not from the geometric shape. We are talking about 
asymmetrical or non-uniform sampling of the face. Many 
of the methods presented in the related literature do not 
distinguish asymmetries of the shape from those coming 
from the acquisition process. They focus on the point 
cloud and not on the shape represented by it.  

In order to evaluate the symmetry plane of face 
features starting from 3D high–density scanned facial 
data, this paper puts forth a new method. This plane is 
used to evaluate the local and mean asymmetries of the 
face. The robustness, accuracy and sensitivity of the 
method are checked by processing some test cases. 
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2 Related works 
The methods for human face symmetry plane 

detection can be classified based on: 
- Extended Gaussian Image (EGI), 
- mirroring and registration, 
- direct estimation. 

The methods belonging to the first category [7] and [8], 
analyse the recurrence histogram of the orientation of the 
normal unit vectors of the tessellated surface under the 
hypothesis that such a histogram (discrete version of EGI) 
presents the same symmetry as the object. In [9] the 
authors search for the maximum degree of symmetry only 
around the principal axes of inertia of the orientation 
histogram for a generic object, including a human face. 
As pointed out by Pan et al. in [8], for 3D noisy facial data, 
the directions of these principal axes are affected by large 
errors. Thus, in order to work out this problem, the 
authors put forth a method which extends the search 
space, but which also increases computational costs. 

The mirroring and registration-based methods exploit 
the bilateral features of the human face for facial 
symmetry plane detection. In general, they are structured 
in the following steps: 
- the initial estimation of the symmetry plane Π0, 
- the mirroring of the original data (PC), from PC into 

Mod = Mir(PC) = PCm, with respect to Π0, 
- the Iterative Closest Point algorithm-based (ICP [10]) 

registration between mirrored (PCm) and original data 
(PC), 

- the final estimation of the symmetry plane Πf. 
M. Benz et al. [3] were the first to propose the mirroring 

and registration-based method in order to support 
aesthetic surgical facial reconstruction. Their work aims at 
the detection of the symmetry plane by means of which 
the healthy half can be mirrored onto the damaged half 
for its reconstruction. The authors highlight how the 
choice of typically healthy areas in a damaged face (nose, 
chin and forehead) turns out to be sufficient to register the 
original data and the mirrored data through a specific ICP 
algorithm [11]. The final symmetry plane obtained 
approximates in the least-squares sense the middle 
points of the lines connecting homologous points 
randomly chosen. 

Another non–automatic approach is proposed by De 
Momi et al. in [4]. The authors use a typical ICP 
algorithm-based method so as to perform, in a specific 
way, the first-attempt estimation of the symmetry plane. 
This plane is obtained by evaluating the symmetrical 
location of two homologous patches which have been 
manually selected. It is the symmetry plane of the 
centroids of selected areas. In order to develop a fully 
automatic method, Colbry and Stockman in [12] put 
forward an approach whereby the first-attempt symmetry 
plane is evaluated by the Principal Component Analysis 
(PCA) method [13]. Tang et al. pointed out in [14] that the 
PCA method could in some cases perform so inaccurate 
an initial estimation of the symmetry plane that the 
subsequent ICP registration algorithm could not 
converge. In order to overcome this limitation, in [14] the 
authors propose the plane being parallel to the yz – plane 
and passing through the centroid of the face for an initial 
estimate. This approach works correctly only if the real 
symmetry plane is aligned with the yz – plane of the 
scanning device. If a method which is both fast and 
insensitive to asymmetrical data of the face is to be 
developed, the registration should only concern a 
rectangular region around the nose because of its 

stiffness. It is a valid approach only in the case of 
undistorted noses. 

ICP algorithms are the main cause for a rise in 
computational costs so great efforts have been directed 
towards speeding up this algorithm [1], [15]. Zhang et al. 
in [2] highlight that the ICP algorithm could fail when there 
are irregularities in the face boundary. Therefore, in their 
paper, the authors propose the MarkSkirt operator which 
excludes from the registration the points belonging to the 
10–ring of the boundary.  

More recently, Combès et al. in [16], [17] and [18] 
present an approach that directly estimates the symmetry 
plane without intermediate roto–translation transformation 
and registration. Once the initial estimation of the 
symmetry plane is performed by the PCA method, its final 
evaluation Πf is done by an iterative algorithm that 
converges to a (at least local) minimum of a properly 
designed function. In particular, this function is the sum of 
the weighted distances between the points reflected with 
respect to Πf and the corresponding nearest points of the 
cloud. With a view to leaving out the asymmetric sampled 
area of the model, weights are expressed as the Leclerc 
function [19]. Furthermore, some implementation solutions 
are proposed in order to make the method fast and 
robust. The problem of the non-symmetrical sampling of 
the face is solved by this method but it is still very 
sensitive to non-uniformity in the sampling. Two 
homologous surfaces which are perfectly symmetric but 
which are characterised by different sampling density may 
turn out to be asymmetric due to the distance between the 
source point cloud and the mirrored – registered one. 

3 The proposed method 
In general, any geometric form S in three dimensions is 

said to be bilaterally symmetric with respect to Π if its 
mirror image (SΠ) upon Π is partially or completely 
superimposable onto the original form. The plane Π is the 
symmetry plane of S. Perfect symmetry is an ideal 
condition that is not verified in any real object, let alone in 
the case of human faces. Furthermore, no method for the 
symmetry plane estimation of a geometric facial feature 
can verify the previous symmetry definition. Therefore for 
any symmetrical object, the measure of non–ideal 
symmetry requires to be evaluated; symmetry is 
conventionally recognised to exist whenever this measure 
is lower than a threshold value. 

If an object is defined by a point cloud, the symmetry 
property refers to the shape it has and not to the point 
cloud itself. In that way, the asymmetries due to the 
surface density sampling, which affects the methods for 
symmetry plane estimation presented in literature, are 
reduced. Asymmetry can also be due to the asymmetry of 
the acquired area of the face. These asymmetries are 
mainly due to hairline and to irregularities in the borders of 
the acquired surface.  

Finally, the evaluation of the symmetry plane of a 
human face can be affected by isolated local 
particularities, such as local damage, pimples, bumps, 
etc. and asymmetric facial expressions. Although these 
local particularities do not modify the general symmetrical 
nature of the face, they could affect the automatic 
estimation of the symmetry plane.  

The proposed method is therefore designed to 
overcome the above-mentioned limitations. It consists of 
the following steps: 
1) 3D acquisition of the subject’s face PC,  
2) first-attempt estimation of the symmetry plane Π0, 
3) mirroring and registration, 
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4) final estimation of the symmetry plane Πf; 
5) asymmetry evaluation: al (local asymmetry), am(mean 

asymmetry). 

3.1 Face acquisition 

The facial surface to be analysed is acquired by means 
of a 3D geometric scanner [20]. In order to reduce outliers 
and large noise, the scanned point cloud is first smoothed 
by a Gaussian filter and then tessellated. 

3.2 First-attempt estimation of the symmetry 
plane  

The first-attempt estimation of the symmetry plane is 
obtained by means of a symmetry line detection method 

which is typically used in spinal spatial configuration 
representation [21]. That method is not sensitive to the 
asymmetries of the acquired area of the face but, in order 
to be applied, it requires a rough evaluation of the facial 
longitudinal axis. Thus, to begin with, the longitudinal axis 
is roughly detected by a PCA applied to the set of points 
in the front side of the plane which best fits the point cloud 
of the acquired face (figure 1). The direction of the 
longitudinal axis ζG is calculated as the principal axis of 
inertia, associated with a lower inertia moment, of the set 
of selected points.  

a)

 

b)

 

c)

 
Fig. 1 3D source data (a), source data and its best fitting plane (b), red highlighted ROI: set of points, in the front side of 

the plane which best fits the point cloud, here used to detect the longitudinal axis (c). 
 

As evidenced by [14], a good initial estimation of the 
symmetry plane greatly influences the subsequent 
registration by the ICP algorithm. The evaluation of the 
first-attempt symmetry plane is performed by analysing 
the slice profiles obtained when sectioning the tessellated 
face with a set of planes which are perpendicular to the 
previously-estimated longitudinal axis. For each slice 
profile, the most symmetric point is characterised by the 
maximal value of a properly defined symmetry index [21]. 
The symmetry index which is here being used is based on 
the analysis of the symmetry in the orientation of the 
normal unit vectors of the slice profile. The symmetry line 
thus detected almost lies on the symmetry plane. The 
symmetry plane of the first attempt (Π0) is obtained by 
approximating the above-defined symmetric points in the 
least-squares sense. 

3.3 Final estimation of the symmetry plane 

Once the initial estimation of the symmetry plane (Π0) 
is obtained, the refinement algorithm is applied. The 
method consists in an iterative estimation of the symmetry 
plane by mirroring (PCm,i) the original data PC with 
respect to Πi: 
 PCm,i={qi,j, j=1,…n} : qi,j= SΠi(pj), " pj ÎPC   

Then the source point cloud (PC) and the mirrored 
data (PCm,i) are registered by the ICP algorithm 
minimising the following function: 
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where: 
n is the number of points of PC; 
pj is the j – th point belonging to PC; 
TS(PCm,i) is the tessellated surface relative to point 

cloud PCm,i; 

Haus(pj,) is the Hausdorff distance between pj and the 
tessellated surface TS(PCm,i) according to the following 
equation: 
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wi,j is the weight expressed as the product of two 
specific weights: 
 , , , , ,i j s i j r i jw w w= ×  (3) 

The first weight ws,i,j makes it possible to exclude any 
asymmetries from the registration process on the 
assumption that the nearest points to the symmetry plane 
must have higher weight than the remaining. ws,i,j is 
expressed according to the Leclerc function: 
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di,j is the distance between pj and the symmetry plane 
Πi. 

The second weight wr,i,j works as a filter which excludes 
from the registration process any local asymmetries, 
whether they be near or far from the symmetry plane. It is 
defined according to the Leclerc function: 
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where: 
ri,j is the distance between pj ÎPC and ,i j

%q  which is 

the nearest point to pj belonging to the tessellated surface 
TS(PCm,i) and satisfying equation (2). 

σr and σs values affect the registration results. All in all, 
large values of σr and σs afford great robustness whereas 
a small value affords great accuracy. In order to balance 
both necessities, in the following experiment the value of 
σs is assumed to be the 25 per cent of the maximal width 

of the face and σr is fixed as 
10

ss . 
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After surface registration is complete, the symmetry 
plane Πi+1 is evaluated by randomly choosing 10 000 
points of PC and the corresponding ones from the 
mirrored-registered point cloud (PCm,i,r). For each pair of 
corresponding points (pj, qi,j) the middle point 

+
= ,

, 2
j i j

i j

p q
m  is calculated. Finally, Πi+1 is obtained as 

the plane that approximates all the mi,j points in the least-
squares sense.  

The iterative process comes to an end when the 
variation of function (1) between two iteration cycles is 
lower than the imposed threshold value of 0.01 or when 
the number of iterations is equal to 100. 

3.4 Asymmetry evaluation 

In the method herein proposed, once the symmetry 
plane has been evaluated, the local and mean 
asymmetries of the human face are quantified. In 
particular, the local asymmetry (al) and the mean 
asymmetry (am) are defined by the following expressions: 

 ˆ( )l j j ja p = -q p  " pj ÎPC (6) 
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where ˆ jq  is the nearest point to pj belonging to PCmr 

and n is the number of points of PC. 

4 Experimental results 
The proposed method has been implemented in 

original software, coded in C++, called INGEMANTICA, 
which is suited to process and analyse tessellated 
geometric models. 

A first experiment is carried out in order to verify how 
the local asymmetries affect the estimation of the 
symmetry plane. This is done by comparing the symmetry 
plane of a nominally bilaterally symmetric face (figure 2a 
[22]) with that of the face resulting from adding to the 
former an asymmetric deformation (figure 2b) and an 
asymmetric sampling (figure 2c). Table 1 reports the 
results, expressed as the angle (α [°]) and the distance 
between the obtained plane and the nominal one. Figure 
3 reports the corresponding maps of the local 
asymmetries for the meshes of figures 2b and 2c. The 
maps evidence a quite perfect localisation of the local 
asymmetries verifying the correct estimation of the whole 
symmetry plane (figure 3).  

   
Fig. 2 Data with nominally bilaterally symmetry (a), with added asymmetric deformations (b) and asymmetric sampling (c). 

 
Test case α [°] dist [mm] 

face with nominally bilaterally symmetry and added asymmetric deformations 0.12 0.08 
face with nominally bilaterally symmetry and added asymmetric sampling 0.09 0.04 

Tab. 1 Results regarding robustness against local asymmetries. 

  
 

Fig. 3 The maps of the local asymmetries for the faces in figure 2. 

a) b) c) 
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The second set of experiments is performed in order 
to verify the reproducibility in the determination of both 
the symmetry plane and the mean asymmetry. This is 
investigated by analysing 11 different acquisitions of the 
face of a male test person with no visible facial 
asymmetries maintaining the same neutral facial 
expression and closed eyes. Figure 4 depicts one of the 
acquired faces.  

 
Fig. 4 One of the acquired faces of the subject used to 

verify the reproducibility of the method. 
Since the different acquisitions are carried out 

without fixing a relative position of the subject in the 
scanning device, the reproducibility of the symmetry 
plane is evaluated in the following indirect way: 
- Out of 11 scannings, one is randomly chosen as a 

reference face, 
- the remaining 10 faces are each registered at the 

reference one by using function (1), 
- the corresponding symmetry plane of the 

registered face is estimated by the method here 
being proposed and any difference from the 
reference face is measured as the angle between 
the related normal unit vectors.  

So, for the i – th face the angle φi is defined as: 

 ( ),arccos n ni r i regj = ×  (8) 

where: 
nr is the normal unit vector of the symmetry plane of 

the reference face; 
ni,reg is the normal unit vector of the symmetry plane 

of the i – th face, expressed in the coordinate system of 
the reference face. 

In table 2 the results for reproducibility are reported 
in terms of mean and standard deviation values of φi 
and am. The obtained values demonstrate that, in 
practical situations, the method is little affected by the 
acquisition process. These results are comparable with 
those obtained through experimentation in [23] as 
concerns daily singular acquisitions for several days 
while maintaining the three-dimensional device setting 
fixed with respect to the acquired subject.  

 
parameter Mean value Std value 

φi [°] 0.58 0.39 
am [mm] 1.54 0.14 

Tab. 2 Results for reproducibility. 

The third set of experiments seeks to verify the 
sensitivity of the method by analysing the face of the 
same subject assuming different facial expressions. 
This is done by analysing the scanned face data 
available on the Bosphorus database [24]. In particular, 
this experimentation consists in the analysis of five 
nominally-symmetric facial expressions and the two 

most asymmetric ones out of three randomly chosen 
subjects. For each subject, the five symmetric facial 
expressions are used to define the following reference 
normal unit vector of the estimated symmetry plane: 
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Hence, for each of the two asymmetric facial 
expressions of the same subject, φi is defined as 
follows: 
 ( )arccos n ni r ij = ×  (10) 

where nr is the normal unit vector defined in (9) and 
ni is the corresponding normal unit vector of the 
symmetry plane. Table 3 shows the results in terms of 
φi, am (defined in according with (7)) and map of al 
(defined in according with (6)). In the same table, the 
subject and the facial expression labels are those taken 
from the Bosphorus database. The φi values obtained 
attest to how the method being put forth for symmetry 
plane detection shows a satisfactory insensitivity even 
to those asymmetries due to facial expressions. 

5 Conclusion 
This paper presents a new method for the whole 

symmetry plane detection of the human face from 3D 
high–density scanned data. Starting from the first 
attempt symmetry plane, the proposed approach 
converges to the best evaluation by an iterative 
mirroring and registration-based method.  

Furthermore, the method is validated by analysing 
some specifically-designed test cases. In particular, 
ideal bilaterally-symmetric faces with known, added 
local asymmetries are used to verify how the latter 
affect the estimation of the symmetry plane. The 
reproducibility in the determination of the symmetry 
plane and the mean asymmetry is investigated by 
analysing 10 different acquisitions, done through 
several days, of the face of a male test person with no 
visible facial asymmetries and maintaining the same 
neutral facial expression and closed eyes. Finally, the 
sensitivity of the method is tested by studying the face 
of the same subject assuming different facial 
expressions. 

The results obtained show that the proposed method 
can be practically insensitive to local asymmetries, 
whenever they are localised on the face (far from or 
near the symmetry plane), are reproducible and are not 
affected by the acquisition process (non-uniformity of 
point cloud density, non-symmetric acquired area).  

Future work should address to the improvement of 
method performances in terms of computational costs. 
Furthermore, efforts will be directed toward verifying if 
the method here proposed is successfully applicable for 
typical facial features segmentation (e.g. nose, eyes, 
mouth, chin, ears) and in face authentication and 
recognition. 

References 
[1] G. Pan and Z. Wu. 3d face recognition from range 
data. International Journal of Image and Graphics, 
5(3):1.21, 2005. 
[2] L. Zhang, A. Razdan, G. Farin, M. S. Bae, J. 
Femiani. 3d face authentication and recognition based 
in bilateral symmetry analysis. Journal of Visual 
Computer, 22(1):43.55, 2006. 



696

Di Angelo et al. 3D Facial Symmetry Evaluation from High – Density Scanned Data  

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

[3] M. Benz, X. Laboureux, T. Maier, et al. The 
Symmetry of Faces. Proceedings of VMV’2002. 
Erlangen, Germany. 
[4] E. De Momi, J. Chapuis, I. Pappas, G. Ferrigno, W. 
Hallermann, A. Schramm, M. Caversaccio. Automatic 
extraction of the mid-facial plane for craniomaxillofacial 
surgery planning. Int. J. Oral Maxillofac. Surg. 2006; 35: 
636–642. 
[5] H. Ikemitsu, R. Zeze, K. Yuasa, K. Izumi. The 
relationship between jaw deformity and scoliosis. Oral 
Radiol (2006) 22:14–17. 
[6] R.J. Hennessy et al. Facial shape and asymmetry 
by threedimensional laser surface scanning covary with 
cognition in a sexually dimorphic manner. J 
Neuropsychiatry Clin Neurosci, vol. 18, no. 1, pp. 73–
80, 2006. 
[7] B. K. P. Horn, Extended Gaussian Image. 
Massachusetts Institute of Technology Artificial 
Intelligence Laboratory, A.I. Memo No. 740, 1983. 
[8] G. Pan, Y. Wang, Y. Qi, Z. Wu. Finding Symmetry 
Plane of 3D Face Shape. International Conference on 
Pattern Recognition [1051-4651] Pan yr: 2006 vol:3 
pg:1143. 
[9] C. Sun, J. Sherrah. 3D Symmetry Detection Using 
The Extended Gaussian Image. IEEE transactions on 
pattern analysis and machine intelligence [0162-8828] 
Sun yr: 1997 vol: 19 iss: 2 pg:164. 
[10] P. J. Besl, N. D. McKay. A method for registration 
of 3D shapes. IEEE Trans. Pattern Anal. Mach. Intell., 
14(2):239. 256, 1992. 
[11] S. Seeger, X. Laboureux, G. Häusler. An 
Accelerated ICP - Algorithm. Lehrstuhl für Optik, Annual 
Report, Erlangen, (2001). 
[12] D. Colbry, G. Stockman. Canonical face depth 
map: A robust 3d representation for face verification. In 
CVPR '07: Proceedings of the 2007 IEEE Computer 
Society Conference on Computer Vision and Pattern 
Recognition (CVPR'07), pages 1.7, Minneapolis, MN, 
USA, 2007. 
[13] K. Pearson. On Lines and Planes of Closest Fit to 
Systems of Points in Space. Philosophical Magazine 2 
(6): 559–572. 1901. 

[14] X. M. Tang, J. S. Chen, Y. S. Moon. Accurate 3d 
face registration based on the symmetry plane analysis 
on nose regions. 16th European Signal Processing 
Conference (EUSIPCO 2008), Lausanne, Switzerland, 
August 25-29, 2008 
[15] S. Rusinkiewicz, O. Hall-Holt, M. Levoy. Real-time 
3D model acquisition. Computer Graphics Proceedings 
SIGGRAPH 2002, pp. 438–446. 
[16] B. Combès, R. Hennessy, J. Waddington, N. 
Roberts, S. Prima. Automatic symmetry plane 
estimation of bilateral objects in point clouds. 
International conference on computer vision and pattern 
recognition 2008, Anchorage: United States, 2008. 
[17] B. Combès, R. Hennessy, J. Waddington, N. 
Roberts, S. Prima. AN ALGORITHM TO MAP 
ASYMMETRIES OF BILATERAL OBJECTS IN POINT 
CLOUDS. International Symposium on Biomedical 
Imaging: From Nano to Macro, Paris: France, 2008. 
[18] B. Combès, S. Prima. New algorithms to map 
asymmetries of 3D surfaces. International Conference 
on Medical Image Computing and Computer Assisted 
Intervention, 2008.  
[19] MJ Black, A. Rangarajan. On the unification of line 
processes, outlier rejection, and robust statistics. Intern 
J Comput Vis. 1996;19:57–91. 
[20] Scansystem website. http://www.scansystems.it. 
Accessed 2010. 
[21] Di Angelo L, Di Stefano P, Vinciguerra MG. 
Experimental validation of a new method for symmetry 
line detection. Computer – Aided Design and 
Applications 2011; vol. 8 (1):71-86. 
[22] Singular Inversions website. 
http://www.facegen.com/downloads.htm. Accessed 
2010. 
[23] J. Hartmann, Ph. Meyer-Marcotty, M. Benz et al.. 
Reliability of a method for computing facial symmetry 
plane and degree of asymmetry based on 3D data. J 
Orofacial Orthopedics 2007; 68: 477–90. 
[24] A. Savran, N. Alyüz, H. Dibeklioğlu, O. Çeliktutan, 
B. Gökberk, B. Sankur, L. Akarun. Bosphorus Database 
for 3D Face Analysis. The First COST 2101 Workshop 
on Biometrics and Identity Management (BIOID 2008), 
Roskilde University, Denmark, 7-9 May 2008. 

 



697

Di Angelo et al. 3D Facial Symmetry Evaluation from High – Density Scanned Data  

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

Subject label Expression label STL model φi [°] am [mm] map of al 

086 

pull_up_lip_left_corner 

 

2.25 1.93 

 

 

pull_up_lip_right_corner 

 

5.95 1.67 

 

098 

pull_up_lip_left_corner 

 

2.03 1.77 

 

pull_up_lip_right_corner 

 

2.05 1.46 

 

103 

pull_up_lip_left_corner 

 

2.46 1.45 

 

pull_up_lip_right_corner 

 

3.11 0.83 

 

Tab. 3 Results regarding sensitivity. 
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Abstract 

Purpose: 
Study and development of innovative tools in order to support the design and manufacturing 
of customised shoes for people with diabetes. 

Method: 
The approach is based on the identification of main critical stages of footwear customisation 
when patient parameters have to be properly used; medical knowledge formalisation is 
translated in new software design tools that interest the footwear shape and the suitable 
materials.  

Result: 
Rapid customisation of preventive shoes for people with diabetes 

Discussion & Conclusion: 
“Diabetic foot” in one the main effects of diabetes; it is important to develop shoes able to 
prevent this kind of complication. This paper reports an approach and related design tools 
that allow customising shoes on the basis of patient features. Rapid manufacturing 
technologies have to be still analysed in order to complete the whole process.

1 Introduction 
Diabetes is a growing health problem round the world. 

World Health Organization estimates that in 2030 more 
than 334 millions of persons will suffer from diabetes [1]. 
Today, main problems for people with diabetes are due to 
the complications that such sickness generates. One of 
the most relevant complications is called “diabetic foot”. It 
often leads to amputation. Peripheral neuropathy, a loss 
of feeling in the extremities, renders these individuals 
unaware of sores that develop on their feet until the 
wound becomes infected. Then, because of other 
diabetes-related complications, the infection often defies 
healing and eventually leads to amputation. The main 
cause of foot ulceration in the adult neuropathy diabetic is 
thought to be the presence of abnormally high plantar 
pressures secondary to neuropathy. It is evident that 
reduction of amputations can be achieved if it is possible 
to effectively prevent the foot ulceration. Early diagnosis 
through a continuous foot monitoring can be applied. But 
the best approach is to wear suitable personalized shoes 
that avoid the causes of ulcer. Despite needs, there is not 
a full user-centered footwear development due to the 
difficulty to simultaneously take into consideration multiple 
design aspects such as foot shape and biomechanics, 
materials performance for upper, insole and outsole, 
manufacturing methods. These factors affect cost, 
availability on the market and variety in terms of 
aesthetics. In order to investigate this problem, a research 
program (SSHOES) was started. It has been funded 
within the Seventh European Framework Program. It aims 
at developing a new paradigm and implementing 
infrastructure for the creation of diabetes-oriented 
footwear, based on demand product differentiation and 
personalization in order to achieve high quality and 

customer satisfaction. Specific addressed research topics 
are: 3D foot digitalization systems, footwear design tools 
dedicated to personalized biomechanical as well as 
aesthetics aspects, adaptive production technologies, etc. 

This paper is focused on the adopted footwear design 
approach and the results regarding with the 
implementation of the supporting software systems. After 
a brief review of tools dedicated to shoes customization, 
the design approach will be described. A prototypal 
design system implementation will be proposed in order to 
support personalized shoe development. Main developed 
features consist of the possibility to input data from 
dedicated sensors such as foot scanners and pressure 
measuring systems, to elaborate patient medical and 
behavioural data, to provide as output a set of shoe 
design parameters and finally developing virtual models of 
main customized shoe components. 

2 Related works 
Advanced Computer-Aided solutions can highly 

improve the efficiency of footwear industry internal and 
external processes. Dedicated CAD (Computer Aided 
Design), Reverse Engineering and Rapid Prototyping 
systems are examples of tools usable in order to reduce 
shoes development time and product cost [2]. 

Various specific CAD systems to create 3D virtual 
models of shoes have been developed [3-4]. They are 
mainly oriented to manage manufacturing processes such 
as upper cut, shoe sole molding, etc…, or to marketing 
purposes, thanks to 3D rendering tools. The product 
conceptualization is basically limited to the aesthetic 
evaluation neglecting the desired shoe functions, the 
achievable comfort and the shape customization. These 
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aspects are ever more important in order to satisfy the 
specific customer requirements. The creation of 
customized shoes has been investigated in several 
research activities [5-6]. They face the digitalization of 
customer’s feet by adopting non-contact 3D scanning 
systems and the related range data elaboration software 
tools in order to provide a virtual foot model [7] or a set of 
meaningful of cross-section measurements [8]. The most 
adopted 3D acquisition tools are based on the 
triangulation principle by laser scanning and structured 
light measurements. Examples of contact digitizers are 
Amfit Digitizer by Amfit and Orthofit scanner by Foot 
Clinic. Examples of laser-based scanners dedicated to 
custom shoes for patients with special feet diseases are 
Lightbeam 3D by Corpus, Yeti by Canfit, ERGOscan by 
Creaform, etc.[9]. Once feet models have been obtained, 
a digital model of the last is necessary as it is the base 
over which the shoe components are designed. Generally 
the most suitable last can be selected from a database of 
possible ones and its shape deformed accordingly to the 
designer intent. 

The aim of other research activities was to set efficient 
manufacturing systems based on the automation of 
phases when a high number of possible productive 
variables have to be managed as in shoes customization 
occurs. Some interesting solutions are described in [10] 
and [11].  

It is worth to underline that such technologies are only 
partially implemented in the majority of industrial contexts. 
Main reason for that can be found in footwear commercial 
systems that often lack of robust functionalities that cause 
inefficiencies and waste of time. In these cases, operators 
should use workarounds to achieve the desired results. 
Furthermore, customers complain absence of tools to 
support the implementation of their specific processes. 

Resuming the main critical aspects of this set of 
systems regard: 
· the integration between the SW adopted to manage 

the digitalization and the CAD-based systems used 
to elaborate the geometry according to the chosen 
last, the medical parameters, the manufacturing 
technology, etc.; 

· the formalization of rules that experienced 
shoemakers use for achieving a right footwear 
components design (last, insole, outsole, etc.); 

· the adopted methods to enable footwear fit 
quantification according to the scanned foot 
dimensional parameters [10]; 

· the definition of anatomical landmarks to facilitate 
foot acquisition and its surface reconstruction [11];  

· lack of tools to interface different software solutions 
present in the design and manufacturing cycle, often 
required to cope with non standard shapes. In fact, 
different proprietary file formats, linked to the specific 
CAD solution, have arisen during the last years, in 
order to maintain own market share. This has caused 
high costs, low integration possibilities with other 
systems, and consequentially lost of efficiency. The 
result has been that many companies rely on 
traditional processes still employing 2D CAD 
systems; 

· time and feasibility of 3D scanning in orthopedics and 
shoes stores. 

Speaking of shoes for people with diabetes additional 
issues arise. Apart from the disease intrinsic factors, 
many extrinsic factors related to foot and footwear can 
influence diabetes progression and health (e.g. foot 
pressure, movement of the foot in the shoe, lacing of the 

shoe, moisture permeability, insole geometry, stiffness 
and shock absorption properties, sole depth, pitch, 
stiffness and how these alter over the length of the shoe). 
Each of these extrinsic aspects requires data and 
information from the specific patient in order to enable 
appropriate footwear personalization. 

Furthermore, changes of footwear performance over 
time and/or patients’ use and ways to move can affect the 
clinical efficacy of footwear. Several commercial systems 
(e.g. Vorum by Canfit, FootWizard by Otto-Bock, 
SOLETEC by Shoemaster, etc.) try to achieve a full 
customization of shoes and insoles for people with special 
diseases. Systems interoperability, integration, 
performance, implementation of biomedical and 
biomechanical features and ease-to-use for non-expert 
users (e.g. health care professionals who work with 
patients with diabetes, orthopedics, etc.) are only some 
problems limiting their application. 

Main practical problems to be faced are listed here: 
· lack of suitable 3D modeling strategies of deformation 

to modify the last shape as the experts manually do; 
· lack of criteria to model the insole and the whole shoe 

in according to the medical criteria; 
· lack of advanced tools in order to manage 

heterogeneous geometric and non geometric data 
(clouds of points, surfaces, images, pressure maps, 
disease characteristics, etc.)  

· the impossibility of capturing foot in the desired 
position set up by the orthopedic technician; 

· the right combination between the acquired foot 
geometrical data and the plantar foot pressure; 

· the difficulty to design a proper insole in terms of 
shape and materials in order to unload specific foot 
zones. 

In this paper several software solutions are proposed 
dedicated to support the design phase, while future work 
will be dedicated to integrate foot scanning with plantar 
pressure measurement and to improve manufacturing 
technologies. 

3 Footwear design approach 
The proposed approach is based on an integrated 

product design framework for enabling the management 
of the whole life cycle of shoes for diabetic people. The 
approach is based on a set of integrated software 
systems. Such systems exchange information through a 
unique XML file containing patient as well as 
manufacturing data involved in the entire shoe lifecycle. 

A diabetic patient needs at first specific analysis, in 
order to evaluate important bio-mechanical parameters 
(first MPJ motion & torque, plantar pressure, ankle 
dorsiflexion, dorsal geometry, foot pronation, etc.). These 
data are later used to design the best shoe required to fit 
his/her specific needs. In order to measure above 
parameters, commercial solutions could be insufficient or 
not sufficiently integrated. Therefore, new measurements 
devices and the integration of already existing ones in 
portable systems are going to be investigated. These 
integrated systems mainly concern foot geometry and 
pressure acquisition during a complete gait cycle. 

During subsequent shoe design phase, mentioned bio-
mechanical parameters are converted in footwear 
features. In case of diabetic shoes they are: rocker angle, 
heel height, apex position, apex angle, sole stiffness, etc., 
as shown in figure 1Fig. 1. These parameters define the 
geometry of a diabetic rigid sole. A rigid sole is designed 
for a corrective gait and helps preventing feet ulceration. 
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Fig. 1: Diabetic footwear features. 

Data coming from measurement system can be stored 
in the XML data file. Such file is divided in two parts, the 
first one concerning patient data, while the second one 
concerning shoes. 

Main patient data regards: 
· Patient information: general patient personal data; 
· Bio-mechanical parameters: values of those 

parameters, which should be used for designing an 
ad-hoc pair of shoes; 

· Feet mesh: feet dynamic shape acquired during a 
complete gait cycle. Foot shape variation during 
walking is combined with the static one relative to 
single foot geometry digitized when the patient is 
standing; 

· Feet pressure maps: for each foot during a complete 
gait cycle. Pressure distribution changes during gait 
cycle in relation to foot geometry. From maps 
elaboration, isobar curves or maximum pressure 
points, are extracted and stored. 

· Second part of the XML file defines the shoe: 
· Footwear features: list of parameters which drives 

footwear component design; 
· Last model: file contains information about lasts 

geometry, which are used during shoes 
manufacturing phase; 

· Outsole model: outsole geometry derives from the 
last and other patient specific parameters. Geometry 
of several outsole layers and relative materials are 
stored; 

· Insole model: this part of shoe is strongly customized 
on patient and it is derived from foot pressure 
distributions. Geometry of insole layers and relative 
materials are written in the file. 

In the figure 2, an example of XML file standardization 
is provided for geometrical data. 

In the following sections the dedicated CAD system is 
described in more detail. 

 

 

Fig. 2: Diagram representing geometrical information 

interconnection using UML class diagram 

4 Footwear design system 
The core of the proposed diabetic footwear design 

process is the biomechanical CAD (B-CAD). It embeds 
the footwear integrated design system and drives the 
product geometries and materials definition providing data 
for adaptive manufacturing technologies.  

B-CAD composes of a knowledge-based (KB) system, 
a material selector for insole and outsole and a proper 
CAD environment. KB manages and configures footwear 
from initial patient data gathering, to shoes design, till 
manufacturing and usage. The CAD environment will be 
here extensively discussed focusing on its main 
functionalities. Insoles and outsoles modules are under 
development together with the material selector system 
since they are strictly interrelated. Insole and outsole 
shapes will be based on design criteria deriving from the 
combination of measured foot pressure and material 
behavior. 

To deal properly with all involved geometry elements 
(mesh, curves, NURBS surfaces, …) the Software 
Development Kit of a low-cost commercial CAD software 
(Rhinoceros v.4.0 by McNeel) has been employed. It 
provides access to the CAD geometric kernel and it allows 
the implementation of new specific modeling 
functionalities. Dedicated software applications has been 
developed using the programming language MS Visual 
Basic.NET. The usage of a common platform for the set of 
required modules allows a homogenous environment and 
high data exchange capabilities. 

The first module of the B-CAD system enables 
specialists to fix shoes design parameters accordingly to 
the specific patient needs. This module drives the 
footwear designer in finding appropriate geometric 
solutions by applying decision-making rules based on 
experience, medical data and measurements of the most 
significant biomechanical variables of the patient. 

System inputs are both geometrical and non 
geometrical as summarized in table 1. Geometrical 
parameters are represented by foot shape in static and 
dynamic conditions, foot motion in gait and elaborated 
foot pressure maps. Geometries are mainly employed in 
shoe components design phase but, at this stage, they 
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provide additional clinical variables as global foot 
deformity and pressures concentration level.  

Besides, foot motion data are used for driving 3D 
dynamic foot geometry simulation. It employs data points 
from the foot surface measured during the gait cycle to 
drive corresponding data points in 3D geometric foot 
surface model derived from laser scanning system. The 
simulation is used to identify ideal flexion line in the shoe, 
foot girths values and fluctuation during motion and also 
insole profile curves. 

On the other hand, non geometrical parameters, also 
referred as clinical variables, have been identified in order 
to be: user activity level, types of activities undertaken, 
vascular status, neuropathy status, plantar soft tissue 
properties, sweat production, site and nature of skin 
lesions, range of joint motion, muscle shortening. These 
parameters are assessed by the orthopedic specialist and 
each one ranked on a scale from 1 to 10. 

 
Biomechanical 

variables 

Assessment Type of data 

Activity level Orthopedic 

specialist 

Rank 1 to 10 

Types of activities 

undertaken 

Orthopedic 

specialist 

Rank 1 to 10 

Vascular status Orthopedic 

specialist 

Rank 1 to 10 

Neuropathy status Orthopedic 
specialist 

Rank 1 to 10 

Plantar soft tissue 

properties 

Orthopedic 

specialist 

Rank 1 to 10 

Sweat production Orthopedic 

specialist 

Rank 1 to 10 

Site and nature of skin 
lesions 

Orthopedic 
specialist 

Rank 1 to 10 

Range of joint motion Orthopedic 

specialist 

Rank 1 to 10 

Muscle shortening Orthopedic 

specialist 

Rank 1 to 10 

Foot geometry Foot digitizer 3D mesh model 

Foot deformity Foot digitizer Rank 1 to 10 

Pressures map Foot digitizer Pressures map 

Pressures concentration Foot digitizer Rank 1 to 10 

Ideal flexion line Dynamics 

module 

Numeric value 

Foot girths values and 
fluctuation 

Dynamics 
module 

Numeric intervals 

Insole profile curves Dynamics 

module 

Profile curves 

Tab. 1 Clinical and biomechanical variables. 

The whole clinic and biomechanical variables system 
is elaborated by the knowledge based software in order to 
elaborate appropriate footwear components design 
parameters (FCDP). In particular outputs refers to last 
selection, last typical measurements and girths, upper 
materials selection, shoe components options, heel height 
and shape prescriptions. 

The software that matches biomechanical parameters 
with design parameters is based on a knowledge base 
repository represented by evidences from the literature 
and a wide selection of real test cases. The first type of 
knowledge is implemented in algorithms which basically 
filter the possible range of design parameters on the base 
of the specific patient data when explicit rules can be 
formulated. On the other hand real test cases are stored 
as a set of design solutions which experience and 

practice have shown to be optimal for certain patient 
categories. 

4.1 CAD system 

The input for designing insole and last is given by the 
results of a dedicated measurement system constituted by 
a 3D laser scanner, baropodometric platform and a gait 
tool for static and dynamic analysis. Outputs of this 
systems are a sequence of foot pressure maps (.bmp or 
.csv files) and foot geometries (.stl mesh). The pressure 
maps sequence is acquired during foot scanning, so 
pressure distribution over time can be analyzed. In fact, 
during scanning time span, patient could slightly move his 
body and pressure distribution changes. 

Foot Pressure Viewer reads a sequence of pressure 
maps and extracts that one which better represents foot 
plantar pressure, following a specific algorithm that 
maximizes the quantity of information that is available on 
the map. 

Pressure map is acquired in a discrete way and 
represented by a cloud of points. Only points whose 
pressure value is not zero are included. Map point X and 
Y coordinate correspond to pressure sensor cell midpoint 
while Z represents pressure value. 

An algorithm works on the point cloud in order to 
extract characteristic points, such as 1st and 5th 
metatarsal points, most prominent points on heel area, 
medial metatarsal point, centre of pressure (COP) and 
pressure map barycentre (figure 3). Foot axis is also 
calculated, as the line that minimizes deviation among 
pressure points (points are projected on XY plane). 1st 
and 5th metatarsal points are calculated as the most 
external points of pressure map. Medial metatarsal point 
is the midpoint for the two previous ones. Most prominent 
points are computed in a local reference system that is 
aligned with the foot axis.  Between two possible points, is 
chosen that one which is more distant from medial 
metatarsal point. COP is defined as midpoint between 
most prominent and medial metatarsal ones. Barycentre 
is calculated as a weighted average point, where pressure 
value is used as weight. 

 

 
 

Fig. 3: Extraction of characteristic points of a pressure map 

Foot Pressure Viewer has also a functionality to 
automatically align foot mesh with pressure map, since 
these data are generally expressed in different reference 
systems. The transformation matrix necessary to overlap 
pressure to geometry is calculated from an alignment 
process of the convex-hull curve of foot sole mesh and 
convex-hull curve of pressure map. This approach has 
shown good reliability and efficiency. First curve is 
generated as follow: from foot mesh, a new one is 
generated from facets with vertices Z-coordinate less than 
a threshold value (foot scan is generally aligned along X 
axis and its sole on XY-plane). XY plane projected 
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silhouette of this mesh is calculated and then the convex-
hull of obtained curve is derived. On the other hand, the 
second curve is build from the convex hull of pressure 
point cloud. 

Curves alignment is based on an Iterative Closest 
Point (ICP) algorithm (figure 4). For a correct and fast 
result a rough pre-alignment algorithm is used. Pressure 
points bounding box is overlapped to foot sole mesh 
bounding box. In this phase, foot orientation is 
guaranteed by considering pressure map characteristic 
points. In fact, it must be avoided to overlap toe of foot 
mesh with pressure map heel zone. ICP works on points 
clouds derived from uniform curves sampling. Each 
iteration transformation is computed using a Moore–
Penrose pseudoinverse matrix. 

 

 
 

Fig. 4: Pressure map with foot geometry alignment by ICP 

applied to convex-hull curves. 

As alignment has been reached, pressure map is 
projected on the foot sole mesh (figure 5). Result of this 
operation is a new mesh corresponding to foot sole with 
colored vertices. Projection is created from a planar 
quadrilateral mesh, with a texture representing pressure 
map applied on it. The texture is created from pressure 
point converting Z coordinates in color information. In 
particular, maximum pressure level has been converted in 
red, while minimum one in blue. During this phase, also 
an improvement of texture image resolution has been 
performed in order to improve final quality of projection 
result. In fact baropodometric platforms have low 
resolutions, generally 2÷4 sensors for square inch. 

    

  
 

Fig. 5: Foot pressure projected on sole foot mesh. 

Isobar curves have been calculated from a Nurbs 
surface obtained from pressure map (figure 6). Curves 
are calculated slicing this surface with parallel to XY and 
equidistant planes (figure 7). The number of curves is 
specified by user. A control points grid is defined on the 
XY-plane and points elevation (z-coordinate) is set 

accordingly to color information: point with red color have 
maximum elevation, while blue points have zero elevation. 
As input parameters grid resolution and maximum points 
elevation can be specified. Higher number of points 
means higher accuracy of final isobar curves while 
decreasing grid resolution curves are smoother. 

 

Fig. 6: Pressure surface from pressure map to be used for 

isobar curves calculation. 

  

 
 

Fig. 7: Examples of isobar curves. In black feet profile from 

3D mesh is drawn. 

Once geometrical data about foot and pressure has 
been acquired and elaborated, next step regards the 
definition of the model of a customized last. Last shape 
must be drawn in order to cope with patient pathology, 
medical prescriptions, but also, if possible, with fashion 
dictates. The result of the process consists of a set of 
NURBS surfaces. They are afterwards used to physically 
produce the lasts by milling and to be unrolled to pieces 
which can be cut from leather. 

A set of modeling functionalities has been implemented 
in the Last Designer module. They cope with foot and 
lasts points cloud data, lasts geometry editing, 
modifications and exporting to milling devices and leather 
cutting. Figure 8 shows the sequence of operations to 
carry out in order to obtain a customized last. Firstly, a 
triangulated mesh representing the last geometry is 
obtained from points cloud data. Minolta V9i laser 3D 
scanner has been chosen for 3D last digitisation. The 
main advantage of such system is that it can be 
successfully employed also for acquiring textures. 

 

 

Fig. 8: Last Designer functionalities and flowchart 

The digitization may lead to some errors in the STL 
model and some corrections must be performed: holes 
filling, non manifold faces deleting, noise reduction, mesh 
decimation, isolated triangles deleting, etc… All these 
operations have been implemented through automated 
commands, easy in using also for non-skilled operators. 
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Standard reverse engineering algorithms have been used 
and optimal parameters selected on the base of the 
specific application. 

A standard last reference coordinate system has been 
fixed. The operator identifies some conventional points on 
the last scan in order to fix styling and space references. 
The last is then positioned in a predefined coordinate 
system. 

Then, last base-curves can be drawn. These curves 
include base edge curves and ankle curves; they are 
necessary for the subsequent phase of surface 
reconstruction. A semi-automated approach has been 
followed. Through curvature analysis, the software 
extracts sub-clouds of points with higher curvature. The 
curves are then obtained fitting the point clouds (see 
figure 9). 

An additional curve network is generated as sections 
of mesh and conveniently trimmed and smoothed. An 
algorithm that uses base-curves to position and orient 
section planes performs this operation. The curve network 
is then used to build NURBS surfaces as ordinary lofts. 

In this way, a sort of automatic reverse engineering 
process has been obtained. This approach is particularly 
convenient for lasts. In fact, surface reconstruction has to 
be rapidly repeated many times, and automation makes it 
easy also for operators with poor reverse engineering 
knowledge. 

 

  

Fig. 9: Automatic Reverse Engineering process. Reference 

curves from mesh curvature and curves grid from mesh 

sections 

Once a NURBS surface has been obtained, it can be 
modified in order to meet specific patient needs. A 
number of standard modifications have been identified 
from manual operators’ expertise. Typically, these 
modifications refer to heel height variation, length or width 
increment, profile curves redrawing (figure 10). In order to 
preserve the styling and aesthetic shape, the amount of 
surfaces distortion has to smoothly vary from a maximum 
corresponding to a target section decreasing toward the 
areas where deformation is not needed. The algorithm is 
based on the simultaneous displacement of curves and 
surfaces control vertices on parallel planes on the base of 
suitable deformation functions. 

Analogous approach has been followed for other 
modifications that target diabetic feet necessities. The 
operator uses these functions in a proper sequence in 
order to achieve the required last shape that can 
considerably vary from the starting one. 

Eventually, NURBS surfaces can exported in IGES 
format to milling machines to obtain a physical last or to 
other software packages for leather pieces preparing. 

 

 
 

Fig. 10: Example of last virtual modification. Control vertices 

displacement smoothly decreases from a target plane 

The further software module is used when last design 
phase is completed. It is composed of three main groups 
of functionalities: the first one is used to position and align 
foot with last, the second one to measure foot and last 
and the third one to export measures and geometries 
defined during the measurement process. 

Lasts and feet are both characterized by a set of basic 
points. The definition of some of them corresponds 
between foot and last. The module imports both last and 
foot and user specifies if foot has been digitized with the 
sole on the ground or using a raised heel. 

After import procedure, Foot Last Fitting module 
automatically aligns geometries on the base of a quite 
complex procedure. As first step, a set of four axes are 
calculated: foot axis, last turning axis, foot and turning 
sole axis (projection of previous axes respectively on foot 
or last sole surface). Foot axis is defined as the line 
passing through most prominent and medial metatarsal 
points (respectively HL and CL in Fig. 11). Turning axis, 
instead, is the line passing through the two most 
prominent points of a last, one in the heel zone and the 
other one in the toe zone. 

Orientation procedure is based on the following set of 
geometrical criteria: foot and last axis is aligned along X 
axis, symmetry plane corresponds to XZ plane, most 
prominent points are on positive Z axis, foot and last sole 
are on XY plane, foot and last axis are tangent to X axis 
on a specific point (projection of medial metatarsal point 
on foot and last sole axis). 

 

Fig. 11: Criteria for the orientation of foot and last in univocal 

manner.  

Once geometries are aligned measuring phase is 
performed (figure 12). At first foot and last basic points are 
computed. Then, measurements are calculated as 
distances or extracted curve lengths. They include: foot 
and last width, length, 1st and 5th metatarsal distance and 
angle, insole length, waist length, big toe tip movements, 
big toe tip vertical compression, etc. 

Other typical measures are relative to following 
sections: heel, high instep, medium instep, ball, toe, toe 
perpendicular and any other user defined section. For 
each section, section plane can be visualized (inclination 
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and torsion) as well as section curve and its bounding 
box. 

 

 

Fig. 12: System in order to compare last and foot. 

The third group of functionalities is used to export and 
report measurements. Each section curve and basic 
points can be exported in a standard geometrical 
exchange format such as .igs. 

Measurement values are exported in ascii or .csv 
format in table form in order to respectively highlight 
measurement of foot, last and relative deviation. 
Analyzing deviation column, it is possible to provide a 
rough judgment about foot last fitting. For an exact 
validation, also geometry is considered during measures 
deviation analysis. 

5 Example of results 
The experimental results achieved till now concern 

footwear features calculation and footwear integrated 
design, two main activities of the workflow proposed in 
section 3. However, such systems have been applied in 
order to design a set (20 pairs) of shoes for people with 
diabetes (figure 13) together with the traditional tools for 
performing the other main phases of process. In this way 
it has been possible to verify the developed systems 
usability and applicability. In particular time saving has 
been measured in order to estimate the possible time to 
market improvement. 

Testing phase has been leaded recruiting 100 diabetic 
subjects (50 in the UK, Salford University, Faculty of 
health and social care and 50 in Germany, German Sport 
University, Cologne) and 100 healthy subjects (50 in the 
UK and 50 in Germany). Each of these subjects have 
attended for 1 or 2 laboratory testing session in which 
technicians assessed foot biomechanics and in-shoe 
plantar pressure. For the biomechanical assessment 
technicians have required subjects to walk barefoot whilst 
during kinematic, force and pressure data collecting. 

During data acquisition, each subject walks in 20 
different pairs of shoes whilst equipped with in-shoe 
pressure measurement to quantify the pressure under the 
1st MTP joint (Metatarsophalangeal Point). Each of the 
different pairs of shoes have a different combination of 
design features and the orthopedics involved in testing 
phase ensure that developed shoes are able to cover the 
range of footwear designs which have the capacity to 
reduce 1st MTP joint pressure. Figure 14 shows how a 
footwear design feature (apex angle, for instance) 
influences the 1st MTP joint pressure (four values for apex 
angle have been tested, for instance). 

 With experimental data for an individual subject will be 
defined a link between foot biomechanics and optimal 

footwear design. This link will then be entered into the 
database and the process repeated for all the different 
subjects. 

 

 

Fig. 13: Example of a diabetic shoe designed using 

innovative process and tools 

 

Fig. 14: Experimental results for a for a single diabetic 

patient (1st MTP joint pressure vs footwear design features,). 

 

Fig. 15: Insole designed using pressure data (isobar curves 

especially) 

Even if the most important benefit of a knowledge 
based system for footwear features calculation is 
qualitative (improvements of shoe quality), time saving is 
possible thanks to the lack of human interpretation of 
patient bio-mechanical parameters which need lot of time 
and generally can generate process iterations due to the 
inexperience of novice operators. 

This is the case of the insole design phase. Using the 
results of the Foot Pressure Viewer (§ 4.1), especially 
isobar curves, an orthopedic technician, during design 
phase, can easily define insole areas where remove or 
add material in order to release too loaded foot regions. 
Perimeter of these area are exactly the just mentioned 
curves, without any subjective interpretation (figure 15). 
Similar case occurs during the insole material choice. 
Insoles are generally constituted by two or more different 
materials, that opportunely combined allow a right 
pressure distribution on the foot insole. Using isobar 
curves, then, it is possible to choose the best materials 
combination for those areas where pressure values could 
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determine foot injuries. 1st Joint will be generally 
characterized by soft materials (low stiffness), in order to 
redistribute insole forces on close areas. 

Most interesting results concern the integrated shoe 
design phase, in fact, the definition of a single CAD 
platform for shoe components design allows increasing 
efficient collaborative design among companies with 
different competencies (last, insole and outsole). Shoe 
data sharing and use during design phase of components 
has been improved by the definition of XML datafile. Each 
CAD module can directly read and write from this file, 
allowing to transmit from one module to another one as 
more information as possible. In  this way, it will be also 
possible to make parallel some design phases, such as 
insole and outsole design. 

CAD module is based on dedicated commands for 
diabetic feet speeding up designing phase. An operator 
can start from the most suitable last and he/she can 
modify it in order to respect footwear features for the 
specific patient. Insole and outsole design is faster by 
using the proposed process because some useful 
information, like isobar curves, have been calculated 
during patient data gathering phase. The insole-outsole 
design system used for experimentation does not adopt 
the material selector and the automation of insole-outsole 
modeling, thus further improvements will be surely 
achieved. Foot-last fitting module allows the 
standardization of procedures used to compare foot and 
last, in order to establish how a last is fitting a foot. By 
using this software an objective evaluation is done, rather 
than a mere qualitative one. In few seconds, a technician 
is now able to know more than one hundred of measures 
for foot and last; otherwise, a manual measurement 
procedure requires about a few tens of minutes. Average 
time measured for carrying out the main phases of 
personalized shoe design on 20 pairs of shoes are 
summarized in table 2. 

 

 Traditional 
process 

[minutes] 

Proposed 
process 

[minutes] 

Improvement 
[minutes] 

Patient data gathering 

Foot pressure and 
geometry 
measurement and 
preliminary data 
elaboration  

15 

(foot geometry 
is manually 

measured and 
foot pressure 
is reported in 

2D files) 

3 

(for this phase 
the new 
process 

proposes a 
traditional 3D 
scanner and a 

baropodometric 
platform; the 

“Minilab” is not 
still 

experimented) 

-12 

Footwear features calculation 

Footwear features 
calculation 

20 4 

(material 
selector is not 

still 
experimented) 

-18 

Footwear integrated design 

Foot pressure 
visualization 

- 2 +2 

Last 40 20 -20 

Insole-Outsole 25 20 

(the current 
advantage is 

due to the data 
deriving from 
the pressure 

viewer tool: the 
benefits of the 
Insole-Outsole 

Designer 
module are not 

considered)) 

-5 

Foot-Last fitting 35 2 -33 

Total time 135 51 -86 

 
Tab. 2: Time for data gathering and footwear design for 

comparing traditional and developed systems (average 

measured time for a pair of customized shoes) 

The most important innovations proposed by this 
research project are summarized in: 
· Integrated framework of CAD systems for insole, 

outsole and last design for diabetic patients: the 
integration of last, insole and outsole design software 
toward a special framework using the same CAD 
system (Rhinoceros), it allows the transparent data 
flow from one system to the other one. In this way, 
information generated by a framework module are 
easily used by another software as input data. The 
example is given in § 5, where isobar curves 
calculated by Foot Pressure Viewer are gathered by 
the Insole designer, in order to build insole geometry; 

· Definition of links between footwear design features 
and biomechanical parameters: in this project has 
been defined a last that can be used in case of 
diabetic people with a set of outsoles. These ones, 
have been parameterized by four main footwear 
design features (apex angle, apex position, rocker 
angle and sole stiffness), which are the most 
important in terms of pressure reduction on 1st Point 
joint. Links between footwear features and 
mechanical parameters are stored within a database, 
which, using specific Neural Networks Algorithms, 
they allow the definition of the best shoe for a specific 
patient; 

· Definition of criteria which allow the orientation in the 
space of feet and relative lasts in an objective way: a 
set of criteria for relative last and feet orientation has 
been defined (§ 4.1) in order to position them in a 
rational way, before take measures. Using such 
criteria, feet and lasts measure can be compared 
during last design or verification phases. 

· Definition of measure on lasts and feet in order to 
compare them: a set of measures and relative rules 
for their revelation on a geometry (feet and lasts) 
have been defined. 

· Definition of rules for insole materials selection: insole 
and outsole common materials have been tested 
within laboratories with the aim to define their 
mechanical properties (stiffness above all). The rules 
allow the definition of link between biomechanical 
parameters (only foot pressure till now) and insole 
materials, as already defined in § 5. 

6 Conclusions 
Literature overview shows that there is a need of 

dedicated systems to support the development of shoes 
for people with diabetes and on the contrary, there are not 
available technologies to effectively overcome all 
problems implied in footwear customization, flexibility, 
rapidly and quality. 

A general framework based on a KB system for 
managing the whole shoes development cycle is defined. 
It sets the basis for innovating the whole process from 
design, to manufacturing and retailing. The paper is 
focused on the description of the adopted approach to 
define the design framework and on the preliminary 
results about the implementation of the CAD-based 
platform for customized shoes design. Developed 
modules (KB system, foot pressure viewer, last designer 
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and foot-last validation tool) are only a part of the whole 
system but they showed interesting advantages respect 
to the traditional shoemakers way of doing. The proposed 
system framework tries to integrate in a single tool the 
digitalization and the CAD functionalities used to 
elaborate the geometry according to the chosen last, the 
medical parameters, etc. It allows to effectively combine 
the foot acquired geometrical data and the plantar foot 
pressure map. Finally it is based on expert shoemakers 
knowledge in order to model the last (and in the near 
future also insole and outsole) within a highly usable 3D 
dedicated CAD system. 

Future research will be concentrated both on the 
development and optimization of hardware tools for 
simultaneously acquiring the dynamic 3D foot shape and 
the related variable plantar pressure and on the 
implementation of further design modules (insole-outsole, 
material selector, last valuator). In parallel many efforts 
will be done to completely develop the whole framework 
and relative adaptive manufacturing systems. 
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Abstract 

Aim of this work is to compare two different total knee prostheses that differ in the shape of 
the Polyethylene (PE) insert, trying to optimize the shape of the best one, in order to reduce 
the stress peaks.  
The study procedure has been divided into the following steps. First step has been the three-
dimensional shape acquisition of the two prostheses by means of a COMET5 3D scanner. 
The morphology of two prototypes of the prostheses has been acquired by elaborating 
multiple Moirè fringe pattern projected on their surfaces. Second step consisted of the 
manipulation of these data in a CAD module, that is the interpolation of raw data into 
parametric surfaces, reducing singularities due to the typical scattering of the acquiring 
system. Third step has been the setting up of FEM simulations to evaluate the prostheses 
behaviour under typical loading conditions. The CAD model of the prostheses has been 
meshed into solid finite elements.  
Different flexion angles configurations have been analysed, the load being applied along the 
femoral axis. FEM analyses have returned stress fields in the PE insert and, in particular, in 
the stabilizing cam which function is to avoid dislocation.  
Last step has been the integrated use of CAD-FEM to modify the shape of the stabilizing cam 
of the best prosthesis, in order to reduce the stress peaks in the original prosthesis without 
compromising the kinematics of the joint. Good results have been obtained both in terms of 
stress and contact pressure peaks reduction. 
   

1 Introduction 
Total knee joint replacement allows the patient to 

restore the full functionality of the knee joint and to 
overcome arthritic pain. Such a prosthesis consists of 
femoral and tibial metallic inserts separated by a plastic 
spacer [1]. Usually, femoral and tibial components are 
made of titanium, while the plastic insert is made of 
polyethylene (PE). This PE insert is shaped in a way that 
dislocation of the joint for high values of flexion angles is 
avoided [2]. Prolonged use of this prosthesis can cause 
damaging of the contact surfaces of PE; the creation of 
debris can lead to infection and, eventually, to a reduced 
ability of the patient. Load applied to the knee joint during 
normal activity of the patience has been clinically studied 
in literature [3-7]. Contact stress distribution in the PE 
insert follows from the shape of sliding surfaces [8,9]; 
reducing these stresses can increase the life of prosthesis 
[10]. Results of numerical analyses can be found [11] for 
typical posterior-cam stabilized knee prosthesis. 

In this work two commercial posterior-stabilized knee 
joint prostheses have been studied; these are 
characterised by a different shape of the anti-dislocation 
system. Numerical comparisons have been performed in 
terms of contact and equivalent stresses on the plastic 
insert for both models. Furthermore, geometric 
modifications of the anti-dislocation element are proposed 
to enhance the stress distribution and minimize the risk of 
wearing and fracture damage. 

2 The knee joint prosthesis 
The knee prosthesis is an artificial joint made of 

metallic alloy and plastic materials, that can replace the 
damaged knee totally or partially [1]. The total prosthesis 
consists of three components: the femoral part, the tibial 
part and the plastic insert that replaces menisci in a 
healthy knee. 

Femoral and tibial components are made of titanium 
alloy Ti6Al4V, while the plastic insert is made of ultra high 
molecular weight polyethylene UHMWPE. Fig. 1 shows a 
standard total prosthesis. 

 
Fig. 1 The total knee joint. 

 
Two different commercial total prostheses are objects 

of this work: one is produced by Stryker Corp., the other is 
produced by Tornier. Both of them are considered as 

 

femoral 
component 

plastic insert 

tibial 
component 
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posterior stabilised prosthesis because their shape is 
made in a way to prevent possible dislocation of the joint 
due to high flexion angles of the knee joint. Fig. 2 shows 
the two mentioned prostheses.  

 

 

 

Fig. 2 The Stryker (left) and the Tornier (right) joints. 

Main differences between the two prostheses are 
related to the plastic insert: in Stryker prosthesis, the PE 
insert has a central cam element that goes in contact with 
the mate surface in the femoral part when the flexion 
angle exceeds a limit value; in Tornier prosthesis, the PE 
insert has the shape of a hollow guide where a convex 
surface on the femoral part can slide. 

2.1 Shape acquisition of the prostheses 

To digitally acquire the shapes of the prostheses, a 
3D laser scanner COMET 5 has been used. The scanner 
COMET 5 is composed of a 11 mega-pixel camera, a 
laser source, a workstation and a software, the 
COMETPlus, that manages all the data, from the 
scanning phase to the CAD model exporting. The system 
has a measuring volume that can vary from 80 to 1000 
mm3, an accuracy level (depending of the volume) lower 
than 5 µm and a very reduced acquisition time (about 1 
second). The acquisition procedure is here briefly 
summarised. At first, surfaces to be acquired are sprayed 
with a mat white colour in order to minimize reflective 
spurious phenomena. Then a regular fringe pattern is 
projected on the object surfaces by means of a Laser 
source. Fringe pattern resulting on the surfaces to be 
measured is modified according with moirè optical 
principles [12]. Multiple images have been acquired by 
rotating the object around a vertical axis. All the fringe 
patterns have been processed in order to obtain a point-
by-point description of the scanned surfaces.  

This kind of systems are usually subjected to noise 
that causes scattering in the acquired points. For this 
reason, these points have been imported in the Geomagic 
Studio software where they have been filtered and 
interpolated into NURBS surfaces [13].  

  

Fig. 3 Solid model obtained by interpolating surfaces. 

Final step of this process is the conversion of the 
NURBS surfaces into a CAD solid model, depicted in fig. 
3. 

2.2 Materials 

As mentioned before, materials used for these 
prostheses are titanium alloy Ti6Al4V and high molecular 
weight polyethylene UHMWPE, both materials are 
considered as biomaterial because of their high 
compatibility with human tissues [1]. Main requirements 
for these materials, and in particular for orthopaedic uses, 
are: 

- Load carrying capability and low stress 
concentration; loads generated by normal activity of the 
joint should not be modified by the presence of the 
prosthesis. Moreover, static, fatigue and creep resistance 
are of great importance when considering a biomaterial 
application; 

- Kinematics; material used must ensure correct 
movements of the joint with small friction coefficients and 
high wearing resistance. 

3 FEM analysis 
3D models of the two prostheses have been imported 

in the Finite Element (FE) commercial code Ansys 
Whorkbench. FE models, depicted in figure 4, are meshed 
with esaedric solid elements.   

 

  

Fig. 4 CAD models of the two prostheses. 

Table 1 summarises elastic characteristics of the 
materials used in the models. 
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Young Modulus E 

[MPa] 
Poisson 

ratio 
Stress at failure 

[MPa] 

Ti6Al4V 110000 0.34 1140 
UHMWPE 2000 0.44 60 

Tab. 1 Elastic properties of the materials. 

 

Fig. 5 Flexion angle of the simplified femoral bar. 

 
To apply loads to the joint, the femoral bone has been 

simulated as a cylindrical bar fixed to the upper 
component of the knee prosthesis. The axis bar can be 
positioned in a way to reproduce different flexion angles, 
f, of the joint, see figure 5. 

To reproduce the real working conditions of the 
prosthesis, two springs have been applied, connecting the 
tibial to the femoral component. These springs mimic the 
behaviour of the collateral ligaments, restricting rotations 
of the femur around its axis. Spring stiffness value has 
been taken from typical values measured in human 
ligaments, that is K = 34 N/mm. 

External boundary conditions have been applied to 
the tibial component and to the femoral bar. The tibial 
component is fixed in all directions, while the femoral bar 
can only move along and rotate around its axis.  

PE insert has been bonded to the tibial component, 
the same bonding is applied between the femoral bar and 
the femoral prosthetic component. Friction contact is 
assumed between the PE insert and the femoral 
component, with a friction coefficient of 0.01.  

A reference load of 500 N is applied on the femoral 
bar along its axis; different loading conditions are 
simulated by changing the flexion angle f. In particular, 
according with experimental tests in literature [4-6], three 
configurations have been studied: f = 60°, 90° and 120°. 
Last value is the maximum flexion angle that can be 
reached in a normal use of the prosthesis. Different 
contact regions correspond to each of these angles for 
both Stryker and Tornier joints [8]. Attention has been 
paid in evaluating contact and equivalent stresses in the 
PE insert to be compared with the limit stress of the 
material. All the obtained results are comparable with 
other experimental tests [8][9] both in terms of Von Mises 
and contact stress distribution over the PE insert. All that 
demonstrates the prostheses reverse engineering 
process, but also the CAD and FEM modelling phases, 
are highly reliable.  

3.1 FEM results – Stryker prosthesis 

In the following, contact regions and stress 
distributions are shown for the PE insert under different 
flexion angles.  

 

Fig. 6 Contact stress map (Stryker) with f = 60° . 

Fig. 6 shows contact regions and contact stress map 
on the PE insert for f = 60°; it can be noticed that contact 
is restricted to external areas of the plate and to the 
central cam, where maximum peaks are present. In fig. 7, 
the distribution of the Von Mises stress is depicted for the 
same case of f = 60°.  

 

 
Fig. 7 Von Mises stress map (Stryker) with f = 60°. 

 
Fig. 8 shows contact stress map for f = 90°. Contact 

areas on the plate are different with respect to the case of 
f = 60°, and contact stress peaks on the central cam 
reach higher values. Similar considerations can be done 
for equivalent stresses in fig. 9. 

 

 

f 
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Fig. 8 Contact stress map (Stryker) with f = 90°. 

 

Fig. 9 Von Mises stress map (Stryker) with f = 90°. 

Last case is related to f = 120°. Fig. 10 shows that 
most of the contact load is applied at the top of the central 
cam and peak values are quite high. Also concerning 
equivalent stress (fig. 11) the map shows that the cam is 
severely stressed. 

 

 
Fig. 10 Contact stress map (Stryker) with f = 120°. 

 
 

 

Fig. 11 Von Mises stress map (Stryker) with f = 120°. 

3.2 FEM results – Tornier prosthesis 

Same loading conditions have been applied to the 
Tornier prosthesis. In the following figures, contact 
regions and stress distributions are shown for the PE 
insert under different flexion angles. Figures 12 and 13 
are related to f = 60°. Contact is distributed over the plate 
in two symmetric areas, the central guide is unloaded. 

 

 

Fig. 12 Contact stress map (Tornier) with f = 60°. 

 

Fig. 13 Von Mises stress map (Tornier) with f = 60°. 

Figures 14 and 15 are related to f = 90°. Contact is 
concentrated at the end of the central guide where a 
stress peak is present, both in terms of contact and 
equivalent stress. 

 

 

Fig. 14 Contact stress map (Tornier) with f = 90°. 

 
Fig. 15 Von Mises stress map (Tornier) with f = 90°. 

 
Stress concentration at the end of the central guide is 

more severe in the case of f = 120°, as figures 16 and 17 
reveal. 
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Fig. 16 Contact stress map (Tornier) with f = 120°. 

 

 
Fig. 17 Von Mises stress map (Tornier) with f = 120°. 

3.3 FEM results – Comparison of the two 
prostheses 

Results of the analyses previously performed show 
that the most stressed region of the two prostheses is the 
central one, both acting as a cam (in the case of Stryker 
version) or as a guide (in the case of Tornier version). 
Results obtained for the two joints are collected in the 
following diagrams in figures 18 and 19, where maximum 
contact stress and equivalent stress in the PE insert are 
compared. With the exception of the case of f = 60°, 
where the central guide of the Tornier prosthesis is 
unloaded, for the other load cases it is clearly shown that 
the Stryker prosthesis is subjected to lower stress peaks. 
This aspect leads to a higher resistance to wearing and 
static failure of the PE insert. 

 

Fig. 18 Maximum contact stress in the PE insert. 

 

Fig. 19 Maximum Von Mises stress in the PE insert. 

3.4 FEM results – Improvement of the Stryker 
prosthesis 

In the previous paragraph, it has been proved that, in 
terms of maximum stresses in the PE insert, the Stryker 
prosthesis should be preferred with respect to the Tornier 
one. Starting from the fact that contact stresses depend 
on the shape of the mating surfaces [9], the central cam of 
the Stryker joint has been redesigned in order to reduce 
the peaks of contact stress. In figure 20 a comparison 
between the original version and the modified one is 
shown.  

 
 

  
Fig. 20 The original (left) and the modified (right) PE 

insert of the Stryker prosthesis. 
 
In the original version, the posterior surface of the cam 

has a tangent plane almost vertical; in the modified 
version this plane has been rotated up to a value of 20°. 
This value has been chosen in an arbitrary way, by 
considering that too low values could have no 
considerable effect on the results, whereas too high 
values could obstruct the normal rotations of the knee.  

This modification leads to a better distribution of 
contact without any modification of the kinematics of the 
joint. 

Same load cases have been studied for this modified 
version of the Stryker prosthesis. Contact and equivalent 
stress maps obtained are quite similar to those seen for 
the original Stryker version. What is interesting is the 
comparison of the maximum stress obtained for the two 
versions of this prosthesis. Figures 21 and 22 show that 
the modified Stryker version is characterised by a marked 
reduction of the peak stress in the case of f = 120° (fig. 
23-24), while the other load cases are essentially 
unchanged. 
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Fig. 21 Maximum contact stress in the PE insert. 

 

Fig. 22 Maximum Von Mises stress in the PE insert. 

 

 

 

Fig. 23 Contact stress map (Stryker modified)  

with f = 120°. 

 

Fig. 24 Von Mises stress map (Stryker modified)  

with f = 120°. 

4 Conclusions 
In this work a comparison has been performed of the 

performances of two commercial total knee prostheses, 
one produced by Stryker and the other by Tornier. Both 
prostheses are shaped in a way to give posterior stability 
to the joint, i.e. to avoid joint dislocation under high flexion 
angles of the knee. Geometries of the prostheses have 
been acquired via 3D laser scanner techniques. CAD 
models have been imported into a FEM software where, 
under some loading and boundary assumptions, contact  
and equivalent stress fields have been computed. 
Numerical analyses simulate loading on the joint for 
different flexion angles. 

Results reveal that the Stryker prosthesis is subjected 
to lower peak stresses; this reduces the risk of wearing of 
the polyethylene insert and the resultant creation of 
dangerous debris.  

Last step of this work has been the redesign of the 
Stryker prosthesis in order to enhance its behaviour with 
high flexion angles. The posterior cam of the PE insert 
has been reshaped, by giving a different tangent angle of 
20°, and smoothed. Lower contact stress peaks have 
been obtained for this modified version with respect to the 
original one, without any affection on the kinematics of the 
original knee joint. 

This analysis procedure will be adopted to study 
different load cases, for example to numerically simulate 
the case of a complete gait cycle, applying effective loads 
as the flexion angle varies. Then, considerations about 
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the wearing and fatigue prediction of the prosthesis during 
his life-cycle could be done.  

References 
[1] B.C. Carr, T. Goswami, Knee implants – Review of 

models and biomechanics. Materials and Design 30 
(2009) pp 398-413. 

[2] T. Nagura, C.O. Dyrby, E.J. Alexander, T.P. 
Andriacchi. Mechanical loads at the knee joint during 
deep flexion. Journal of Orthopaedic Research 20 
(2002) pp 881–886. 

[3] M.Z. Bendjaballah, A. Shirazi-Adl, D.J. Zukor, 
Biomechanics of the human knee joint in 
compression: reconstruction, mesh generation and 
finite element analysis. The Knee 2(2)  (1995) pp 69-
79. 

[4] J.W. Chow. Knee joint forces during isokinetic knee 
extensions: a case study. Clinical Biomechanics 14 
(1999) pp 329-338. 

[5] M. Kuster, S. Sakurai, G.A. Wood. Kinematic and 
kinetic comparison of downhill and level walking. 
Clinical biomechanics 10(2) (1995) pp. 79-84. 

[6] M.S. Kuster, G.A. Wood, G.W. Stachowiak, A. 
Gachter. Joint load considerations in total knee 
replacement. The Journal of Bone and Joint Surgery. 
79-B(1) (1997) pp 109-113. 

[7] W. Mesfar, A. Shirazi-Adl. Biomechanics of the knee 
joint in flexion under various quadriceps forces. The 
Knee 12 (2005) pp 424-434. 

[8] A. Thambyah. Contact stresses in both 
compartments of the tibiofemoral joint are similar 
even when larger forces are applied to the medial 
compartment. The Knee 14 (2007) pp 336–338. 

[9] C-H Huang, J-J Liau, C-H Huang, C-K Cheng. 
Influence of Post-cam Design on Stresses on 
Posterior-stabilized Tibial Posts. Clinical 
Orthopaedics And Related Research 450 (2006) pp 
150-156. 

[10] H. Bougherara, Z. Mahboob, M. Miric, M. Youssef. 
Finite Element Investigation of Hybrid and 
Conventional Knee Implants. International Journal of 
Engineering 3(3) (2009) pp 257-266. 

[11] A.C. Godest, M. Beaugonin, E. Haug, M. Taylor, P.J. 
Gregson. Simulation of a knee joint replacement 
during a gait cycle using explicit finite element 
analysis. Journal of Biomechanics 35 (2002) pp. 
267–275. 

[12] F. Chen, G.M. Brown, M. Song. Overview of three-
dimensional shape measurement using optical 
methods, Optical Engineering 39(1) (2000) pp 10-22. 

 
 
 



714

  

 

 

Proceedings of the IMProVe 2011 

International conference on Innovative Methods in Product Design 

June 15th – 17th, 2011, Venice, Italy 

 

Studying the influence of thread features 
in osseo-integrated implants  

P. Franciosa (a), M. Martorelli (b) 
(a) University of Molise, School of Engineering  
(b) University of Naples, Federico II, School of Engineering 

 
Article Information 

Keywords: 
Thread parameterisation 
Osseo-integration 
FE modelling 
DOE design 
Bone-stress distribution 
 

Corresponding author: 
Massimo Martorelli 
Tel.: +39 081 7682470 
Fax.: +39 081 7682470 
e-mail: massimo.martorelli@unina.it 
Address: P. le Tecchio, 80, 80125, 
Naples - Italy 

Abstract 

Purpose: 
The present paper investigates the influence of implant design factors in terms of bone 
integrity and implant stability. 

Method: 
First of all, a 3D parametric CAD model was developed. Then, by defining domain settings 
and boundary conditions, a 3D FE model was created, accordingly. In order to simulate as 
well as possible the physical interaction at bone-implant interface, identity pairs were 
introduced. After generating different design scenarios with a DOE approach, the most 
significant design factors were obtained. 

Result: 
Finding of this research showed that the geometry of the screw-thread highly influences the 
implant stability. More specifically, thread-width and -tick assume a crucial role to reduce 
bone induced stresses and bone damage. 

Discussion & Conclusion: 
Starting from these preliminary results, future improvements will focus on investigating also 
two-factor and higher interactions to better understand the implant loading mechanism. 

1 Introduction 
Dental implantology is a set of surgical techniques 

allowing to obtain, by using dental implants, the functional 
rehabilitation of a patient affected by partial or total 
edentulism.  

Dental implants can have different shapes, they can be 
inserted in different positions, and they remain 
incorporated in the patient’s bone by physiological bone 
regeneration actions.  

It was reported that osseo-integration is affected by 
many factors, including the implant design, surface 
treatment, bone quality, surgical technique, post-operative 
care [1]. Among these, the thread design of an implant is 
one of the dominant factors. In particular, the total contact 
area between the implant and bone plays a significant 
role in the osseo-integration strength of implant-bone 
interfaces [2]. In addition, the design of the implant 
threads directly affects the stress distribution and the 
marginal bone restoration [3]. 

Over the years many experimental and clinical reports 
revealed that the first thread is the most stressed site, and 
thus the initial micro-fracture and eventually immature 
osseo-integration occur at this site. There are various 
commercial solutions for dental implants. Their designs 
are quite differ in terms of thread shape. 

Recent researches have focused on studying the 
influence and the sensitivity of the implant features: 
thread-pitch, -depth, -width, -helix angle, among others. 
Understanding these factors and applying them 
appropriately in the science of dental implants can help in 
reducing the potential implant failure. 

An appreciable overview of the effects of implant 
geometrical features on osseo-integration was reported in 
[4]. Authors pointed-out that a valid and valuable support 
in clinical and in vivo/vitro investigations is offered by 
numerical FEA simulations. In these terms, when facing-
out analyses of sensitivity on different design setting, FE 
modelling becomes a valid support. 

Many studies, mainly based on FEM approaches, have 
been conducted to study the influence of different design 
implants. A valid contribution was done in [5], where by 
using a parametric FE model the sensitivity of thread pitch 
and width was studied. A very interesting research was 
conducted by [6], who concluded that the most favourable 
configuration, in terms of implant stability, is the single-
threaded one, followed by the double threaded. The triple 
threaded was found to be the less stable. 

One critical aspect to consider is how to "quantify" the 
stability of a dental implant. In [7] authors used the contact 
area as measure of the stability. They found that higher 
the contact area, less the bone damage. A more 
quantitative approach was suggested in [8], where the 
implant failure was associated to the maximum normal 
stress criterion. Experimental tests were also conducted 
to measure the ultimate bone strength.    

In agreement with a number of studies [9] the von Mises 
stress field was used as an indicator of the average stress 
level at the bone-implant region, providing a global 
measure of the load transfer mechanism. 

Very often, FE models have been generated under 
some assumptions. Over all, 2D axial-symmetric models 
have been widely adopted since they allow to reach fast 
and accurate results and to perform quite easily 
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parametric analyses. In [10], authors used a 2D axial-
symmetric model to point-out the difference among 
different commercial design, accounting both perfect and 
not- perfect osseo-integration. Apart from the advantages 
of 2D axial-symmetric models, they are not able to rightly 
capture some phenomena which may arise at bone-
implant interface. In fact, the loading mechanism can be 
strongly affected by screw-helix angle and also by out-of-
plane stress components [4]. 

Starting from the literature review, the present paper 
investigates the influence of some implant features. First 
of all, a 3D parametric CAD model of a dental implant was 
developed. Then, a FE model was created, by defining 
domain settings and boundary conditions. By adopting a 
DOE approach, different implant designs were 
automatically generated and for each of them a FE 
solution was obtained. By statistically analysing numerical 
results, the most influencing implant features were 
observed and discussed. 

2 Materials and methods 
In order to quickly analyze different design settings, a 

parametric CAD model of a dental implant (fig. 1) was 
created into SolidWorks® 2010 (by Dassault Systemes) 
CAD system. 

 

  

Fig. 1 Bone and implant CAD models 

Although accurate detailed anatomical geometry may 
be obtained from CT scans, a simplified bone geometry 
was here accounted. Final numerical results will not be 
affected by this assumption since the main aim of this 
study is performing a sensitivity analysis among different 
implant features (not varying the bone geometry). 

 

 

Fig. 2 Implant design factors 

The bone structure was modelled by a cylinder block 
(diameter and length equal to 15 mm and 20 mm, 
respectively). The cortical bone thickness was assumed 
constant and equal to 2 mm, as also suggested into [8]. 

The implant model was parameterised by introducing 
the following geometric parameters (see fig. 2): 
- diameter ("dI") and length ("LI"); 
- bone-implant interface length (Lt); 
- thread-pitch ("p"), -width ("w"), -tick ("t"); and, 
- upper (α1) and lower (α2) thread-angles.    

Notice that the thread-angle is the angle between a face 
of a thread and a plane perpendicular to the longitudinal 
axis of the same implant. 

The following hypotheses were formulated: 
- the abutment is "rigidly" connected to the implant. Its 

length is Li-Lt. The occlusal load is applied on the 
upper surface of the abutment. Notice that for some 
commercial solutions [11], the abutment is joined to 
the implant with an internal screw (not modelled 
here);  

- the implant diameter is assumed constant and equal 
to dI=4 mm. Commercial solutions provide both 
cylindrical or conical implant. In the present research 
a cylindrical shape is assumed; 

- a single threaded implant is considered; 
- the mechanical behaviour of the bone structure is 

captured with a linear  isotropic law. This assumption 
approximates a type II bone quality [8]; and, 

- perfect osseo-integration is accounted. 
In order to assure the right correspondence at bone-

implant interface, a boolean operation was performed, by 
subtracting the implant from the bone structure. Fig. 1 
depicts the so-modelled implant/bone geometry. 

 
level/factor p (mm) w (mm) t (mm) α1 (°) α1 (°) 

1 0,90 0,35 0,05 5,00 5,00 

2 0,95 0,40 0,10 10,00 10,00 

3 1,00 0,45 0,15 20,00 20,00 

4 1,10 0,50 0,20 30,00 30,00 

Tab. 1 Design factors and their levels 

Treatment ID p w t α1 α2 

I 1 1 1 1 1 

II 1 2 2 2 2 

III 1 3 3 3 3 

IV 1 4 4 4 4 

V 2 1 2 3 4 

VI 2 2 1 4 3 

VII 2 3 4 1 2 

VIII 2 4 3 2 1 

IX 3 1 3 4 2 

X 3 2 4 3 1 

XI 3 3 1 2 4 

XII 3 4 2 1 3 

XIII 4 1 4 2 3 

XIV 4 2 3 1 4 

XV 4 3 2 4 1 

XVI 4 4 1 3 2 

Tab. 2 Adopted fractional factorial array L16 

In the present paper we aim to study the sensitivity of 

w 

α2 

t 

Lt 

LI 

α1 

p 

implant trabecular bone 

cortical bone 
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some thread features (here called "design factors") on 
implant stability. For this purpose we assumed that a 
qualitative measure of the implant stability can be 
obtained by evocating the maximum stress criterion: that 
is, higher the maximum stress at bone-implant interface, 
lower the implant stability. In the following such a criterion 
will be named "Implant STability index" (I-STI).   

Therefore, the proposed approach may be summarized 
as follows: (I) generate a set of combinations of design 
factors by using a DOE approach; (II) calculate the 
stability index for every combination by solving a FE 

model; and, then, (III) analyze design scenarios, looking 
for the influence of design factors. 

Among geometric parameters, five design factors were 
considered: p, w, t, α1 and α2. Tab. 1 reports adopted 
levels (shortly named "1", "2", "3" and "4"). 

A full factorial design would require a large amount of 
tests (45 = 1024). However, in this array design only 5 of 
the 1024 degrees of freedom [12] correspond to main 
effects, and only 10 degrees of freedom are related to 
two-factor interactions. The remaining degrees of freedom 
correspond to three-factor and higher interactions.  

 

        

I II III IV V VI VII VIII 

        

IX X XI XII XIII XIV XV XVI 

Tab. 3 Implant designs generated according to the fractional factorial array L16 

 

 

 

b - bone-implant interface 

 

a - FE model c - bones interface 

Fig. 3 FE model and boundary conditions 

Therefore, since it is reasonable that only main effects 
or two-factor interactions are significant, a fractional 
design array, L16, was adopted. Notice that if on one hand 
this array requires only 16 tests, on the other hand 
aliasing effects may arise. 

Tab. 2 reports the adopted L16 array. Tab. 3 depicts 
implant geometry configurations, according to the L16 
array and generated into SolidWorks® CAD system, 
starting from the parametric CAD model. 

FEM simulations were performed within Comsol 
Multiphysics® 3.5a. Same domain settings and boundary 
conditions were applied for the 16 geometry 
configurations. As example, fig. 3 depicts the FE model 
related to geometry configuration III. 

Tetrahedral mesh elements were generated. Looking at 
fig. 3.a notice how mesh size was strongly reduced (about 
0.1 mm) around implant-bone interface, where the highest 
stresses are expected. The total number of elements was 
148102, while the number of mesh nodes was 34174. 
Linear shape functions were adopted to interpolate node 
displacements. Therefore, the number of degrees of 
freedom solved for was 102522. 

Materials were considered linear and isotropic. Tab. 4 
summarise adopted mechanical properties (E - Young's 
Modulus, ν - Poisson's ratio). Implants and abutments 
were assumed to be made of a titanium alloy (Ti 6Al-4V). 

Boundary conditions are depicted into figs. 3.b and 3.c. 



717

P. Franciosa and M. Martorelli                                                          Studying the influence of thread features in osseo-integrated implants 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

The lower surface of the trabecular bone was fixed. 
Moreover, a static load (350 N), simulating the occlusal 
force, was applied at the upper surface of the abutment. 
This force formed an angle of 12° with respect to the 
implant axis. 

 
 E (GPa) ν 

Implant 120.0 0.33 

Cortical bone 13.7 0.30 

Trabecular bone 0.50 0.30 

Tab. 4 Adopted mechanical properties [8] 

The physical interaction of implant-bone and cortical 
bone-trabecular bone interfaces was captured by 
introducing identity pairs (coloured surfaces into fig. 3.b 
and 3.c). Identity pairs assure that the displacement field 
at interfacial surfaces are identical each-other. 

In agreement with the maximum normal stress criterion 
(also known as Coulomb criterion), principal stresses 
were used at the bone-implant interface to define a 
measure of the implant stability. Experimental tests [13] 
estimated that local overloading at cortical bone occurs in 

compression when the maximum compressive principal 
stress (σC) exceeds 30 MPa (in modulus), and in tension 
when the maximum tensile principal stress (σT) exceeds 
60 MPa. Moreover, local overloading at the trabecular 
bone occurs when σT and/or σC (in modulus) exceed 5 
MPa. 

The maximum stress criterion was implemented as 
follows: (I) stress distributions were calculated by using 
the FE model. (II) The region, where the maximum 
principle normal stress exceeds the ultimate bone 
strength, was identified, and (III) the corresponding 
volume was calculated: this is the implant stability index (I-
STI). 

The implant stability index can be easily implemented 
and calculated into Comsol Multiphysics® by using 
domain expressions and integration coupling variables. 

3 Results 
Tab. 5 reports I-STi indexes calculated for trabecular 

and cortical bones. Fig. 4 depicts mean effects, both for 
trabecular and cortical bones, of design factors. 

 
Treatment ID p w t α1 α2 I-STI trabecular bone (mm3) I-STI cortical bone (mm3) 

I 0.90 0.35 0.05 5.00 5.00 5.03E-02 8.01E-02 

II 0.90 0.40 0.10 10.00 10.00 4.31E-02 1.02E-01 

III 0.90 0.45 0.15 20.00 20.00 2.82E+00 1.95E-03 

IV 0.90 0.50 0.20 30.00 30.00 4.65E-02 3.23E-02 

V 0.95 0.35 0.10 20.00 30.00 1.95E-02 5.47E-02 

VI 0.95 0.40 0.05 30.00 20.00 1.90E-02 8.34E-02 

VII 0.95 0.45 0.20 5.00 10.00 2.16E+00 6.59E-02 

VIII 0.95 0.50 0.15 10.00 5.00 1.46E-02 3.35E-02 

IX 1.00 0.35 0.15 30.00 10.00 4.71E-02 8.72E-02 

X 1.00 0.40 0.20 20.00 5.00 3.43E-02 8.34E-02 

XI 1.00 0.45 0.05 10.00 30.00 5.07E-02 7.31E-02 

XII 1.00 0.50 0.10 5.00 20.00 2.20E+00 7.99E-02 

XIII 1.10 0.35 0.20 10.00 20.00 3.39E+00 7.62E-02 

XIV 1.10 0.40 0.15 5.00 30.00 6.19E-03 7.09E-02 

XV 1.10 0.45 0.10 30.00 5.00 2.24E+00 8.60E-02 

XVI 1.10 0.50 0.05 20.00 10.00 1.45E-01 5.65E-02 

Tab. 5 Fractional array L16 and implant stability indexes 

 

  

a - stability index for trabecular bone b - stability index for cortical bone 

Fig. 4 Mean effects of stability indexes for trabecular and cortical bones (main factors) 
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a - contribution indexes for trabecular bone b - contribution indexes for cortical bone 

Fig. 5 Contribution indexes 

  

a - cumulative contribution indexes for trabecular bone b - cumulative contribution indexes for cortical bone 

Fig. 6 Cumulative contribution indexes 

By statistically analyzing data through a Pareto ANOVA 
[12], contribution indexes were calculated. For instance, 
contribution index quantifies the influence of each design 
factor with respect to the implant stability index. Highest 
contribution indexes correspond to the most significant 
design factors. Figs. 5 and 6 depict contribution indexes 
and their cumulative values, respectively. 

4 Discussion and conclusions 
Assuming a significant value of 90%, variations of pitch 

and angle α1 do not influence implant stability, when 
looking at the trabecular bone. Instead, when considering 
the cortical bone, angles α1 and α2 may be neglected. 

Thread-width, w, seems to play a very significant role on 
implant stability: its contribution index becomes 29% and 
31% with respect to trabecular and cortical bone, 
respectively. This finding says that variations of this 
design factor may strongly influence implant stability and, 
then, bone integrity. Same conclusions can be formulated 
when looking at the thread-tick, t. 

Very interesting is the analysis of the mean effects. 
Looking at fig. 4.b (cortical results) one should observe 
that mean effects of thread-width and -tick seems to be 
positively correlated each-other. In particular, when 
adopting the level "4", both for the w and t factors, the 
stability index becomes the maximum. Moreover, this 
result shows that interactions among factors may arise. 
However, the adopted factorial design does not allows to 
account such a phenomena, due to aliasing effects 
among factors. 

Apart from the limitations and the simplifications of the 
present research, findings showed the following key 
issues: 
- thread-width and -tick play a significant role in 

implant stability; and, 
- design factors may be correlated each-other. 

Future improvements of this research will focus on a 
two-factor and higher interactions in order to deeper 
understand how much load is transferred from the implant 
to the bone tissue and what may be the optimal implant 
design.  
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Abstract 

Purpose: 
In this work, we present the analysis, design and optimization of one experimental device 
recently developed in the UK, called the 'GP' Thrombus Aspiration Device (GPTAD). This 
device has been designed to remove blood clots without the need to make contact with the 
clot itself thereby potentially reducing the risk of problems such as downstream embolisation. 

Method: 
To obtain the minimum pressure necessary to extract the clot and to optimize the device, we 
have simulated  the performance of the GPTAD analysing the resistances, compliances and 
inertances effects. We model a range of diameters for the GPTAD considering different 
forces of adhesion of the blood clot to the artery wall, and different lengths of blood clot. In 
each case we determine the optimum pressure required to extract the blood clot from the 
artery using the GPTAD, which is attached at its proximal end to a suction pump. 

Result: 
We then compare the results of our mathematical modelling to measurements made in 
laboratory using plastic tube models of arteries of comparable diameter. We use abattoir 
porcine blood clots that are extracted using the GPTAD. The suction pressures required for 
such clot extraction in the plastic tube models compare favourably with those predicted by the 
mathematical modelling. 

Discussion & Conclusion: 
We conclude therefore that the mathematical modelling is a useful technique in predicting the 
performance of the GPTAD and may potentially be used in optimising the design of the 
device.   

1 Introduction 
Stroke is one of the major causes of mortality in the 

world-wide. More than 120,000 strokes per year occur in 
the UK [1]. Six per cent of National Health Service and 
Social Services expenditure is spent on stroke 
management.  

Thrombosis is produced by the formation of a clot 
inside blood vessels causing an abrupt interruption of the 
blood flow [2]. In the cerebral arteries, this occlusion can 
result from the migration of a clot that has formed at 
another location. The process concerning the removal of 
this obstruction involves catheterisation [3]. 

Although thrombolytic agents such as Alteplase are 
used to dissolve such, there are limitations on their use. 
Consequently, alternative methods of treatment have 
been developed which includes Thrombectomy Devices. 
A number of Thrombectomy devices using a variety of 
methods have now been developed to facilitate clot 
removal. We present research involving one such 
experimental device recently developed in the UK, called 

a 'GP' Thrombus-Aspiration-Device (GPTAD) [4]. This 
device has the potential to bring about the extraction of a 
thrombus. Although the device is at a relatively early 
stage of development, the results look encouraging. 

The main objective of the work we present is to obtain 
the minimum pressure required to perform blood clot 
extraction and to check that this pressure as well as the 
time required to complete the clot extraction are 
reasonable for possible potential use on a patient and are 
similar to experimentally obtained data. In addition, we 
ascertain if the cerebral arteries are able to support the 
suction force to which they are subjected. We also 
determine that the components comprising the proposed 
device, based on the ‘GPTAD’ probe, and  the blood flow 
generate  speeds that fall within admissible parameters. 
We believe that such studies may help in optimising the 
design of the GPTAD and its possible future use in 
patients with thrombosis. 

 
This paper gives a brief description of the proposed 

device, based on the ‘GPTAD’ device, as well as the parts 
comprising it. The model used for the simulation is 
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described as well as the phenomena considered, and, in 
addition, the values of the parameters used are defined. 
Finally the results obtained and the conclusions of this 
study are described. 

2  ‘GP’ Thrombectomy Device 
A schematic view of the GPTAD is shown in figure 1. It 

has potential advantages in clot removal procedures in 
that it does not need to touch the clot to facilitate clot 
removal (therefore there is less risk of downstream 
embolisation), and it has no moving parts (therefore less 
risk of breaking). In vitro testing of the GPTAD to remove 
abattoir porcine blood clots in plastic tube models of 
arteries and modelling has been undertaken [5][6][7]. 

 

Fig. 1 Schematic diagram of the clot removal device. 

The GPTAD device assembly involves using a vacuum 
pump (that provides the suction pressure for removal of 
the clot), joined to a very long double lumen catheter 
(~100 cm long and ~2.0-5.0 mm in diameter); the ‘GP’ 
device is located at the end of this catheter (same 
diameter and a length of 20 mm). This GPTAD is 
introduced into the carotid artery via a transfemoral 
approach to the lower limb such that the GPTAD is 
positioned in close proximity to the occluding blood clot, 
at a distance of approximately 3 mm from it. Then the 
suction pressure is slowly increased until clot capture 
occurs and the clot is extracted. The clot crosses the 3 
mm “gap” (filled with blood) that separates it from the 
GPTAD and when clot capture occurs the entire device is 
then removed from the body.  

It is currently being developed as a potential thrombus 
aspiration device through a series of in-vitro studies. This 
device has the potential to be used in relatively small 
arteries too. It has no moving parts and therefore should 
reduce the risk of breakage in a vessel. Since it does not 
touch the clot itself it should also reduce the risk of clot 
disruption and downstream embolisation. Thrombectomy 
is achieved by aspiration through a catheter in which the 
‘GPTAD’ device is embedded. The internal surface has 
been mathematically optimized. It is also potentially 
associated with low forces at the periphery of the device 
which may therefore reduce the risk of arterial collapse 
during aspiration of the clot [8]. 

3 In-Vitro Experimental Considerations 
Clearly removal of arterial thrombus depends on 

several factors including the size of the clot, its location, 
and the force of attachment of the clot to the vessel wall. 
In designing any arterial clot removal device, many 
factors must be taken into account e.g. mechanical and 
biocompatibility factors relating to the biological tissue, 
also material strength and flexibility of the device. The risk 
of damaging or penetrating the vessel wall must also be 
considered, together with potential clot dislodgment then 
causing further distal damage. Taking into account these 
requirements, the blood clot removal device has been 
modelled using Bond graph modelling techniques. 

The design of the final device was the result of a series 
of modifications made from the original design, testing 
their efficacy in terms of their potential to remove jelly like 
clots. The main parameters measured each time were the 
time taken to remove the clot and the vacuum pressures 
required to remove the clots. 

Considering a simple case where a clot is located at 
one specific point on the vessel wall, it has been 
previously studied by Fung [9]. In this study, the occlusion 
of the artery is defined by the angle that the clot subtends 
in relation to the circumference of the artery. Rekhter [10] 
considered the effect of clots associated with 
atheromatous plaques and found values for the typical 
force with which an atheromatous plaque is attached to an 
artery wall. Dr. CJ Flannery [11] determined that a 
thrombus can be detached at a maximum upstream 
pressure of ~450 mmHg, which is six-tenths of an 
atmosphere, or roughly 4 times mean arterial blood 
pressure. The total thrombus detachment strength was 
calculated to be approximately 8.9 mN, i.e. thrombus 
removal from a stenosis was measured with a force of 
detachment being at the high end of about 9 mN. In all 
analysed cases by Dr. Flannery, thrombus adhesion 
strength was between 0.25 and 9 mN. This is consistent 
with the below in vitro measurements of glycoprotein 
surface density and adhesion strength found in literature 
review. From the previous values, in our work we will use 
10 mN. 

In vitro experiments were also undertaken to measure 
the forces (in kPa) required to remove the jelly, using the 
apparatus described in figure 2 below [12]. A vertical tube 
supplied with tap water at the lower inlet to create a water 
column is placed with its length of 0.5 metres to be 
accessed by the tap and the suction line. During 
suctioning the water level is kept constant by re-supplying 
water in the same amount as the suctioned volume. The 
required suction pressure at the suction line is supplied 
via a vacuum source. The vacuum source is an evacuated 
glass vessel (1 L) connected to a vacuum pump. Suction 
starts by opening a valve (clamp) in the suction line when 
the device is in place. In the shown case, an artificial clot 
was used to simulate the blood clot because it has similar 
mechanical properties and was readily available. 

 

 

Fig. 2 Apparatus used in the experiment. 

From the previous experiments, it was found that the 
force required to remove a jelly-like clot a few mm in 
diameter using a GP clot removal device (of internal 
diameter 3mm and external diameter 4mm and length 
10mm) was 10Kpa. The removal time for this jelly like clot 
was 15 seconds and the volume of fluid extracted in the 
process was 17 ml. These results (typically 15kPa) are in 
good agreement with the results obtained in the practical 
experiments quoted above (10kPa). 
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4 Modelling the GPTAD Device 
The main objective of this study is to introduce a model 

that can be used investigate and assist in the final design 
of the GPTAD. In this work we investigate the potential 
performance of the GPTAD device under different 
conditions of blood flow, size of blood clot, in a given 
vessel. 

The method chosen for the representation and 
simulation of the GPTAD in this instance is the Bond 
Graph technique [13-14-15], which allows assimilating the 
model to an electric circuit made up of inductances, 
capacitances and resistances. Therefore, it is possible to 
obtain the results in a simple way by evaluating flows and 
efforts that join and connect the components of the 
model. To obtain the simulation of the model, Bondin © 
software will be used [16]. This program allows us to 
obtaining the evolution of the characteristic parameters of 
the model as well as letting them be compared. 

To generate the correct model, it was necessary to 
analyze the inertances due to mass of fluid, the 
compressibility that the blood and artery are subjected  to, 
and finally the resistances that appear when fluid and 
blood clot flow into the catheter [17]. 

First the pump, which is the component that creates 
the necessary pressure to carry out the extraction, is 
positioned. It can be represented by a variable pressure 
source (Se) whose value will increase from zero to a non-
determined value suitable for carrying out this operation 
and will be obtained from the optimization of the 
developed model. The time taken to reach the maximum 
value of pressure has been obtained from experience and 
must be about 3 sec., after which time the pressure 
provided by the pump remains constant. 

 The pump links to the catheter, a 110 cm long 1 mm 
diameter hollow cylindrical tube which is joined to the 
‘GPTAD’ device of the same diameter and of length 20 
mm. In order to represent both elements, they are 
considered as several pipe sections bearing in mind the 
different phenomena that take place in their interior: load 
and inertia loss, and fluid compressibility [17]. 

Firstly, the flow inertia to be overcome in its movement 
is taken into account and considering a section with 
circular geometry it must be represented by a type ‘I‘ port 
and a type ‘1’ junction and can be modelled with this 
expression: 

 

( )2
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×

×
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where ‘r‘ is the blood density, ‘L’ the length of the pipe 
section and ‘D’ its diameter. 

The blood has been deemed to be an incompressible 
fluid and this eliminates the blood compressibility effect; if 
we wanted to take it into account, it should be included as  
a compliance that produces a decrease in volume when 
the pressure required for compression is increased. This 
behaviour would be dependent on the Bulk coefficient for  
blood, ‘B’ and it could be defined as a capacitance of 
value ‘K’. 

Due to the friction between the liquid particles and the 
pipe walls, load losses appear. Since we are dealing with 
straight pipes in our model, only linear load losses are 
taken into account. As the pipe is horizontal and of 
constant cross section in each section, the load loss is 

reduced, since there is a pressure loss as the fluid 
advances along the pipe, the loss being progressive and 
proportional to the length of the pipe. This pressure loss 
can be represented by a resistance and a type ‘1’ 
junction. If we assume that when artery is 100% occluded 
there is no flow, and since the Reynolds number is only 
significant if turbulent flow is involved, the equation that 
governs its behaviour can be determined by following 
expression (2), where ‘η‘ is the dynamic viscosity of the 
blood flow, ‘L’ the length of the pipe section and ‘D’ its 
diameter. 

  
(2)

 
 

The flow of blood may well be turbulent at an arterial 
bifurcation for example, or in the case of an atheromatous 
plaque associated with a pathological blood clot, not 
existent in this case. In these situations it would be 
necessary to determine the load losses for turbulent flow 
and taking into account Reynolds number. 

Following on from the tube corresponding with the 
catheter, the ‘GPTAD’ device (see figure 1) must be 
positioned such that it can be represented with its 
corresponding values. 

Due to the artery being located at the end of the 
‘GPTAD’ device, it is necessary to consider the transition 
between both elements as a secondary load loss caused 
by the difference in diameter of the ‘GPTAD’ probe and 
the artery respectively and the subsequent variations in 
flow (deflecting nozzle in figure 4). These load losses can 
be represented as a resistance and can be calculated with 
the following expression (3), where ‘r‘ is the blood density, 
‘Q’ is the flow which circulates in the section between the 
end of the ’GPTAD’ probe and the artery, and the 
diameter ‘D’ is the mean value between the probe (DGP) 
and the artery (Dartery). 
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The load loss coefficient ‘ξ‘ is a dimensionless 

parameter that quantifies the loss produced and depends 
on the geometry of the conical aperture. 

 

Fig. 3 Load loos coefficient values. 

Considering the results obtained in figure 3, the ideal 
value for the design of the ‘GP’ diameter is that which 
corresponds with the same diameter that the artery, in 
which case it would create zero load loss. In patients it is 
not possible to use the exact value and considering it to 
be a narrowing with DGP = 1.5·Dartery, this value can be 
considered as being 0.3 in the best case.  
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Fig. 4 Full model of the GPTAD 

 
 The artery can be included in the model as another 

section of a pipe, similar to the catheter and the ‘GPTAD’ 
device and it must be defined by the loss of linear load ‘R’ 

and the inertia ‘I‘ (figure 4). In addition, it is necessary to 
insert a parameter that represents the compressibility of 
the artery, in line with its Young‘s modulus:   

  

 

00 ·2·

·

rV

hE
K =  (5) 

 
where ‘E’ is its Young’s modulus, ‘h’ is the thickness of 
the artery, ‘V0‘ is the artery initial volume and ‘r0‘ is the 
artery initial radius. According to Guthold et al. [18], fibrin 
fibres in the clot deform elastically, not plastically, and the 
Young's modulus of fibrin is about 1 MPa. 

Once the elements corresponding to pump, catheter, 
‘GPTAD’ device and artery have been defined by fluid 
mechanics, it is necessary to change from the domain of 
hydraulics to mechanics, to be able to evaluate the 
movements and efforts in clot removal, as well as to 
define the physical friction between the clot and the 
artery. This domain change is carried out by a 
Transformer (TF) element. To calculate the value of the 
coefficient defining this element, the change in the 
definition of the flow before and after this element is 
evaluated; it is known that there is no leakage around the 
clot and no blood gets past the clot when it is causing 
100% occlusion of an artery. The coefficient must be 
determined by evaluating the required change between 
both domains; before the TF element, the flow is in the 
hydraulics domain, while afterwards, it is in the 
mechanical domain. Then, the coefficient of the TF 
element must be the inverse of the section of artery.  

Whilst in the mechanical domain, in the model it is 
necessary to insert a compliance between the end of the 
artery and the beginning of the clot to obtain the force 
supported by the clot each moment; this force is 
necessary to begin or stop the movement of the blood clot 
in accordance with the minimum necessary pressures 
obtained in section 3. 

The friction between the clot and the arterial wall 
creates a resistance factor. The value of this parameter 
must be variable depending on whether the clot has 
begun its movement (dynamic friction) (3rd case in figure 
5) or before it has begun to move (static friction) (1st and 
2nd cases in figure 5) during the clot extraction procedure. 

 
 

Fig. 5 Influence of the suction force over blood clot 

When the clot begins to move the friction decreases 
considerably. This value is obtained from the Stokes 
equation and can be given a value of 2.5·10-6 N·s/m for 
the static friction and an order of magnitude lower than for 
the dynamic friction. The transition between both values 
marks the beginning or end of the clot movement. 

In addition to the compliance and the resistance 
inserted, the model must have an inertance that 
represents the mass of the clot (~0.05 - 3 gr.) (figure 5). 

Finally, to ensure that the clot remains at rest while the 
force existing at its beginning is less than 10 mN, a 
compliance-resistance system joined to a wall (zero flow 
source) must be used (figure 4). In this system, while the 
clot does not receive the force of minimum suction, it has 
zero speed. However, when it begins its movement, the 
compliance-resistance system must be cancelled allowing 
its extraction. 

Therefore, while the force representing the deformation 
of the clot is lower than 10 mN, it will remain attached to 
the wall (1st and 2nd cases in figure 5), thereby preventing 
any movement. To the contrary, if the force exceeds this 
value, the model will cause the bond imposed by the 
compliance-resistance system to be eliminated with the 
clot becoming free and moving in accordance with the 
suction pressure acting on it from the system, thus 
allowing it to be removed (3rd case in fig. 5). 

 



724

G. Romero et al. Analysis and design of a thrombectomy device by using simulation techniques 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

5 Results 
The aim of this simulation is to compare the extraction 

of a clot in different arteries (5.5 mm, 3.2mm and 2.5 mm) 
considering different clot lengths (0.5 cm up to 5.0 cm 
each case) and 100% occlusion; in our case, 90% will be 
blood clot and 10% atheromatous plaque. An arterial 
occlusion of 90% will modify the area in which the suction 
force acts, considering that the clot reduces the cross-
sectional area of the artery. 

The use of arteries of different diameters will influence 
directly the diameters of GP device that can be used in a 
given artery and hence those used in our modelling 
presented here. In the previously arterial diameters, the 
standard elements (‘GP’ and catheter) would have 
normalized values; it being necessary to choose the 
nearest diameter value to be inserted into the artery (5.0 
mm, 3 mm and 2.0 mm respectively). 

The existence of different clot lengths will affect the 
mass of the clot being removed (0.06 gr. up to 3 gr.), and 
increase the time taken for clot removal as the value of 
the clot length increases. 

The following figures show the time taken to create the 
necessary suction force to move the clot across the 3 mm  
between the clot and ‘GP’ device, for different pump 
suction pressures, diameters and clot lengths. 

 

 

Fig. 6 Pressure (kPa) vs time (secs) 

The previous figure indicates the time needed to move 
the clot across the 3mm gap filled with blood, to enable 
clot capture to occur  for the case of a blood clot length 
5cm in length. We observe that there is a difference on 
applying vacuum suction in each artery. The time taken to 
remove the blood clot in each instance is also different for 
each case.  

There are clearly differences in the times taken to 
remove the blood clot of various different diameters. 
While for a pressure of -30 Kpa the required time is below 
7 seconds in all cases, the use of smaller suction 
pressures causes the range of times for clot removal to 
increase near to 1 minute in some cases, e.g. with -4kPa 
pressure. In some instances, lower pressure sometimes 
increases the required time to more than 10 minutes –
these cases correspond with the smaller arteries. It 
should be noted that the pressure losses are inversely 
related to the artery cross-section. It is possible to 
speculate that a minimum required suction pump 
pressure must be around -4 kPa or -6 kPa, and that the 
corresponding clot removal times would then take less 
than ¾ or ½ minute.  

In figure 7 results are shown for the different diameter 
arteries and with a -6 kPa pressure pump, for each length 
of clot, together with the time when the clot begins to 

move until and it reaches the end of the ‘GP’ device. In 
considering the results of the modelling presented in 
figure 7, it can be seen that clots with a length between 1 
cm to 2 cm, need relatively short times for clot capture (2-
12 secs.). However, clots with a size between 4 cm to 5 
cm show a bigger variation in the time involved with 
different diameters (12 secs up to 30 secs). 

 

 

Fig. 7 Length clots (cm) vs time (secs) 

Higher clot removal times result when the clot lengths 
are greater e.g. with a 5 cm clot length in the smallest 
arteries. 

These results indicate the importance of carrying out 
clot extraction as quickly as possible, and indicate the 
potential uses and importance of such modelling. 

6 Conclusions 
Analyzing the obtained results, they are coherent with 

the physic laws and, in addition, they are very similar to 
in-vitro experimentally obtained results by using the same 
values for each parameter. Actually, only few in-vitro 
experiments has been done taking into account porcine 
blood clots and the entire validation of the mathematical 
model should be done comparing new situations and 
experiments. After it, the developed model could be used 
correctly to optimise the final design of the device in terms 
of materials, roughness or diameters of catheter and GP. 

Nevertheless, the development of this simulation model 
enables us to obtain an estimate of the minimum pressure 
required to perform the extraction of blood clots of 
different sizes and for different diameters of arteries. In all 
cases we have taken the same age for the clot residing in 
the artery and the same values for the force of adhesion. 

This modelling has shown that the suction pressure 
together with the time required to complete clot removal 
are reasonable, and should be within acceptable clinical 
boundaries for any eventual potential use of the GPTAD 
device in patients. A similar analysis [19-20-21] 
undertaken for its use in the MCA or the Popliteal artery 
enables further comparisons to be made. We compare the 
results of simulation modelling to measurements made in 
laboratory plastic tube models of arteries of comparable 
diameter where the GPTAD was applied to successfully 
extract abattoir porcine blood clots. The suction pressures 
required for such clot extraction in these plastic tube 
models compare favourably with those predicted by the 
simulation modeling. Taking into account the comments 
done at the beginning of this section, the mathematical 
modelling presented may potentially be useful in 
predicting the performance of the GPTAD and could 
possibly be used in optimising the design of the device. 
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7 Future Works 
The presented mathematical modelling is now being 

implemented to model and simulate different adhesion 
forces and a range of percentage arterial occlusions. In 
this future modeling include the systolic/diastolic pressure 
effects for case of arterial occlusion below 100% 
(including clot and plaque). 
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Abstract 

Purpose: 
Design and manufacturing of a customized surgical device composed by a cutting guide and 
a bone plate to guide osteotomies according to virtual pre-operative planning and support the 
following mandibular reconstruction. 

Method: 
Pre-operative computed tomography (CT) scan data of the pilot study (mandible affected by 
ameloblastoma) are elaborated to produce a virtual surgical plan including osteotomy sites, 
entity of bone resection and therefore reconstruction. STL files are produced for a cutting 
guide and a bone plate. The cutting guide and the bone plate of the device are finally 
constructed by Direct Metal Laser Sintering. 

Result: 
An innovative customized surgical device (cutting guide + bone plate) is finally developed to 
assist the two steps mandibular rehabilitation (resection and reconstruction). The surgical 
device is ready to use for surgery and do not need any further manual operations 
intraoperatively. 

Discussion & Conclusion: 
This pilot study using CAD-CAM customized cutting guides and reconstructive bone plates for 
mandibular rehabilitation may represent an innovative viable way to better reproduce the 
patient’s anatomical contour of the mandible. 

1 Introduction 
In the maxillofacial rehabilitation field, the mandibular 

continuity resection is often recommended for the 
treatment of extensive oral cancer or malignant 
mandibular tumors. The subsequent mandibular 
reconstruction can be performed either at the time of the 
resection or in a second step after an oncological follow-
up period. In both cases the stabilization of the resected 
stumps in the correct relative position is one of the key 
features to assure satisfactory functional and aesthetic 
results in the surgical intervention. For this function 
standardized metal bridging plates are usually used. 
However, these plates need to be manually bent and 
adapted intraoperatively or using anatomical biomodels 
manufactured by Rapid Prototyping (RP) technologies to 
obtain the final desired customized shape [1-3]. 
Therefore, the results of this time consuming step are 
operator dependent since the surgeons have to 
customize the bridging plates to the defect according to 
their own skill and experience. 

In the last decade, Rapid Prototyping (RP) has been 
widely used in many biomedical applications [4-7]. 
Combined with traditional Computed Tomography (CT) 
and Computer Aided Design (CAD) approaches, Additive 
Manufacturing (AM) technologies, such as Direct Metal 
Laser Sintering (DMLS) [8,9], can be used as tools to 
directly produce customized biomedical or surgical 
customized devices in a biocompatible titanium alloy. 

This paper reports the application of CAD/CAM based 
technologies for the innovative development of 
customized surgical devices to assist the two steps 
mandibular rehabilitation (resection and reconstruction) 
that are ready to use and do not need any further manual 
operations. In these development processes, different and 
alternative concepts of such customized products are 
provided according to the functional and aesthetic 
requirements of the surgical intervention. 

2 Materials and Methods 
The pilot study chosen is referred to a 55-year-old 

woman affected by an ameloblastoma in the left 
mandibular ramus. The patient was scheduled to undergo 
a complete surgical treatment consisting in the fully 
mandibular resection and in the following mandibular 
reconstruction. 

For this purpose, pre-operative CT scan data were 
used for the 3D reconstruction of the actual mandible and 
to allow the virtual pre-operative planning of the surgical 
intervention. An innovative two-component customized 
surgical device was elaborated according to the shape of 
the mandible and to the planned surgery. A cutting guide 
was developed to assist the resection step while a bone 
plate was developed to assist the reconstruction step. 
Finally, the components of the surgical devices were 
manufactured by DMLS in alloys suitable for biomedical 
applications. 
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The workflow for design and manufacturing a 
customized surgical device consists of cutting guide and 
bone plate is shown in Fig. 1. 

 

 
Fig. 1 Workflow of the process. 

2.1 Data acquisition and 3D reconstruction 

For the surgery treatment planning, the first step is 
perform a high-resolution computed tomography (CT) 
scan of the patient’s craniofacial skeleton. The pre-
operative CT data are saved as DICOM format and then 
processed using Amira 3.1.1 (Mercury Computer 
Systems, Chelmsford, MA, USA) that allows semi-
automatic 3D digital models by threshold-based 
segmentation, contour extraction, and isosurface 
reconstruction. This software is able to create, after 
setting a suitable threshold value, 3D virtual model of the 
mandible, so that the surgeon is able to simulate 
mandibular osteotomies (Fig. 2). The planes indicating 
position and orientation of the osteotomies are planned 
considering safety margins with respect to the region of 
the bone affected by ameloblastoma. 

 

Fig. 2 3D reconstruction of the mandible with the planes 

indicating position and orientation of the planned 

osteotomies with safety margins with respect to the region 

of the bone affected by ameloblastoma (see arrow). 

 

2.2 Design of the surgical device 

Since the surgical device is customized according to 
the shape of the mandible of the patient and to the 
planned surgery, it is not possible to identify a single 
representative model. Therefore, in the following sub-
paragraphs, the device is described by the functions that 
each of the two components (cutting guide and bone 
plate) is expected to play (with the featuring elements that 
ensure the proper function). Moreover, the mutual 
positioning on the mandible of the two components to be 
used in sequence during surgery is also described. 

The Computer Aided Design of the surgical device was 
provided by Rhino 4.0 (Robert McNeel & Associates, 
Seattle, WA, USA). 

2.2.1 Cutting guide 

The first component of the surgical device is the cutting 
guide for the surgical resection of the mandibular portion 
affected by ameloblastoma. An example of its application 
is illustrated in Fig. 3. 

 

 a 
 

 b 

Fig. 3 Design of the customized cutting guide placed on the 

patient’s mandible before (a) and after (b) the resection. 

As shown in Fig. 3, the cutting guide can be 
schematically decomposed into different functional 
elements. Tab. 1 lists the featuring elements of this 
component and the function they are expected to serve. 
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CUTTING GUIDE 

N. ELEMENT FUNCTION 

1 
Guiding 
planes 

To guide the surgeon to perform 
the osteotomies during surgery 

2 
Retention 
bar 

To maintain the connection of the 
resected stumps 

3 
Perforated 
plates 

To fix the component to the 
mandible of the patient 

4 
Reference 
elements 

To facilitate the correct positioning 
of the component on the mandible 

Tab. 1 Featuring elements of the surgical guide and the 
function they are expected to serve. 

A detailed description of the cutting guide is reported 
below. 

The component is provided with guiding planes (1) for 
the surgical resection of the mandible in relation to the 
position and orientation of the cuts identified by the 
surgeon during the virtual pre-planning of the intervention. 
These planes (1) are used intraoperatively to guide the 
osteotomies, allowing the head of oscillating osteotome to 
be supported during the surgical cut. 

The component has also a retention bar (2) to maintain 
the connection of the resected stumps and prevent any 
dislocation due to muscle tension after the mandibular 
continuity resection. Furthermore, the retention bar 
ensures the relative position between the guiding planes 
(1) according to the virtual pre-planning. This bar (2) is 
designed to remain at a suitable distance from the 
mandible so as to leave sufficient space for introducing 
the surgical instrument and perform the cut. This 
arrangement also allows a complete and correct view of 
the portion of the bone to be removed and reduces the 
risk of injury to any other anatomical structures to be 
preserved. 

The cutting guide is provided with both perforated 
plates (3) for fixing screws to the patient’s mandible and 
customized reference elements (4) which facilitate the 
correct positioning. The plates (3) should have at least 
two holes to ensure stabe fixing and prevent any rotation 
of the resected stumps after the bone ablation. The 
diameter of the holes is decided on the basis of the 
dimension of the screws chosen by the surgeon to fix the 
cutting guide to the patient’s mandible. 

The perforated plates and the customized reference 
elements (3+4) represent the contact area between the 
surgical guide and the mandible of the patient. Therefore, 
this part of the surgical guide (3+4) is designed to 
perfectly fit and adhere to the surface of the bone by 
thickening the outer surface of the 3D reconstruction of 
the mandible. 

Finally, the cutting guide can be considered as a whole 
composed by the four elements listed in Tab. 1 and 
related to each other in the following manner: the 
extremities of the retention bar (2), to whom the guiding 
planes (1) are connected, are joined to the perforated 
plates with the customized reference elements (3+4), as 
shown in Fig. 3. 

2.2.2 Bone plate 

The second component of the surgical device is the 
reconstructive bone plate for stabilizing the resected 
stumps with the function of supporting/containing the 
grafted material for the reconstruction of the previously 
resected part of the mandible. In particular this 

component can be designed in two different versions 
based on alternative concepts of mandibular 
reconstruction: 

1) Bone plate with supporting function of graft material 
2) Bone plate with containing function of graft material 
In the first case, the component serves to support free 

fibula flap, nowadays routine reconstructive method [10], 
or customized scaffold of hydroxyapatite HA, in the future. 
In the second case, it is designed to contain, for example, 
particulate bone. Both versions of such customized 
component are developed according to the functional and 
aesthetic requirements of the surgical intervention. 

An example of reconstructive bone plate with 
supporting function is shown in Fig. 4a while the version 
with containing function is shown in Fig. 4b. In both cases 
the customized component is placed on the mandible of 
the patient after the bone resection. 

 a 

 b 

Fig. 4 Design of the customized bone plate with supporting 

function (a) and with containing function (b). 

 
As shown in Fig. 3, the reconstructive bone plate can 

be schematically decomposed into different functional 
elements. Tab. 2 and Tab. 3 lists the featuring elements of 
the component for, respectively, supporting and 
containing the graft material, with the function they are 
expected to serve. 

 

Reference 
notches 
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BONE PLATE WITH SUPPORTING FUNCTION 

N. ELEMENT FUNCTION 

1 
Retention 
bar 

To maintain the connection of the 
resected stumps 

 
 To support the graft material for 

the mandibular recontruction 

2 
Perforated 
plates 

To fix the component to the 
mandible of the patient 

 
 To allow the correct positioning of 

the componenton the mandible 
with respect to the cutting guide 

Tab. 2 Featuring elements of the bone plate for supporting 
graft material and the function they are expected to serve. 

BONE PLATE WITH CONTAINING FUNCTION 

N. ELEMENT FUNCTION 

1 
Retention 
bar 

To maintain the connection of the 
resected stumps 

2 
Perforated 
plates 

To fix the component to the 
mandible of the patient 

 
 To allow the correct positioning of 

the componenton the mandible 
with respect to the cutting guide 

3 
Grid To contain the graft material for the 

mandibular recontruction 

Tab. 3 Featuring elements of the bone plate for containing 
graft material and the function they are expected to serve. 

The component with supporting function, as shown in 
Fig 4a, is composed by a perforated retention bar (1) and 
perforated plates (2) at the extremities of the bar. 

The retention bar (1) maintains the connection 
between the resected stumps and also carries out the 
function of supporting the graft material for the 
reconstruction of the previously resected mandibular 
ramus. The bar (1) presents a series of holes with a 
diameter selected according to the dimension of the 
screws chosen by the surgeon to ensure proper 
attachment of material to use for the bone regeneration. 
Moreover, the bar (1) is designed to perfectly reproduce 
the ideal patient’s anatomical mandibular contour and 
thereby enable correct reconstruction from a functional 
and aesthetic point of view. 

The component is also provided with perforated plates 
(2) for fixing screws to the mandible of the patient.  

As previously stated for the cutting guide, the plates (3) 
of the bone plate should have at least two holes to ensure 
stabe fixing with the diameter chosen according to the 
screws used by the surgeon to fix the device to the 
patient’s mandible. 

The perforated plates (2) at the extremities of the bar 
represent the contact region between the structure and 
the patient’s mandible. This part of the structure (2) is 
then designed to perfectly fit and adhere to the surface of 
the mandible, as previously described for the 
corresponding elements of the cutting guide. Moreover, 
the extremities of this bone plate are also designed as 
complementary contact surfaces of the extremities of the 
cutting guide, as described in the next paragraph. 

Finally, the reconstructive bone plate can be 
considered as a whole composed by the two 
characteristic elements listed in Tab. 2. In particular, the 
extremities of the component are the perforated plates (2) 
for fixing to the patient’s mandible, while the central part 

of the component is the retention bar with supporting 
function (1). Although the component appears as a single 
element, it is necessary to identify and delimit the two 
characteristic elements from a functional point of view. 
Therefore, appropriate reference notches are also added 
for this purpose. 

For what concern the bone plate with containing 
function, as shown in Fig. 4b, a third reticular grid element 
is added with respect to the previous design. In particular, 
in the central part of the component there is a container 
(3) that really acts as a containment of the graft material. 
This container (3) is designed to perfectly follow the shape 
of the mandibular ramus and to ensure a correct 
reconstruction from a functional and aesthetic point of 
view. The container has a reticular structure to facilitate 
the proper blood supply to the graft material for the 
process of bone regeneration. In this case, the array of 
holes along the retention bar (1) is not necessary, since 
there is no need of fixing any graft material by means of 
screws. 

This version of reconstructive bone plate can be 
designed with a closed container, as shown in Fig. 4b (so 
that the filling of the graft material must be made by the 
two open extremities of the grid prior to the placement on 
the mandible) or with a container opened on the buccal 
side over the retention bar (so that the filling of the graft 
material can be made through the opened side also after 
the positioning on the mandible). 

2.2.3 Mutual positioning 

The mutual positioning of the two customized 
components of the surgical device to be used in sequence 
during surgery is essential to ensure correct 
correspondence between the mandibular resection and 
the following reconstruction. 

This function is provided by the following approach. 
 

 

Fig. 5 Mutual positioning between the two components of the 

device for the use in sequence during surgery 

(reconstructive bone plate with supporting function). 

 

Positioning of 
the cutting guide 

 

 

 

Positioning of 
the bone plate 

Removal of the 
cutting guide 
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Fig. 6 Mutual positioning between the two components of 

the device for the use in sequence during surgery 

(reconstructive bone plate with containing function). 

The reconstructive bone plate (either with supporting 
or containing function) is inserted when the cutting guide 
is still on and fitted to it in order to ensure the proper 
positioning. In particular, the perforated plates for fixing 
the bone plate are designed to fit perfectly with the 
corresponding perforated plates of the surgical guide, 
since they are designed having complementary contact 
surfaces (Fig. 5 and 6). 

 
The sequence of steps is the following: 
a) Positioning of cutting guide (and bone resection) 
b) Positioning of bone plate 
c) Removal of cutting guide 

2.3 Manufacturing of the surgical device 

Then, the components of the customized surgical 
device for mandibular rehabilitation (cutting guide and 
bone plate with both supporting and containing function) 
were directly manufactured using an EOSINT M270 
machine (EOS GmbH - Electro Optical Systems -, 
Munchen, Germany). The working principle of this 
machine is based on Direct Metal Laser Sintering (DMLS) 
approach by fusing metal powder into a solid part and 
melting it locally using a focused laser beam. As usual for 
additive manufacturing technologies, the components are 
built up additively layer by layer. 

The material used to produce the cutting guide was 
EOS CobaltChrome MP1, a multi-purpose cobalt-chrome-
molybdenum-based superalloy powder which has been 
optimized especially for Direct Metal Laser-Sintering 
(DMLS) on EOSINT M systems. 

The material used to produce both version of the bone 
plate was EOS Titanium Ti64, a pre-alloyed Ti6AIV4 alloy 
in fine powder form with excellent mechanical properties 
and corrosion resistance combined with low specific 
weight and biocompatibility. This material fulfil the 
requirements of ASTM F1472 regarding maximum 

concentration of impurities and is particulary suitable for 
the production of biomedical implants. 

The cutting guide and both version of the bone plate 
were finally delivered for the sterelization process before 
surgery (Fig. 7a,b,c). 

 

 a 

 b 

 c 

Fig. 7 Components of the customized surgical device: 

CobaltChrome cutting guide (a), titanium bone plate with 

supporting function (b) and titanium bone plate with 

containing function (c). 

Moreover, the actual mandible of the patient  was also 
directly manufactured using a 3D Dimension Soluble 
Support Technology (SST) machine (Stratasys, Eden 
Prairie, MN, USA). The working principle of this machine 
is based on Fused Deposition Modeling (FDM) of 
acrylonitrile butadiene styrene (ABS) and soluble support 
material to sustain the prototype under construction. By 
this Rapid Prototyping process models are built up layer 
by layer with two available filling options: solid and sparse. 
In the first case, each section of the model is completely 
filled with ABS material (solid fills are stronger and 
heavier). In the second one, the interior part of the model 
is replaced with a honeycomb structure (sparse fills are 
weaker and lighter). 

The biomodel was directly prototyped choosing the 
sparse fill option to save material and speed up the build 
session. The process was finished by washing the models 
in an agitation system with a hot soapy water bath to 
remove all the support material for hands-free models 
completion. 

The ABS prototyped model of the mandible was used 
by the surgeons to gain a better understanding of the 
surgical intervention and to test and validate the 

Positioning of 
the cutting guide 

 

Positioning of 
the bone plate 

Removal of the 
cutting guide 
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developed customized surgical devices before surgery 
(Fig. 8). 

 

 

Fig. 8 Try-in of the CobaltChrome cutting guide on the ABS 

biomodel of the mandible before surgery. 

3 Discussion 
Before the clinical validation of this CAD/CAM 

customized surgical device, some points can be anyway 
focused: 

1) By using the customized cutting guide, the resection 
step may be simplified since this component allows 
perfectly transferring the planned osteotomies into the 
surgical environment with the correct safety margins. 

2) Compared to traditional mandibular reconstruction 
operating time is reduced since it is time was not spent for 
bending a commercial bone plate intraoperatively. 

3) By using the customized bone plate (either with 
supporting or containing function), the reconstruction step 
may be improved since this component allows exactly 
restoring the original mandibular contour of the patient 
into the surgical environment. 

4) Cost of design and manufacturing of the customized 
surgical device should be as low as possible compared to 
the plates commercially available that need to bended 
and adapted to the morphology of the patient. 

6) The time elapsing between the surgical planning 
and the delivering of the customized device ready to use 
for the surgery should be as short as possible, for 
avoiding variations of the pre-operative clinical conditions 
of the patient. 

5) Further investigations are anyway necessary to test 
the mechanical properties of the customized titanium 
bone plate compared with the plates commercially 
available and currently used in reconstructive surgery. 

4 Conclusion 
This pilot study using CAD-CAM customized cutting 

guides and reconstructive bone plates for mandibular 
rehabilitation may represent an innovative viable way to 
better reproduce the patient’s anatomical contour of the 
mandible. 

By the first surgeon’s feedbacks, the innovative design 
and the direct manufacturing of such customized surgical 
devices for mandibular resection and reconstruction may 
improve the precision and reduce the time of the surgical 
intervention for patients undergoing mandibular 
rehabilitation. 
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Abstract 

Purpose 

Prosthetic materials and bone present quite different mechanical properties. Consequently, 
the condyle reconstruction with metallic materials modifies the physiological behaviour of the 
mandible. 

Method 
A validated finite element model (FEM) was used to evaluate the natural mandible strains 

and the condyle displacements. Modifications of strains and displacements were then 
assessed for two different temporomandibular joint implants. 

Result 
FEM made it possible to verify the worst loading configuration for the mandibular condyle. 

Replacing the natural condyle by one of the two implants, the results also demonstrated the 
importance of the implant geometry concerning the mandible behavior. The implant geometry 
and stiffness influence mainly the strain distribution. 

Discussion & Conclusion 
The different forces applied to the mandible by the elevator muscles, the teeth and the 

joint loads, point out that the FEM constitutes a relevant tool to optimize implant geometry or 
to choose a more suitable distribution of the surgical screws.   

1 Introduction 

According to international registers, more than 25% of 
the population suffer from diseases of the 
temporomandibular joint (TMJ) [1]; only 5% require any 
management and of that 5%, only 3-5% require invasive 
management [2-3]. Different TMJ prostheses offer oral 
surgeons clinical options; unfortunately some of these 
options lead to too many failures in a short time.  

Studies of recent TMJ prostheses [1-4-5] point out that 
the occlusion corrections deliver to the patient an obvious 
psychological and physical comfort when the inter-
incisors opening almost reach twenty millimeters. On the 
other hand, Karray [6] point out different cases of failures 
that sometimes require additional surgical procedures: 
  Inflammatory phenomena can arise and then 

persistence of pain reveals a bad osteointegration 
(screws) consequently accompanied by implant micro 
displacements with respect to the bone [7], 

  Prosthesis fracture (rare) can happen near a surgical 
screw, in a sharp variation of the implant section 
where stresses tend to concentrate, 

 Bone connection fracture corresponds to a too high 
intensity of the loads exerted on the mandible condyle 
or/and to an insufficient number of screws. 

These complex problems cannot be just handled by 
one medical discipline [8]. The bases for the design 
principles involved in articular prostheses will be derived 
from a mechanical model of the joint. If the knowledge of 
mechanical and biological material properties increases 
continuously, a prosthesis design must take into account 

complementary data characterizing the bone and the 
implant loads. To reduce the effect of stress shielding, a 
good control of the strain pattern in the mandible bone is 
necessary to promote the connection (fig.1) and a positive 
stimulus for the continuous process of bone remodelling 
to integrate the structure. 

  

Fig.1 TMJ prosthesis. 

Unlike prosthetic materials, the mandible is a defor-
mable flexible body presenting at its ends a shock 
absorber cartilage. According to the materials and the 
geometries, the prosthesis bars, the osteosynthesis plates 
or the screws and bone cements are 10 to 20 times stiffer 
than bone. An osseous segment with such devices can 
loose most of its mechanical properties [8]. Between the 
rigidified zone and the flexible bone, the sector is subject 
to high stress concentrations; the fracture risk near the 
prosthesis end increases. In the same way, a too well 
fixed osteosynthesis plate absorbs most of the stresses to 
which the bone would be naturally subjected, the cortical 

gr
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bone, being put at rest, loses its characteristics and tends 
to become cancellous. Thus, after an equipment ablation, 
the loading should be increased progressively to avoid a 
fracture and to correct the effect of stress shielding. 

This paper aims to build a tool to study the junction 
between the mandible and an inert material plate that 
simulates a condyle implant. In a first step, it describes 
the mandible strains under physiological loads using a 
FEM. Simulations allowed defining the worst boundary 
conditions for the condyle and the associated mandible 
behaviour [9]. In a second step, two different plates were 
successively screwed on one of the mandible ramus. The 
FEM is then used to determine the strains in the plates 
and around the screws; the modified mandible strain 
patterns and mandible displacements are compared to 
point out the influence of the plate geometry. 

2 Method and materials 
This section presents the elaboration of the mandible 

FEM, the two tested condylar implants and the 
determination of the muscular actions. 

 

   

Fig.2 Mandible and implants. 

2.1 Finite element model 

As FEM are important tools to determine the behavior 
of complex structures, the model used in the present 
study has been previously validated [8-9].  

2.1.1 Mandible finite element model 

The bone geometry was derived from CT scan images 
of a synthetic mandible (fig.2) presenting a natural 
geometry (Sawbones Europe AB, model 1337-1). These 
images were obtained using a CT scan with a 0.5mm 
resolution and 5mm spacing between sections. The 
construction of the model was made using a CAD 
software (Solidworks 2008). The FEM was constructed in 
Hyperworks 8RS1 and runs performed on MSc MAR 
solver. 

The mandible FEM contained more or less 70000 
tetrahedral linear elements with four nodes and 51000 
degrees of freedom DOF (fig.3). It was supposed that the 
teeth had little influence on the mandible behaviour and 
particularly on the condyle behaviours. This hypothesis 
was validated with an experimental study [8-10] that also 
validated the boundary conditions applied on the FEM. 
For the convergence tests, the maximal displacements 
and the maximal equivalent strains were assessed in the 
regions were the rosettes of the experimental device were 
placed [8]. The convergence rate for the displacements 
and the equivalent strains was reached for a mesh of 
more or less 25000 DOF [11]. 

      

Fig.3 Finite element model and implants. 

Fig. 4 presents the boundary conditions. A fixed point 
of contact was considered for the right condyle i.e. the 
three rotations of the mandible bone remained possible. 
The left condyle presented one point of contact on the 
reference frame i.e. two translations and the three 
rotations of the bone remained possible. The simulations 
took into account the mandible mechanical properties 
supplied by Sawbones: Young’s modulus 260MPa and 
Poisson’s coefficient 0.3. The muscle forces were always 
applied on the same insertion zones with the same 
directions [11]. These insertions and directions had been 
registered from four cadavers and set on the FEM. 

To simulate the bite contact, a point was considered on 
three different teeth successively: 31, 34 and 36 (fig.4). 
For each of these three positions, two different inter 
incisor apertures, 5 and 15mm, were considered.  

 

Fig.4 Boundary conditions. 

2.1.2 Implant finite element models 

The two implants, fixed on the left side of the jawbone 
were the Christensen implant (CI) and an implant model 
(IM) especially designed for the study (fig.2). Christensen 
prosthesis has been widely presented and analyzed in 
other research studies [1-4]; IM has been described in 
previous studies [9]. CI and IM present the same fixation 
idea, a plate with holes. These holes were used to fix the 

Sawbones mandible (up) 

Christensen implant CI (left) 

Implant model IM (down) 

 

z 
x 

y 
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implant on the lateral external face of the bone using 
screws. The different geometries and thicknesses of CI 
and IM influence the overall stiffness. CI presents a 
double row of holes or screw positions and is thicker than 
IM that presents only one row of holes. 

The implant CAD models were constructed using a 
CAD software (Solidworks 2010) [8-9]. The material 
considered for the condylar prosthesis was a cobalt-
chrome alloy [12] (Young’s modulus 210GPa and 
Poisson’s coefficient 0.3). 

The implant positions with respect to the mandible and 
the screw positions were defined using a maxillofacial 
surgeon support. The screws made of a cobalt-chrome 
alloy and simulated as rigid elements. As in a real 
situation, four screws were implanted to fix CI (fig.3). IM 
was also fixed with four screws. In both cases, the first 
hole that was near from the bone limit after a too large 
resection was not used not to break the bone. 

2.2 Muscular actions 

During an inter dental loading the mandible is submit-
ted to the actions of gravity, of the jaw opening muscles 
and jaw closing muscles, of the external inter dental load 
and of the two elementary joints, left and right [8-10]. It 
was necessary to evaluate the elevator actions with 
respect to bite forces i.e. the external loads. Five elevator 
muscles were considered here: deep and superficial 
masseters, pterygoid, anterior and medial temporal. 

The interdental loads were recorded using a sensor 
which also allowed adjusting the mouth aperture. To 
compare six different configurations, this sensor was 
successively located on the incisive 31, the premolar 34 
and the molar 36 to determine the bite forces exerted on 
the mandible for two inter incisor distances, 5 and 15mm. 

In vivo electromyography and MRI images contributed 
to quantify the force intensities when the mandible was 
loaded. Under isometric conditions, during a voluntary 
contraction, when almost all the muscle fibers are 
recruited, the muscular tension can be expressed by eq.1, 

 F muscle = (S max x K / EMGr max) x EMGr (1) 

Consequently it is possible to know: S max, the area of 
the muscle main section, EMGr max and EMGr, the 
electromyographic signals and K, the variable coefficient 
depending of the studied muscles [13]. Tab. 1 presents 
the mean values of the muscular tension obtained with 
the cooperation of four volunteers. 

Position Aperture 
Deep 
Mas. 

Sup 
Mas. 

Ptery. Temp. 
Ant. 

Medial 
Temp. 

31 5 54.3 163.2 178.7 7.3 2.2 

34 5 41.8 87.3 89.4 39.9 17.8 

36 5 48.70 100.9 161.4 78.3 32.7 

31 15 58.9 174.7 187.8 11.3 9.4 

34 15 55.4 89.3 140.5 41.4 19.4 

36 15 73.7 114.7 29.8 75.5 38.3 

Tab.1 Muscular forces. 

3 Results and discussion 

The first results point out the influence of the loaded 
teeth and of the inter incisor apertures. Displacements 
and strains were compared for an intact mandible and 

mandibles implanted with CI and IM implants. A line of 
points of control (fig.5) was defined on the mandible 
external surface starting from the right condyle towards 
the left one. 

  

Fig.5 Points of control. 

3.1 Sensor positions and apertures 

The FEM was firstly used to simulate the intact 
mandible displacements in the x and y-directions for two 
inter incisor apertures (5 and 15mm) and for each of the 
three teeth loaded (31, 34 and 36). The boundary 
conditions were maintained for all simulations, for the 
intact and implanted mandible.  

For both apertures, the worst situation corresponds to 
position 31. The x-displacement reaches 1.4mm for a 
15mm-aperture and increases to 2mm for a 5mm-
aperture. Displacements of the controlled points in the y-
direction are almost symmetrical compared to the sagittal 
plane. It can also be pointed out that in the x-direction; the 
largest displacements of the contact point correspond to 
position 31 for the two tested apertures.  

The displacements in the z-direction remain always 
lower than 0.6mm; position and inter incisor aperture have 
no significant influence on the results. In conclusion, 
position 31 is the most critical with regard to the 
mechanical actions on the condyles. 

3.2 Implant geometries 

The influence of implant geometrie in presented in 
fig.6. Fig. 6a represents the displacements in the x-
direction for the intact mandible and for the mandible 
equipped with CI and IM in the worst situation, sensor in 
position 31 and a 5mm-aperture. 

In the x-direction the mandible displacements and the 
global mandible behaviour are unchanged except near the 
implant zone. IM has lower influence on the left condyle 
displacement than CI that rigidifies the left ramus. The 
relative difference remains under 5% for CI and under 
15% for IM, which presents higher stiffness. Both implants 
rigidify the mandible near the implanted condyle.  

The main influence is present along the y-axis (fig.6b). 
IM stiffness only affects the behavior (about 21%) in the y-
direction and has a light influence (less than 5%) in the 
other directions. IM presents a lower stiffness than the 
intact mandible in the y-direction and has influence on 
both mandible ramus. Displacement on the right side 
increases while it decreases on the left side. Along the y-
axis, the mandible equipped with CI and the intact 
mandible present similar behavior. CI stiffness in the y-
direction is similar to the intact mandible stiffness and has 
no influence on the mandible behavior.  
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Simultaneously, in the y-direction, fig.6b points out a 
larger displacement around the end point, near the cut 
plane with IM; the displacement of the implant with 
respect to the bone can increase. This micro mobility can 
affect the bone integration around the screws and 
promote fibrous tissue to grow. This fact may be the 
cause of the connection failure [14]. 

The two implants CI and IM have similar influences on 
the mandible behaviour in the z-direction (fig.6c). Both 
only affect the behaviour of the left ramus, around 30% 
for CI and 20% for IM comparatively to the intact 
mandible. CI has a smaller influence due to its stiffness. It 
seems then important to adjust the implant stiffness not to 
modify the occlusion.  

 

6a. Displacements in the x-direction. 

 

6b. Displacements in the y-direction. 

 

6c. Displacements in the z-direction. 

Fig.6 Displacements of the points of control. 

3.3 Mandible strains 

This simulation corresponds to the worst situation, 
contact in position 31 and aperture of 5mm. The 
equivalent Von Mises strain patterns for the intact 
mandible and implanted mandibles with IM and CI point 
out that as the implant stiffness increases, the strain level 

in the jawbone increases as well as in the ramus. The 
maxima strain reaches 2.1 104 µstrain with CI and 1.8 104 

µstrain with IM that presents a lower stiffness.  

The number of screws used to fix IM comes from its 
flexibility; the mandible deformation is localized around 
each screw. This implant has only one line of screws and 
therefore does not resist to the torsion moment that 
increases stress concentrations. CI stiffness generates an 
important deformation area on the mandible; the position 
of the screws is thus not determining (fig.7). 

The highest strain in the condyle area is of compres-
sive nature. Fig. 7 represents minimum strains. With IM 
the strain remains close to that reached with the intact 
mandible. With CI, the value of the peak stress is doubled 
when compared to the peak strain provoked by IM. 

 

 

 
 

 
 
 

 

Fig.7 Minimum strains distribution. 

4 Conclusions 
The worst situation for the condyle corresponds to a 

5mm-aperture when the incisor 31 is loaded. The results 
point out the influence of the stiffness of the two implants, 
CI and IM. 

In the x-direction, the global mandible behaviour is 
unchanged for either the CI or IM. The main influence 
occurs near the condyle in the y-direction; CI and IM have 
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different area sections. CI has a minimum area section of 
33.6mm2 with a 3mm-thickness and IM has an area of 
13.6mm2 for a 1.5mm-thickness). In the z-direction the 
behaviors are similar.  

Equipped with IM the behaviour of the mandible is 
almost unchanged. On the other hand, this implant with a 
lower stiffness and with only one line of screws can 
present more mobility and promote fracture close to the 
condyle, near the first hole after a high number of fatigue 
cycles. These screws do not offer enough resistance to 
the torsion moment. 

The two lines of screws used to fix CI induce more 
load transfer to the bone and the compression strains 
increase in the ramus. 

The mandible FEM is suitable to simulate and 
investigate the mechanical effects of the implants on the 
bone and on the connection with the jawbone. One of the 
objectives is to reduce the micro mobility that can affect 
the bone integration mechanism. 
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Abstract 

Purpose: 
Development of procedures aimed at assisting lens designer when RGP lenses are to be 
prescribed to a patient. 

Method: 
Procedures have been partly developed and partly adapted, (i) to choose the most suitable 
lens shape category for a specific visual defect, and (ii) for determining lens geometrical 
parameters. In some cases lens designer is asked to choose among two alternatives. 

Result: 
The program covers all the more widespread lens categories and is ready for testing by the 
potential users. 

Discussion & Conclusion: 
This work originates from the objective of reducing the number of trials before the definitive 
lens is produced. The initial idea to develop a dedicated CAD/CAM system is at the moment 
in standby, as lens manufacturers distrust optician solutions.   

1 Introduction 

The work presented is part of package aimed at improving the 
actual procedures for designing and manufacturing rigid gas 
permeable (RGP) contact lenses. 

RGP contact lenses are a niche in the field of contactology. They 
are actually a newer technology than soft lenses and represent 
the natural evolution of rigid lenses, thanks to the availability of 
new and more suitable materials. They are similar to rigid lenses 
with whom they share a low tendency to absorb liquids, but 
transmit more oxygen to the eye than do traditional soft contact 
lenses (although some newer silicone hydrogel soft lenses are 
comparable to RGPs in oxygen transmission). RGPs can also 
provide better vision, durability, and deposit resistance than soft 
contact lenses. On the other hand, soft lenses are instantly 
comfortable to wear, while RGPs require an adaptation period 
before they can be comfortable. 

RGPs are frequently the answer for people who do not obtain 
acceptable vision with soft lenses. This includes: 

- Individuals who are very fussy about the quality of their 
vision. 

- Some people with astigmatism for whom soft contacts do 
not produce the desired visual acuity. 

- People with presbyopia, because RGPs come in numerous 
bifocal and multifocal designs. Different bifocal designs work 
well for different people, so having many choices is a real 
plus. Also, many people find that the best combination of 
near and distance acuity is obtained with RGP bifocals. 

- People who have a condition called keratoconus, where the 
cornea is cone-shaped and causes extreme visual distortion 
[1]. 

 In Italy opticians, less frequently ophtalmologists, are the 
designers; then lenses are manufactured at specialized 
companies through turning operations on dedicated lathes and 
lapping to reduce surface asperities. 

2 Lens morphology 

 

Fig. 1 A cross section of a contact lens (adapted from [2]). 

Before describing the tools currently used to select lens shape 
and dimensions, it is opportune to introduce the way a lens is 
structured. Both the inner and the outer surfaces are divided in a 
central part, called respectively Back Optic Zone (BOZ) and Front 
Optic Zone (FOZ), and a periphery, inner and outer flanges. The 
optical zones are responsible for the quality of vision, while the 
inner flanges must assure (i) a stable lens support on the cornea 
surface, (ii) an acceptable tear film turnover between lens and 
cornea and (iii) an easy lens lifting. At the same time, the lens 
thickness at the edge should not interfere with the natural eye 
blinking. 

In Fig. 1 both the IOZ and the OOZ are described by a single arc 
of a circumference. On the external surface there is only one 
flange, while two flanges compose the inner periphery. 

3 Cornea analysis 

Lens design starts from analysis of the patient cornea; since the 
cornea is normally responsible for some 70% of the eye's 
refractive power, its topology is of critical importance in 
determining the quality of vision. To this aim, an ophtalmometer 
or a topographer could be used. Both tool categories take 
advantage of the cornea reflective capability.  
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The former tool is more widespread, due to its usage simplicity 
and lower cost. Through a zoom of the cornea, it allows a 
circumscribed measurement of the central area through which it 
is possible to measure cornea curvature along a specific 
meridian, as if it were an arc of a circumference. To some extent, 
it is also possible a direct measurement of the dioptric power of 
the cornea. Since an ophtalmometer gives an approximate 
description of the cornea shape through few geometrical 
parameters, it is a more appropriate tool to deal with regular 
cornea shapes.  

When the cornea is affected by local defects or it is characterized 
by an irregular shape, an ophtalmometer is no longer suitable to 
determine the cornea profile and a topographer is a better choice 
because it makes it possible to know in detail the thorough 
cornea topology. A computer provides the necessary analysis, 
typically determining the position and height of several thousand 
points across the cornea. The topographical map can be 
represented in a number of graphical formats, such as a sagittal 
map, which color-codes the steepness of curvature according to 
its dioptric value [2], an example being given in Fig. 2.  

 

Fig. 2 An example of a sagittal map [3]. 

A very useful aid to define an appropriate lens shape is 
fluorescein eye stain. This is a test that uses orange dye 
(fluorescein) and a blue light, originally introduced to detect 
foreign bodies in the eye. When a test lens is put on the cornea, 
this test makes it possible to determine where the lens is in 
contact with eye and, to some extent, the thickness distribution of 
the tear film between lens and cornea.  

4 Previous activities 

In this paragraph steps that preceded the work presented are 
quickly sketched, because they are considered useful for a better 
comprehension of the environment. 

- A questionnaire was sent to nearly all Italian RGP lens 
manufacturers. Those companies are all equipped with 
CNC lathes for lens manufacturing, but they usually do not 
develop NC programs; instead they use a set of parametric 
programs, at each one being associated a lens category. 
Opticians are forced to ask only for lenses which are within 
one of categories, otherwise the lens shape must be 
changed. 

- The next step was conditioned by a few pieces of 
information relevant to the optician category which is 
opportune to highlight. Most opticians are equipped with 
ophtalmometers, they usually do not have a deep 
informatics knowledge and cannot invest much money to 
buy commercial packages.  

- The first aim was the development of a CAD/CAM tailored 
for RGP lenses, in such a way that an optician could send 
to a manufacturer a file intelligible by the lathe numerical 
control. As the numerical controls of the lathes for lens 
manufacturing utilizes proprietary languages, no commercial 
postprocessors are available for them. In addition, lens 
shapes are simple, therefore a commercial CAD system 
would be heavily underutilized. From the above 
consideration derived the idea of developing a CAD/CAM 
system from scratch.  

- Java was chosen as the programming language because (i) 
it is free, (ii) a large number of libraries are available, (iii) in 

internet it is easy to find information and suggestions and 
(iv) it is possible to develop user-friendly user interfaces.  

- A CAD/CAM system has been partly developed [4], its main 
lack being a preprocessor suitable for lathe numerical 
controls. Aimed at developing a preprocessor and at testing 
it, several lens manufacturers were contacted, but the choral 
answer was that they do not want to produce lenses as 
opticians ask for. It seems that opticians are considered 
unable to design lenses.  

As a consequence of the above point, it was decided to develop 
a computer program to assist opticians in the lens designing 
activity. The program is divided into two sections. The main part 
is aimed at supporting a lens designer in deciding the suitable 
lens category, depending on the eye shape, and in determining 
lens dimensions. Afterwards, the fluorescein eye stain is 
opportune, to verify decisions correctness. The latter part of the 
program can only be used when an optician is equipped with an 
ophtalmometer and is aimed at simulating the fluorescein eye 
stain, so that the patient only need to wear few  test lenses, just 
to tune the choice. 

5 Procedures for lens design 
The following procedures are to be intended as an aid for the lens 
designers who are only equipped with an ophtalmometer. This 
tool analyses cornea cross sections to obtain (i) the apical radius 
and (ii) the p-value, also called shape factor which, in the general 
equation to all the conic sections, is given by Baker’s equation [5] 
as: 

 2 2

02y r x px2 2

022 22 2y r x px02  (1) 

where y is the semi-chord, r0 is the apical radius and x is the sag  
of the section. Cornea cross sections are typically ellipsoidal and 
it is possible to identify two of them characterized by the largest 
and the smallest apical radius, conventionally called the flat and 
the steep meridians.  

From a geometrical point of view, the simplest lenses are 
spherical. It means that on a cross section a lens is described by 
a small number of circumference arcs, like the one in Fig. 1, and 
it is axisymmetric. In addition, all centres of curvature lies on the 
optical axis. It has been assumed that when the corneal 
astigmatism is below 2 dioptres a spherical lens is well supported 
by the cornea, that is to say there is a stable contact along a 
whole annulus without excessive cornea deformation.  

The second situation taken into account by the program is 
relevant to corneas which underwent a radial keratotomy surgical 
intervention. In such interventions corneas are heavily flattened, 
therefore it is better to choose different conic profiles instead of 
circular ones for contact lenses (aspheric lenses). 

When the corneal astigmatism is over 2 dioptres, an 
axisymmetric lens is no longer suitable to be coupled with such a 
cornea and it is necessary to choose a toric lens which, on an 
axial section is elliptic. 

At the moment no procedures have been determined for lens 
designing when a cornea is affected by keratoconus. 

5.1 Spherical lenses 

To begin the procedure, the necessary data are the apical radius 
and the shape factor of both the flat and the steep meridians. To 
warrant lens centring, it is necessary to analyse the distance 
between eye lids; the 3 possible configurations are shown in Fig. 
3. The procedure can deal with 2 possible fitting philosophies, 
“interpalpebral fitting” and “lid attachment”. The latter indicates 
that the lens is partly below at least one lid; this choice is 
preferred when lids partly cover cornea, as in the first and the 
second configurations of Fig. 3 [6]. Obviously the lens must be 
quite thin at the edge. 



739

L. D’Angelo, M. Rizzi A CA system for RGP contact lens design 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

 

 

Fig. 3 Possible lid configurations. 

Once the fitting strategy has been chosen, it is possible to 
choose the lens diameter (Total Diameter = TD). Please refer to 
Fig. 1 to see the main geometrical parameters of a contact lens.  

The BOZ dimensions are defined starting from the radius of  
curvature of the flat meridian. The BOZ diameter (BOZD) is 
chosen in such a way that the lens touches the cornea along the 
flat meridian, in the lens area between the BOZ and the first 
flange, as sketched in Fig. 4. 

 

Fig. 4 A possible contact configuration between lens and 

cornea. 

The BOZ radius of curvature (BOZR) is calculated in such a way 
that an adequate Tear Layer Thickness (TLT) is between lens 
and cornea at the cornea apex, so that cornea is always wet. The 
user is asked to choose a value for  TLT are between 0.015 and 
0.025 mm. Obviously, the BOZR must be compatible with the 
BOZD, and is determined according to the following [7]: 
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Where s1,FLAT is the BOZ sag at BOZD/2 distance from the optical 
axis. 

To begin the design of the peripheral back surface, the number 
of flanges, between 1 and 3, is suggested as a function of TD, 
but user is allowed to change it. Then the user must specify the 
Axial Edge Lift (AEL) of a lens, which is the distance between 
lens and eye at the lens edge. This distance is necessary to 
make easier lens removing from an eye and is shared among 
flanges in such a way that flanges closer to the optical axis gives 
a higher  contribution. For instance, in the case of 3 flanges, the 
suggested share is, as follows [8]: 

- AEL1 = 50% 
- AEL2 = 33% 
- AEL3 = 17% 

In addition, the program suggests the increments between 
diameters of adjacent flanges, so that the geometrical definition 
of the flanges is possible. 

At this point a user is allowed to verify the distance distribution 
between lens and cornea by means of a graphic where the 
cornea profile is rectified. Fig. 5 shows 2 of such distributions 
referred to the flat (left) and to the steep (right) meridian. The 
cornea profile is supposed to coincide with the horizontal axis, 
while the red lines represent lens profiles. As previously planned, 

the lens only touches the cornea on the flat meridian, at the point 
between the BOZ and the first flange, because the cornea is 
supposed perfectly rigid, which is not true. As ophtalmometers do 
not give information on the whole cornea shape, the implied 
hypothesis is that the geometrical information of the cornea apex 
can be extended to the whole surface. Only when a user is 
equipped with a topographer, graphics in Fig. 5 give reliable 
information. 

 

Fig. 5 Distance distributions between cornea and lens on the 

flat (left) and steep (right) meridians. 

The front profile of a lens is determined by both its back profile 
and the required optical power, because the difference between 
the BOZR and the FOZR determines the optical power of a lens, 
once the refraction index of its material is known. As no other 
requirements must be satisfied by a front surface, its profile could 
be a single arc of circumference. 

When a high power is required, either positive or negative, a too 
thick lens would result at the apex or at the edge; as a 
consequence, in both cases a double curvature of the forward 
profile helps in reducing lens largest thickness. We speak of 
positive or negative power lenticulated lenses depending on the 
front surface resulting concave or convex, as shown in Fig. 6. 

 

Fig. 6 Cross sections of positive (left) and negative (right) 

power lenticulated  lenses [2]. 

The program suggests a positive power lenticulated lens design 
when the required Back Vertex Power (BVP) is below -5.00 
dioptres and a negative one when BVP must be over -2.00.  

Once defined the general shape of the front profile, its design 
begins deciding the lens thickness at its apex. The generally 
accepted smallest value is 0.15 mm, but an increment is 
suggested depending on the oxygen permeability (Dk) of lens 
material and on the dioptric toricity of a lens. 

In case of lenticulated lenses, the FOZD must be decided. No 
suggestions were found; an analysis of a lens shape DB allowed 
to determine that (i) the FOZD is less than BOZD of 0.5-1.6 mm 
and that (ii) the difference increases together with BOZD. Another 
parameter to be chosen with lenticulated lens is the edge 
thickness, whose default value is 0.08 mm. 

5.2 Aspherical lenses 

Under this general term a number of axisymmetric lens 
categories are collected, all being oriented to follow cornea shape 
more accurately than spherical lenses. Aspherical lenses are 
sometimes chosen for higher comfort or better lens centring, but 
they often become necessary when a cornea has been heavily 
flattened by a radial keratotomy surgical intervention. 
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The program assists a user in designing 3 categories of 
aspherical lenses:  

- offset continuous bicurve, 
- polynomial and 
- fully aspherical lenses. 

Moving along the above list from the first item to the third, 
freedom increases to design a lens more faithfully tailored for a 
specific eye.  

As the procedure for design of spherical lenses is used whenever 
possible, only those steps which are different will be presented. 

 

Fig. 7 Cross sections of an offset continuous bicurve lens 

[2] . 

Fig. 7 shows a cross section of an offset continuous bicurve lens. 
It differs from a spherical lens as the peripheral back profile is still 
an arc of circumference, but its centre is no longer on the optical 
axis. 

Once defined the Back Optical Zone and the lens Total Diameter, 
the offset is determined in such a way that the 2 arcs of the back 
profile are tangent. It is usual that, at the monitor, lens profile 
intersects the cornea profile. Lens designer is in charge to decide 
if pressure on cornea surface should be considered acceptable. 

In polynomial lenses the peripheral back profile is described by 
an elliptic profile, as given by law as the following [2]: 

 2 4 6 8 ....Z Ay By Cy Dy2 4 6 8 ....Z Ay By Cy Dy2 4 6 82 4 6 8  (3) 

Where the number of coefficients A, B, C, D, … to be determined 

is the same as the known conditions which must be satisfied by 
the curve. Often an equation is used with four coefficients, like 
the (3), therefore four conditions are needed. The curve must 
obviously pass through the initial and the final points, which are 
known; another point could be selected in such a way to define 
the contact arc between lens and eye along the flat meridian. 
The last required condition often is tangency between the Back 
Optical Zone and the flange. This procedure needs some 
refinements aimed at curve smoothing. 

When a fully aspherical lens is to be designed, first of all a TLT 
value is chosen, that typically is 0.02 mm. Then an attempt value 
must also be chosen for the contact diameter between lens and 
cornea on the flat meridian, the suggested value being 5 mm. 
Two other conditions are necessary; one is the last point of the 
curve, defined by the TD and by the axial distance from the curve 
apex. The last condition is the centre of curvature on the optical 
axis. 

When all the above information are known, it is possible to 
calculate the factor form of the curve, usually an ellipse. Then 
some iterations could be necessary to obtain satisfactory values 
for both the contact diameter, initially set at 5 mm, and the 
maximum penetration of the lens inside the cornea, to be 
decided.  

5.3 Toric lenses 

RGP lenses are often prescribed to correct astigmatism. This 
defect is often mainly due to a large difference between radiuses 
of curvature of the flat and of the steep meridians (corneal 
toricity). As a consequence, parallel rays fail to meet in a focal 

point and the resulting image is blurred. The large difference 
between radiuses of curvature imposes that a non-axisymmetric 
lens must be used; therefore the previously described lens 
categories are unsuitable. 

According to [9], 5 possible lens designs are suggested to cope 
with astigmatism, the choice depending on both the residual 
astigmatism and the corneal toricity. The residual astigmatism is 
the astigmatic component of a lens required to fully correct an 
eye wearing a spherical powered RGP lens with a spherical BOZ. 

In the program, procedures are implemented to guide user in 
defining 4 out of the 5 designs, as at the moment it has not been 
possible to define a complete procedure for front surface toric 
lenses. The 4 designs are, as follows: 

- Toric base/spherical front, 
- Bitoric design, 
- Spherical Power Effect bitoric (SPE), and  
- Cylinder Power Effect bitoric (CPE). 

The design of the BOZ of toric lenses is similar to the other lens 
categories, but the procedure followed for the flat meridian must 
be replicated also for the steep one. As a consequence, the 
transverse sections of the BOZ is elliptical. In addition, it is 
customary that the 2 lens meridians are flatter than the 
corresponding on the cornea, so that the tear turnover is 
increased. The suggested values are 0.25 D flatter for the flat 
meridian and a value between 0.75 and 1.00 D for the steep one. 

The design of the back lens periphery could be spherical or toric. 
In the former situation the main advantage is a simpler shape, but 
in general the lens is less steady, therefore the program suggests 
use of toric peripheries having the same toricity level of the lens 
BOZ. This solution also gives a simpler transition between BOZ 
and back periphery, positioned on a transverse section. 

Toric base/spherical front lenses are relatively cheap because, 
once machined the back surface, there is no need to align main 
meridians to machine the front surface. As concerns input data, 
the main difference from spheric/aspheric lenses is the need to 
input curvatures of the cornea flat and steep meridians, as 
measured through an ophtalmometer, and the respective 
increments for lens meridians. All data are in dioptres (=m-1). An 
example of in put data is given in Fig. 8, where 1.75 and -3.00 are 
the dioptric powers of cornea meridians, 0.25 and 0.50 are the 
relevant increments for lens meridians, in such a way that the 
lens is flatter than the cornea. 

 

Fig. 8 Input data for toric lens design. 

Criteria for deciding the number of arcs composing the back 
peripheral profiles are the same already seen for spherical 
lenses. The program also calculates the highest lens penetration 
in the cornea. At the same way as previously described for 
spherical lenses, toric lenses are lenticulated when they are 
supposed to be too thick; criteria and procedures are the same as 
for spherical lenses. 

When the axis of the residual astigmatism is not the same of the 
corneal toricity, it is necessary that also the front surface is toric 
and we speak of bitoric lenses.  The main difference from toric 
base/spherical front lenses is that the front and the back optical 
zones must be correctly aligned. 

Spherical Power Effect bitoric (SPE) are so called because their 
front surface is made so as to produce the same optical effect on 
the eye as would a spherical lens. It means that if a refraction test 
is performed over a SPE bitoric, the same answer is obtained as 
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if the test were performed over a spherical lens having the same 
overall parameters as the flat meridian of the bitoric. 

The design of a tailor-made SPE lens is based on use of sets of 
SPE lenses. One set must be chosen whose toricity must be 
close to the corneal toricity. Once selected the most suitable set 
of test lenses, the user must input the dioptric power of the flat 
meridian, 43.50 D in the example of Fig. 9, and obtains as output 
the same information for the steep meridian.  

 

Fig. 9 Selection of the dioptric power for a SPE lens. 

The program guides user in performing some other steps, but the 
final decision is based on refractions with test lenses suggested 
by the program. When SPE lenses fail in giving a satisfactory 
vision acuity, it is only possible to try with the next lens design, 
Cylinder Power Effect bitoric (CPE) lenses. 

CPE lenses act much like soft toric in that rotational effects are 
evident. If lid interaction creates rotation with the blink, transient 
blur will occur.  The design of these lenses is again based on 
tests with SPE lenses and on fluorescein eye stain. Again user 
must define 1 and 2 corrections on the two main meridians. 

Whichever lens category is chosen, the program at the end of all 
the procedures show a table which summarizes all the 
geometrical parameters of the new lens, an example is given in 
Fig. 10. 

 

Fig. 10 Summary table of the lens geometrical parameters. 

6 Simulation of fluorescein eye stain 

As already anticipated in the 3rd paragraph, the simulation of the 
fluorescein eye stain is only possible when a lens designer is 
equipped with an optical topographer. In this work we have 
referred to the Nidek Magellan topographer, which, after 
scanning a cornea surface, gives as its output the coordinates of 
a grid of up to 360 x 60 points. The grid is composed of up to 60 
circumferences where the radius is increased of 0.1 mm from 
one circumference to the successive. When scanning a cornea, 
the number of circumferences utilised depends on the cornea 
radius. For each circumference, the position of 360 points is 
detected, one for each degree. As a consequence, the density of 
the detected points is much higher close to the centre than at the 
cornea periphery.  

On the other hand, the geometrical description of a test lens is 
much simpler because it is made of few conic arcs which then 
rotate around the cornea optical axis. 

To simulate the test, an algorithm was developed to create a one-
to-one correspondence between lens and cornea points and for 
each couple of corresponding points the distance is calculated.  It 
is then possible to analyse the distribution of the distance 
between of corresponding points, an example being shown in Fig. 
11. 

 

Fig. 11 An example of a fluorescein eye stain simulation. 

It is possible to tune the chromatic scale to highlight the range of 
distances in a specific area. Another option is the possibility to 
analyse the range of distances in a specific cross section, where 
the cornea is the reference and, for this reason, is straight. An 
example is shown in Fig. 12. The green line is the rectified 
cornea, the green points constitute the lens; where points are at 
the same height or below the line means that the lens touch the 
cornea. The user is in charge to decide if pressure on the cornea 
could be too high. 

 

Fig. 12 An example of a fluorescein eye stain simulation. 

Unfortunately, until now it has not been possible a thorough 
validation of this algorithm because lens producers refused to 
give us information about the shape and dimensions of test 
lenses. Some more work could also be useful to improve the 
default chromatic scale of Fig. 11. 

7 Conclusion 

The program presented in the paper is intended to assist 
opticians in the design of RGP lens. Several procedures were 
developed to cope with the more widespread lens shape 
categories. Beside spherical lenses, whose design procedure is 
quite well-established thanks to their simple shape, validation 
tests will be necessary to verify (i) correctness of the procedures 
for aspherical and torical lenses and (ii) the percentage of cases 
when the program does not give any assistance.  

It is expected that the most important criterion for potential users 
to accept to test the program will be user friendliness. To this aim, 
an option of Java was used, that allows the development of a 
user interface that automatically adapts to the specific window 
style of each user on a PC. In addition, the software should run 
on any PC, independently from the current operating system 
(“Write Once, Run Everywhere” is a slogan created to describe 
Java portability). 
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Abstract 

Purpose: 
The aim of this work is to develop a virtual environment for modeling and analys is an 
individual virtual eye which is able to integrate the modern imaging techniques as input data. 

Method: 
The virtual environment is developed in a 3D CAD by means of specific plug-ins due to the 
ability of this software to manage freeform surfaces and to the simplicity in the scripts 
implementation. 

Result: 
Spot of confusion analysis has been performed on two virtual eyes, with data derived from 
literature and by topography measurements. 

Discussion & Conclusion: 
Experimental measurements and literature data provide expected results in the spot of 
confusion analysis.   

1 Introduction 
In the literature there are several eye models based on 

population mean values, aimed to quantify the optical, or 
mechanical properties of the human eye. These models 
can be classify into two groups: 
1) the paraxial schematic eyes are simpler and are only 

accurate in the paraxial region; they may be used for 
simulating basic optical properties, and they are 
useful for the calculation of entrance and exit pupil 
[1-3]; 

2) the finite schematic eyes are often based on paraxial 
ones, but they are more complex; usually they differ 
from the others by introducing non-spherical 
refracting surfaces, gradient index lenses and the 
components may be aligned arbitrarily. They may be 
used for simulating more accurately human optics, 
but different models may be designed for different 
purpose [4-7]. 

In order to simplify both the geometric modeling and 
the analysis of eyes, the models are usually available as 
2D profile.  Only few authors [8,9] adopt 3D surfaces (e.g. 
spine) in the shape modeling of eyes, to obtain more 
accurate models. 

On the other hand in the last years many techniques, 
which are able to survey a 3D topography of corneal and 
lens surface (e.g. MRI), are developed, but the 
measurements results are not integrated in the same 
environment. Consequently no global eye analysis can be 
performed. 

The ability of CADs to represent complex surfaces (by 
NURBS, spline, mesh, cloud of point etc.) makes these 
softwares able to support the shape modeling and 
analysis of the whole eye. 

In this work specific plug-ins developed in Rhinoceros 
4.0 (McNeel & Associated) are described. These tools 
allow the shape modeling by NURBS and the analysis by 
ray tracing, of individual virtual eye, which characteristics 
are obtained by measurements performed with the recent 
3D imaging techniques. 

The plug-ins developed are useful tool for the shape 
modeling of ophthalmic lenses (spectacle, contact and 
intraocular lenses). 

2 Method 

2.1 Ray tracing in a 3D environment 

Optical analysis of freeform surface is often performed 
by ray tracing techniques which are able to derive optical 
properties and spot of confusion [9-11]. 

The ray tracing method developed for NURBS surfaces 
is schematically described in Fig. 1 (a): 
- incident vector i intersect the selected surface 
- intersection point P is calculated 
- surface normal  at the point P is calculated 
- generalised Snell’s law is applied 
- refracted vector i’ is found 

This scheme is repeated for every refractive surface 
encountered along the ray path.  

The calculation of the normal for a NURBS surface in 
the intersection point P follows standard rules of 
differential geometry [12] and is calculated by the built-in 
function Rhino.SurfaceNormal. 

By the incident vector i, the normal  and the refraction 
indexes n (in the side of the incident ray i) and n’ (in the 
side of the refracted ray i’), the refracted vector i’ outgoing 
from the surface can be calculated using the generalised 
Snell’s law: 
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(a)  

(b)  

Fig. 1 (a) Flowchart for the calculation of  the refracted ray; 

(b)results of the implementation of the method. 

2.2 Spot of confusion 

Fig. 2 (a) shows the flowchart used in the tools for the 
spot of confusion development. 

The rays pattern is formed by 4 rings within a diameter 
of 8 mm with a distance between rings of 1 mm. The 
distance between rays within a ring is taken constant and 
equal to 1 mm. 

In Fig. 2 (b) is depicted the path of a complete rays 
pattern refracted by a single surface; the second surface, 
which in the eye model simulate the retina, is taken as 
reference for the image formation and the interception 
points, located on this surfaces, are defined as spot of 
confusion P’. 

Analysing the spot of confusion P’ barycentre, 
standard deviation of the points respect to the barycentre 
and area of the spot are calculated. 

2.3 Shape modeling of a virtual eye 

The shape of the surfaces of the eye are modelled by 
NURBS as revolution or free-form surfaces. 

2.3.1 Anterior Cornea 

The anterior cornea is the dominant refracting surface 
of the human eye [9]. For the virtual eye, this surface can 

either be a theoretical model surface or it can be based on 
topography measurement. 

The most simplest and adopted mathematical function 
used for modeling the anterior cornea surface is the 
conicoid. In a 2D plane (e.g. y-z plane) the conicoid curve 
defined by the equation 
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1 yqrr
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in which the radius of curvature r and the aspheric 
coefficient q. Radius can be experimentally measured by 
a keratometer. Data from eye models can be also found in 
the literature and will be used to test the virtual eye. 

To obtain the anterior cornea surface, equation 4 is 
sampled with constant step, interpolated by a curve and 
rotated around the x-axis (Fig. 3). 

(a)  

(b)  

Fig. 2 (a) Flow chart of the tool developed for the spot of 

confusion determination; (b) results representation. 

 

Fig. 3 From left to right: anterior cornea, posterior cornea 

and lens model 

The majority of eye models found in the literature are 
rotationally symmetric, but a biconic surface [9] better fit 
the real shape of a natural eye [13]. In this case or in the 
case of not regular cornea (which can be measured by 
topography) the shape can be derived by an alternative 
method as follow. 

Fig. 4 (a) shows the results of a topography 
measurement (Optikon Keratron), which can be exported 
in different text files. By the interpretation of this file the 
elevation map (x-, y-, z-coordinates of points placed along 
different meridian of the cornea) can be derived and 
imported in the CAD (Fig. 4 (b)) as a cloud of point. 

Ray tracing 

Refracted 
rays, i’ 

Spot of confusion 

Reference 
surface 

Parallel rays, i 

Incident vector, i Surface 

Intersection point, P(x,y,z) 

Surface normal,  

Angle,  
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For the ray-tracing procedure is needed to derive a 
surface (NURBS by Rhinoceros functions or mesh by 
Delaunay method [14][14,15]) from the cloud of point. 

(a)  

(b)  

Fig. 4 (a) Topographer output data and visualization of 

elevation map in dioptres, (b) elevation map in Rhinoceros. 

2.3.2 Posterior cornea 

Even if the posterior cornea has less effect on the 
overall refraction of the eye it cannot be neglected. When 
no data from measurements are available, as in the case 
of the anterior, the posterior cornea should be represent 
by a conic which radius can be assumed as 0.81 of the 
anterior radius [13] (Fig. 3). If the cornea data are 
imported by a topographer the posterior cornea radius 
can be taken proportional to the mean anterior radius. 

2.3.3 Lens 

Chien et al.’s [16] model, which coefficients are derived 
by imposing geometric constraints [11,17], is adopted 
geometric modeling of the lens (Fig. 3). 

Anterior and posterior radius, aspheric coefficient, 
diameter, total thickness and ratio between anterior and 
posterior thickness of the lens are taken as constraints for 
the model. These coefficients can be derived by lens 
measurements (e.g. MRI) or by literature data [13,18]. 
Generally for anterior posterior thickness ratio is taken the 
value 0.7 [19], or 0.6 [18]. Lens radius, thickness, 
diameter and position relative to the cornea, change 
according to age and accommodation [13] and can be 
considered in the lens modeling stage. 

Chien et al.’s model is defined as a 2D curve and 
consequently the lens surface is obtained by sampling the 
equation and interpolating the points by a curve and 
rotating the curve around the x-axis. Refractive index of 
the lens is taken constant at this stage. 

2.3.4 Retina and Sclera 

Retina is the imaging surface of the eye, which can be 
modelled as an aspheric surface [6,18,20] or as an 
ellipsoid [21]. The geometric model is therefore obtained 
as in the case of the cornea adopting equation 4. 

Sclera is the outer part of the eye and it is not a 
refractive surface so its shape does not affect the aim of 
the present study. Sclera is taken as a surface offset out 
of the retina with a distance from the original surface of 
0.5 mm [5]. 

The complete eye model is represented in Fig. 5. 

 

Fig. 5 Complete virtual eye model 

3 Results and discussion 
Eye surfaces can be derived from literature data that 

usually gives the average radius of curvature or derived 
by measurements (e.g. topographer, scheimpflug lamp, 
MRI, OWT, OCT [17]). 

The modeling and analysis tools have been assessed 
in two test cases: the first case (C1) performs the 
Navarro’s data [18]; the second case (C2) assumes the 
same data substituting the cornea with real Optikon 
Keratron topographer data (left eye of a man of 42 years 
old). All the parameters adopted are summarized in Tab. 
1. 

Adopting this data the ratio between the anterior and 
the posterior cornea radius of curvature does not respect 
the value previous cited (0.81 [13]). 

In the case C2 the cornea shape (NURBS) is obtained 
by the patch command of Rhinoceros which need as input 
data i) sample point spacing, ii) surface u and v spans iii) 
stiffness; values are detailed in Tab. 2. Adopting these 
parameters the standard deviation of the clouds of points 
from the NURBS surface is of 8.089 10-5 mm. 

Anterior and posterior thickness of the lens are derived 
from [18] taking into account the ratio 0.7 found in [19]. 
Retina radius of curvature is taken equal to 12 mm similar 
to literature data [21]. Radius and the aspheric coefficient 
of the retina has not a strong influence in the performed 
analysis (on-axis analysis). More relevant is the image 
position for the spot of confusion analysis (e.g. retina) 
which is fixed as in the Navarro’s model at 24.00398 mm 
from the cornea apex [18]. 

 

Medium / Surface 
n   

(at 589.3 nm) 
r [mm] q [mm] 

t 
[mm] 

Air 1 / 

Cornea 
Anterior C1 

1.376 
7.72 -0.26 

0.55 Anterior C2 Topographer data 
Posterior 6.5 0 

Aqueous 1.3374 / 3.05 

Lens
Anterior 

1.42 
10.2 -3.1316 1.647 

Posterior -6.0 -1 2.353 
Vitreous 1.336 / 16.4 
Retina / -12 0 / 

Tab. 1 Parameters used for shape modeling of virtual eye. 

 
Sample point  
spacing [mm] 

u 
spans 

v 
spans 

Stiffness 

NURBS surface 0.31 50 50 1 

Tab. 2 Data used for the NURBS creation 



746

S. Giovanzana et al. Shape modeling and analysis of a human eye based on individual experimental data 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

Using the method developed it is immediate to 
evaluate the intersections between the refracted rays and 
the retina surface (i.e. spot of confusion). Fig. 6 
represents the path of the pattern of rays in the eye as 
seen in Rhinoceros. 

 

Fig. 6 Parallel rays refracted into the virtual eye model 

Fig. 7 (a) presents the spot of confusion of the case 
C1. As it can be seen the spot is regular and the rays 
remains in a circumference which radius is related to the 
spherical aberration. 

 (a)  

 (b)  

Fig. 7 (a) Spot of confusion for the case C1 and 

 (b) for the case c2. 

Once the anterior cornea surface was substituted with 
the real cornea data (case C2) the interceptions between 
the refracted rays and the retina surface are calculated 
and represent in Fig. 7 (b). It can be seen that the 4 rings 
does not preserve their shape with more distortion when 
the ring increase its radius. More in detail the shape of the 
rings appears similar to an ellipse which means that the 
cornea is astigmatic; this result is due to a physiological 
condition: radius of curvature of the anterior surface is 
usually greater in the horizontal meridian than that in the 
vertical meridian [13] (“with the role” astigmatism), so that 
the horizontal power of the cornea is 43.73 D and the 
vertical power of the cornea is 44.95 D. In Fig. 7 (b) it can 

be seen then that the points in the y-direction are much 
spread then the x-direction due to the fact that they are 
focalized before into the eye. 

Tab.3 collects centre, standard deviation and area of 
both the spots of confusion. Since the virtual eye model is 
created as rotation symmetry along the z-axis the centre 
is exactly in the origin of the xy-plane. For the virtual eye 
of the case C2, an imbalance in the coordinates of the 
centre of the spot appears which can be related to the to 
the real visual axis of the eye and to the real location of 
the fovea [13]. 

Area and standard deviation of the spot of confusion 
take a double or more value in the case C2. 

As stated in [22], the introduction of an aspheric 
coefficient or of an ellipsoidal shape [21] for the retina 
may improve the performance of the virtual eye in the out-
axis analysis, obtaining a more realistic model. 

 

Case 
Centre 
[mm] 

Standard deviation 
[mm] 

Area 
[mm2] 

C1 (0,0) 0.0702 0.0934 
C2 (-0.0046,-0.0014) 0.1782 0.1978 

Tab. 3 Centre, standard deviation and area of the spot of 
confusion for the test cases. 

In this work the pupil diameter was taken equal to 8 
mm according to other works [1-9,18-22]. Reducing the 
pupil diameter the ray pattern dimension can be reduced; 
consequently the spot of confusion dimension is reduced. 
For example adopting a 6 mm diameter pupil a spot of 
confusion with standard deviation equal to 1.435 mm and 
area equal to 0.1159 mm2 have been found in the case 
C2. 

4 Conclusion 
In this work several methods for shape modeling and 

analysis of a virtual eye, with real characteristics derived 
by measurements, has been proposed. 

Rhinoceros has been adopted as development 
environment for specific plug-ins implementation due to 
the ability of the CAD to manage NURBS surfaces and to 
the simplicity in the scripts implementation. 

Model derived from different works and measurements 
detected by topography are together develop and 
analyzed. 

The plug-ins is suitable in the ophthalmic lens design 
and analysis as in the real eye refractive diseases 
evaluation. 
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Abstract 

In this communication we start both from a trirectangular trihedral defined by the 
three coordinate planes and a fourth plane, called the chart or projection, which 
contains the vertex of the trihedral above. Later we define the main related views 
or trihedral views as those produced by the tilt of the three coordinate planes to the 
outside of their trihedral on the chart plane. For each projection plane there are 
some unique main related views, regardless of the projection direction. In turn, 
from the trihedral views we can obtain the axonometric perspective from which 
they come. These properties can simplify some graphic constructions of the 
axonometric system, for example, determine the projections of the axes from the 
main related views or determine the axonometric scales from the axes. It is 
considered that this new definition of trihedral views allows a simplification as to 
the understanding of the systems of representation and is intended to be suitable 
for teaching purposes. 

1 Introduction 
At present knowledge of the axonometric perspective is 

perfectly coded and assumed, but this has not happened 
along the history and it has taken many centuries to 
achieve the complete representation formulation system 
that concerns us [1]. Axonometric perspective is 
scientifically systematised since the mathematical 
intervention. In 1820 W. Farish in his work, Treatise on 
isometrical perspective, he presents a new method of 
projection that is in fact an isometric orthogonal 
axonometry. In 1844 L. J. Weisbach in his work Die 
monodimetrische und axonometrische. Projections 
methode, provides the mathematical basis of orthogonal 
axonometric perspective. K. Pohlke states the theorem of 
the oblique axonometric perspective in his work 
Darstellende Geometrie (1860). In the document 
Orthogonale Axonometrie of 1905 Schesller systematises 
the orthogonal axonometric perspective. With this system 
of representation it was clearly defined from an 
operational point of view, with its most frequent use in 
scientific and technical fields. At present, there is little 
research on the axonometric perspective [2-7]. In this 
paper we extend the knowledge of the axonometric 
perspective and we define Main Related Views as those 
produced by the tilt of the three coordinate planes to the 
outside of their trihedral on the main chart plane. We also 
get the axonometric perspective from these main related 
views. With this we intend to simplify some graphic 
constructions of the axonometric system in order to 
improve the transmission of its scientific content. 

2 Axonometric system fundamentals 
To better explain and understand the communication, 

the fundamentals of orthogonal axonometric perspective 
are initially presented. We start from a trirectangular 

trihedral shown in fig. 1, called system trihedral or 
reference trihedral ( )( )( )( )O x y z , formed by three lines or 

edges ( )x , ( )y  and ( )z  that intersect at a point called 

the vertex ( )O . On each of the lines and from the vertex 

we carry a magnitude unit, which establishes in each of 
the lines ( )x , ( )y  and ( )z  the points ( )I , ( )J  and ( )K  

respectively. The planes ( )( )( )I O J , ( )( )( )J O K  and 

( )( )( )K O I  that form the sides of the system trihedral are 

called coordinate planes. A fourth plane P , which does 
not contain any edge or side of system trihedral 
( )( )( )( )O x y z , passes by the vertex ( )O . This plane is 

called projection plane or main chart. If we project 

orthogonally (on the p
P

 direction) the system trihedral 

( )( )( )( )O x y z  over the main chart plane P  we get 

straight away the axonometric perspective formed by the 
lines or axes x, y and z, intersecting at the vertex O  

coincident with the point ( )O . The parallelism and 

proportionality are preserved in the axonometric 
perspective. The points ( )I , ( )J  and ( )K  can be 

projected in a similar way, getting respectively points I, 

J and K . The magnitudes 
x

OI u= , 
y

OJ u=  and 
z

OK u=  

are called axonometric scales. 
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Fig. 1 Fundamentals of orthogonal axonometric system 
 

In fig. 2 the angles forming the axis of the axonometric 

perspective �
z

IOJa = , �
x

JOKa =  and �
y

KOIa =  are 

represented. The different angles that can take projected 
axes of the trihedral system give rise to different kinds of 
axonometric perspectives: isometric (3 equal angles), 
diametric (only 2 equal angles) y trimetric (3 different 
angles). 

 

 
Fig. 2 Trihedral system intersection with the main chart plane 
 

In addition, fig. 2 shows the intersection of the main 
chart plane P  with the coordinate plane ( )( )( )I O J . 

This intersection is a line called ( )( )( )
z

c I O JP= Ç  

perpendicular to both the edge ( )z  and the projection 

direction p
P

, so it is also perpendicular to the axis z. 

Similarly we can determine the intersection lines between 
the main chart plane and the other two coordinate planes 

( )( )( )
x

c J O KP= Ç  and ( )( )( )
y

c K O IP= Ç . 

 

3 Trihedral system tilt on the main 
chart plane 

The steps to get the trihedral system tilt on the plane of 
the chart P  is shown, in this communication, in the 
following two figures. Fig. 3 shows the tilt of a coordinate 
plane on the main chart plane. By any point I (orthogonal 

projection of point ( )I ) at a distance 
x

u  from O  over the 

axis x we draw a line parallel to the axis y. The 

intersection of this line with the line 
z

c  determines the 

point 
z

P . The angle �( )
z

O IP  is straight like angle 

�( ) ( )IO J , therefore three points O , ( )I  and 
z

P  form a 

right triangle. This triangle is tilted down on the main chart 
plane. To do this, we draw a circle whose diameter 

passes through the points O  and 
z

P . The intersection 

between this circle and the line through the point I and is 

perpendicular to the line 
z

c  determines the tilted down 

point ( )
z

I . The distance ( )
z

O I  measures a distance u 

and its direction determines the line ( )
z

x . Through the 

point O  we draw a line ( )
z

y  perpendicular to ( )
z

x . 

These two lines represent the tilt of side ( ) ( )xO y  of the 

trihedral of the system on the main chart plane P . 

If on the tilted-down line ( )
z

y  we bring the unit magnitude 

u from O  we get the point ( )
z

J . The line through this 

point and perpendicular to the line 
z

c  determines the 

point J on the axis y. The distance OJ determines the 

axonometric scale 
y

u  on the axis y. Through a point J 

we draw a line parallel to the axis x, and we get on the 

line 
z

c  the point 
z

Q . The angles forming the axonometric 

axis with the tilted-down ones are called �( )
z z

IO Ib =  and 

� ( )
z z

JO Jg = . 

Fig. 3 Tilt of a coordinate plane on the main chart plane 
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In fig. 4 we continue developing the above procedure to 
show the tilts of the other two coordinated sides or planes 
that form the trihedral system on the main chart plane. 

 

       Fig. 4 Tilt of a trihedral system on the main chart plane 
 

It can be seen in the previous figure that each edge of 
the trihedral system folds twice on the main chart plane. 
This is because each edge is associated to two 
coordinate planes. 

 

4 Main related views 
Fig. 5 shows the relationship between projected 

coordinate planes and tilted-down on the main chart 
plane. Related views are also represented in this 
communication are called main or trihedral views. 

 

Fig. 5 Main related views 
 

Trihedral views are obtained directly and are caused by 
the tilt of the sides of the trihedral system or coordinate 
planes on the main chart plane. 

5 Axonometric system from the main 
related views 

In order to derive from the main related views the 
axonometric axes with their scales, is first necessary to 
know how to determine the tilt on the main chart plane of 
a plane perpendicular to any of the three coordinate axes. 
The fig. 6 shows how to get the tilt of the plane 
perpendicular to the axis ( )z  and passing through point 

( )D , on the main chart plane P . It’s observed that the 

lines 
z

LP  and 
z

LQ  are parallel to lines 
z

DR  and 
z

DS  

respectively. In turn we can determine the line 
z z z

d RSº  , 

which is the intersection of the plane ( )
z z

R D S  with the 

main chart plane and therefore parallel to the line 
z

c . The 

tilt on the main chart plane P  of the points ( )L  and ( )D  

contained in planes perpendicular to axis ( )z  occurs at 

the same point ( )
z

L  or ( )
z

D . 

 

Fig. 6 Tilt of a plane perpendicular to the axis ( )z  on the main chart plane 
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In fig. 7 we perform the same operations with respect to 

the axis ( )x  than those presented in fig. 6. In this case 

we obtain the tilt on the main chart plane P  of points 
( )M  and ( )D  contained in planes perpendicular to the 

axis ( )x . The determined point is the same ( )
x

M  or 

( )
x

D . We have determined, also, the line 
x x x

d RSº  which 

is the intersection of plane ( )
x x

R D S  with the main chart 

plane and parallel to the line 
x

c . 

 

 
Fig. 7 Tilt of a plane perpendicular to the axis ( )x  on the main chart plane 

 
In fig. 8 we perform the same operations with respect to 

the axis ( )y  than those represented in both fig. 6 and fig. 

7 In this case we obtain the tilt on the main chart plane 
P  of points ( )N  and ( )D  contained in planes 

perpendicular to axis ( )y . The determined point is the 

same ( )
y

N  or ( )
y

D . We have determined, also, the line 

y y y
d R Sº  which is the intersection of plane ( )

y y
R D S  with 

the main chart plane and parallel to line 
y

c . 

 

 
Fig. 8 Tilt of a plane perpendicular to the axis ( )y  on the main chart plane 

 

 
Composing the three previous figures 6, 7 and 8 in the 

one fig. 9 one can deduce how to construct the orthogonal 
axonometric perspective from the main related views. 
 

Fig. 9 Building of the axonometric perspective from the main related views 
 

The three tilted-down plane on the main chart plane 

form the angles 
x z y
d b g= + , 

y x z
d b g= +  and 

z y x
d b g= +  

between them. The three axes of the projected system 
are x, y and z, pass through vertex O  and are parallel 

to lines 
y z

DR DSº , 
z x

DR DSº  and 
x y

DR DSº  

respectively. 

6 Conclusions 
Main related views or trihedral views have been defined 

as those produced by the tilt of the three coordinate 
planes to the outside of their trihedral on the main chart 
plane, which passes through the reference trihedral 
vertex. For each main projection plane there are some 
unique main related views, regardless of the direction of 
projection. From the main trihedral views you can get the 
axonometric perspective from which they came. We have 
presented some new graphic constructions to define the 
axonometric system, such as: determine the projections of 
the axes from the main related views and determine the 
axonometric scales from the axes. It is considered that 
this new definition of main related views, allows a 
simplification in the understanding of systems of 
representation and its use is suitable for teaching 
purposes. 
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Abstract 

In this paper we define Parameter Combinatorial Diagram as the joint graphical 
representation of all box plots related to the adjustment between real and simulated data, by 
setting and / or changing the parameters of the simulation model. To do this, first we start 
with a box plot representing the values of an objective adjustment function, achieving these 
results when varying all the parameters of the simulation model. Then we draw the box plot 
when setting all the parameters of the model, for example using the median or average. Later 
we get all the box plots when carrying out simulations combining fixed or variable values of 
the model parameters. Finally all box plots obtained are represented neatly in a single graph. 
Besides being able to represent the box plots associated with an objective function it is 
possible to represent the diagrams associated with the variation of each parameter. It is 
intended that the new Parameter Combinatorial Diagram is used to examine and analyze 
simulation models useful in practice. This paper presents combinatorial diagrams of different 
examples of application as in the case of hydrological models of one, two, three, and five 
parameters. 

1 Introduction 
The tables represent information in outline and are 

ready for subsequent calculations. The graphics convey 
that information in a more expressive way, they will allow, 
with a single glance, to understand that we are talking 
about, to see its most important features, even to draw 
conclusions about the behaviour of the sample the study 
is being conducted [1]. It is known that when numerical 
data are available, and before tackling complex analysis 
or study, a first step is to present this information so that it 
can be viewed in a more systematic and summarised 
way. The most common graphics used in the analysis of 
results are: bar chart, histogram, frequency polygon, pie 
chart, box plot [2-3] and others. The application of 
simulation models involves delivering measurable results 
of that application or experiment. The clarity of the 
presentation is of vital importance for the understanding 
of the results and their interpretation. At the time of 
representing the results of a simulation analysis in an 
appropriate manner, there are several publications that 
we can consult [4-7]. Although the presentation of 
numerical data is usually done using tables, sometimes a 
chart or graph can help to represent our data in a more 
efficient way. 

This article will address the graphic representation of 
the results of the application of simulation models using 
Parameter Combinatorial Diagram, noting its usefulness 
in the process of data analysis and presentation. 

2 Graphical representation of 
simulation results 

Simulation is the process of designing a model of a real 
system and carry out experiments with it, in order to 
understand their behaviour or to evaluate new strategies 
for its operation [8]. The real system model can be 
theoretical, conceptual or systemic and must contain the 
elements necessary for the simulation (scenario or set of 
working hypotheses) [9]. The steps to perform a 
simulation study can be specified in: 

— System definition. Is to study the context of the 
problem, identify the objectives of the project, specify the 
indices measuring the effectiveness of the system, specify 
the specific objectives when defining the system to be 
modelled. 

— Model formulation. Once precisely defined results 
to be obtained from the study, we define and build the 
model which will yield the desired results. In the 
formulation of the model it is necessary to define all 
variables and parameters that are part of it, their logical 
relationships and flow charts describing in full the model.  

— Data collection. It is important to define clearly 
and precisely the data that the model will be required to 
produce the desired results. 

— Implementation of the model in the computer. 
With the model defined, the next step is to write a 
computer program to process and obtain results for 
comparison. 

— Verification and validation. The verification and 
validation process is about checking that the simulated 
model meets the design requirements for which it was 
developed. Throughout this stage we check the 
differences between the operation of the simulator and the 
real system through the quantification of an objective 
function, which is the one that we want to optimize, ie, 
maximize or minimize. 
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— Experimentation. Experimentation with the model 
is done after it has been validated. The experiment is to 
generate the desired data and to carry out a sensitivity 
analysis of the levels required. 

— Interpretation. At this stage of the study, the 
results shown by the simulation are interpreted and based 
on this we make a decision. The clarity of the 
representation of the results is of vital importance for the 
understanding and interpretation of same. 

The Parameter Combinatorial Diagram is defined as 
the joint graphical representation of all box plots related to 
the adjustment between real and simulated data, when 
setting and / or change the parameters of the simulation 
model. These are the various stages to specify the 
combinatorial diagram of n parameters associated with a 
simulation model: 

— Data selection. We define the data that the 
simulation model is going to require to produce the 
desired results. 

— Definition of the objective function. We check the 
differences between the operation of the simulated  
 

 
 

 
 
 
 
 
 
system and the real system through the quantification 

of an objective function, which is the one that we want to 
optimize, ie, maximize or minimize. 

— Application of model simulation varying all 
parameters. We represent the box plot obtained when 
varying all the parameters of the simulation model. 

— Choosing fixed values of the parameters. From 
the values represented when varying all parameters, we 
choose a statistical value, such as median or mean, to set 
the parameters of the model. 

— Application of the simulation model by setting all 
parameters. We draw the box plot obtained by the 
simulation by fixing all model parameters. 

— Application of the simulation model setting i the 

parameters. We obtain the ( )!/ ! !n i n i-  box plots when 
carrying out simulations combining the i fixed values and 
the n i-  varying values of model parameters. 

— Parameter Combinatorial Diagram 
representation. The final phase is represented neatly in a 
single graph (fig. 1) all box plots obtained. 

 
 
 
The number of box plots that make up the Parameter 

Combinatorial Diagram is 2
n

, which corresponds to the 

sum of all possible combinations that exist when fixing or 
varying the n parameters of the simulation model. 

Besides being able to represent the box plots 
associated to the values of an objective function that we 
want to optimize in the Parameter Combinatorial Diagram, 
it is also possible to represent the box plots associated to 
the values of each of the parameters. In this case we can 
simplify the representation (fig. 2). 

The number of box plots, in the case of representing the 

values of a parameter, is 
1

2
n-

, which corresponds to the 
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sum of all possible combinations that exist when fixing or 
varying the 1n-  remaining parameters of the simulation 
model. 

3 Parameter Combinatorial Diagram in 
hydrological models 

In this paper we presents combinatorial diagrams of 
different examples of application as in the case of 
hydrological models of one, two, three, and five 
parameters. This section has been structured in steps in 
order to accurately describe the different Parameter 
Combinatorial Diagrams. 

Description of the watershed subject to study 

The hydrological model simulations have been 
conducted in the watershed of Aixola [10] located in 
northern Spain in the province of Gipuzkoa. This 
watershed has a gauging station as part of the 
hydrometeorological network of Gipuzkoa Provincial 
Council which records the flow of the river every ten 
minutes. The precipitation data are also recorded every 
ten minutes by a rain gauge located at the gauging station 
itself. Aixola watershed is located on the western 
boundary of the province of Gipuzkoa and is mostly used 
with forest (> 85% surface) it has an area of 4,70 km², 
with extreme levels of 315 and 740 meters, an average 
slope of 44,25 % and an annual average rainfall of 1600 
mm. 

Description of events 

From the recorded data we have selected a series of 
twenty events that could adapt to the hypothesis of unit 
hydrograph technique, applicable to hydrological models 
of one, two and three parameters subsequently submitted. 
The base flow has been extracted from each of these 
events and we have obtained effective precipitation 
hyetograph. The base flow extraction was performed 
using a recursive filter, namely the one proposed by 
Eckhardt [11] of two parameters. After removing the base 
flow we have obtained the effective precipitation 
hyetograph using the curve number method developed by 
the Soil Conservation Service [12] adjusting the observed 
direct runoff volume and the beginning of direct runoff 
hydrograph observed. In addition we have selected a 
series of thirty-seven events that could adapt to the 
application scenarios of the hydrological model of five 
parameters that it presents. The main features of each of 
these selected events are on the doctoral thesis titled 
“Development of a rainfall-runoff simulation in humid 
areas. Implementation and evaluation in headwater 
catchments located in Gipuzkoa” [13]. 

Definition of the objective function 

In the application of hydrological models, the goodness 
of the adjustment of simulated hydrographs was made 
regarding the efficiency defined by Nash and Sutcliffe 
[14]. Thus the objective function is: 
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                                         Fig. 2 Parameter Combinatorial Diagram of the value of a parameter 
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where: 
,ob j

Q  is the flow is observed at the time j, 
,si j

Q  

is the flow simulated at the time j and 
ob

Q  is the 

average flow observed. 

Combinatorial diagrams associated with Reservoir 
Geomorphological Instantaneous Unit Hydrograph 

The hydrological model called the Reservoir 
Geomorphological Instantaneous Unit Hydrograph, 
RGIUH, has the following expression [15]: 
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relations, the watershed has been divided into sub-
watersheds from the permanent drainage system 
represented in the mapping 1:5000. The only uncertain 
parameter t  represents the centre of gravity of the 
hydrograph. To obtain the direct runoff hydrograph 
simulated from the instantaneous unit hydrograph we 
apply the convolution equation to each effective 
precipitation hyetograph. 

We present in fig. 3 the Parameter Combinatorial 
Diagrams associated the to objective function E  and to 
the parameter value t , obtained by simulating events. 

 

 

              Fig. 3 Parameter Combinatorial Diagram of RGIUH 

In this case the combinatorial diagram expresses a 
relationship with a single variable. You can analyze the 
strengths arising from the model when fixing or varying its 
only parameter. 

Combinatorial diagrams associated with 
Instantaneous Unit Hydrograph represented by the 
Beta function of two parameters 

The hydrological model called the Instantaneous Unit 
Hydrograph represented by the statistical function of two 

parameters Beta, 
t
b , has the following expression [13]: 
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In this model the two parameters of the function 
t
b  are: 

p
a  and t . We present in fig. 4 Parameter Combinatorial 

Diagrams associated with the objective function E  and 

the values of the parameters 
p

a  and t , obtained by 

simulating the events. 

 
 

            Fig. 4 Beta function Combinatorial Diagrams two parameters 

In this case the combinatorial diagram expresses 
relationships with two variables. These relationships can 
be represented by a surface drawing. 

Combinatorial diagrams associated with the 
Instantaneous Unit Hydrograph represented by the 
Beta function of three parameters 

The hydrological model called the Instantaneous Unit 
Hydrograph represented by the Beta statistical function of 
three parameters, b , has the following expression [13]: 
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this model the three parameters of the function b  are 

0
a , 

p
a  and t . 

We present in fig. 5 the Parameter Combinatorial 
Diagrams associated with the objective function E  and 

the parameter values 
0

a , 
p

a  and t , obtained by 

simulating the events. 

 

       Fig. 5 Beta function Combinatorial Diagrams of three parameters 

The combinatorial diagram of three parameters 
expresses, among other things, a volumetric drawing. It 
clearly displays the different influence of the parameters 
with respect to the adjustment made. 

 
 

Combinatorial diagram associated with the 
Reservoir Rainfall-Runoff Geomorphological Model 
of five parameters 

In fig. 6 we represent the operation of the hydrological 
model called rainfall-runoff geomorphological reservoirs 

model, 
3

R GeM  [13]. 
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      Fig. 7 Parameter Combinatorial Diagram of model 
3

R GeM  of objective function E  
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0
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0

 

    Fig. 6 Rainfall-runoff geomorphological reservoirs model, 

3
R GeM  

In this model the five parameters are 
C
S , 

0 C
S S , f , 

Sb
t  and 

S
t . We present in fig. 7 the Parameter 

Combinatorial Diagram associated with the objective 
function E  obtained by simulating the events. 

Analyzing the combinatorial diagram shown in the 
figure above we can deduce that varying only the 
parameter f  an efficiency E  is acquired close to that 

obtained by varying all parameters. This means that said 
parameter is the most suited to calibrate the model. In 

turn, we can see that setting only the parameter 
0 C
S S  

we can achieve practically the same efficiency than 
varying it. This means that you can replace this parameter 
by a fixed value. 

We present in fig. 8 the Parameter Combinatorial 

Diagram associated to parameter f  obtained by 

simulating the events. 
You can see that when only the parameter f  is varied, 

this has less deviation than in the case of not setting any 
parameters. The simplified Parameter Combinatorial 
Diagram has not been used in fig. 8, with the aim of better 
understanding the organization of these diagrams. 

4 Conclusions 
The Parameter Combinatorial Diagram is an orderly and 

adequate representation of all box plots related to the 
adjustment between real and simulated data, by setting 
and / or change the parameters of the simulation model. 
We have been able to represent the combinatorial 
diagrams related to an objective function and the variation 
of each parameter in order to analyze more deeply the 
relationship between the parameters of a simulation 
model. The use of combinatorial diagrams associated with 
models of one or two parameters, like the models RGIUH 

and 
t
b , is analogous, in terms of information provided, to 

the representations of lines and surfaces. The 
combinatorial diagrams of three or more parameters, like 

the models b  and 
3

R GeM , are best for displaying the 

adjustments made. The use of the Parameter 
Combinatorial Diagram is advisable to study and analyze 
simulation models. 

 

                           Fig. 8 Parameter Combinatorial Diagram of model 
3

R GeM  of parameter f  
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Abstract 

For centuries crystallized in the adamantine drawings preserved in the National Library of 
France, the perfect sphere of the Cenotaph, designed by Louis E. Boullèe in honor of Isaac 
Newton in about 1780, and the Temple of the Earth of Jean-Jacques Lequeu are cited by 
historians and critics of architecture as the utopian dream of bending the stone and the force 
of gravity towards the pure form of a complete sphere. 
The historical formal equivalence between the architectural dome vault and the sky, assume 
in our case a deeper meaning. From the words of Boullèe, it is crystal clear the intention of 
celebrating the greatness of Newton, subtracting his burial from the darkness by placing it in 
the largest ever builted sky, a majestic stone dome, reversing the natural order of day and 
night by creating with daylight, in the interior space, the image of the constellations seen in 
the starry skies. 
First in the history of planetary science, Lequeu and Boullèe’s stone architecture carried out 
the plan by drilling the outer surface of the dome to let the sunlight in, directly piercing the 
darkness and  simulating in the inside space the intense stellar glow.  The geometric study 
conducted on the holes in both architectures, made along the stone surface of the spheres, 
reveals a studied convergence of solar rays, in the Cenotaph, towards the eye of the 
privileged observer, the one able to stand on the slender platform above Newton’s tomb, 

thereby creating the sensation of a Ganzfeld , which sets Newton’s Cenotaph in the field of 
art installations rather than scientific ones. 
The Lequeu’s Temple instead is designed with a perfect convergence of those rays towards 
the centre of the sphere, as the most part of modern planetarian, but it is also more visual 
than scientific in character. 3D virtual models, and simple conical projections, have allowed 
us to draw the star maps referred to Boullèe and Lequeu’s architectures which, however, 

show deep differences compared with the contemporary ones. 

 
 

 
 

For centuries, crystallized in the adamantine drawings 
preserved in the National Library of France, the perfect 

sphere of the Cenotaph, designed by Louis E. Boullèe, in 
honor of Isaac Newton, in 1780 (about), is cited by 
historians and critics of architecture as the utopian dream 
of bending the stone, and the force of gravity applied to 
the masses, to the "pure form" (fig. 1).  
Boullèe created a monument which fully embodies in itself 
the image of the cosmos: the top surface of the sphere 
represents the planet Earth, but inside it transforms itself 
into a massive starry dome, evoking a suggestive night 
sky. This huge funeral monument offers, at the same 
time, several representations of nature: at night, the dome 
cavity receives the light from a big suspended lamp, in 
shape of an armillary sphere, which radiates out, through 
the holes, carved in the stone, several beams of light that 
pierce the real darkness of the sky. During the day, 
instead, the darkness of the inner cavity is dotted with 
stars, lit by the glow of the sun that penetrates from the 
same holes.   
Myth, symbol and science come together in a theatrical 
space, in which the greatness  of  life,  death,  nature  and 
the universe gives power to the poetic feeling of space 
and light of this colossal funerary architecture, whose 
characteristic is the evocative and emotional 
skill. However, the historical figurative equivalence and 

formal similarity between architectural domes and the 
vault of heaven in our case is being enriched by deeper 
meanings. 
 

Fig. 1,  E. L. Boullèe, Newton’s Cenotaph, 1780 (about) 

 
From the words of Boullèe it is clear the intention of 
celebrating the greatness of Newton's scientific theories, 
by subtracting his burial from the darkness of the earth, 
and placing it in the largest ever designed artificial sky, a 
majestic dome in stone, perverting the natural order 
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of day and night to create in its interior with daylight, the 
image of the constellations seen in the starry skies.  

 

 
 

 

Fig. 2,  Virtual reconstruction of the cenotaph with analysis of internal and external paths, graphic representation of  

Roberta Montella. 

 



762

Alessandra Pagliano Heaven in the stone 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

First example in the history of planetarium, Boullèe’s 
stone architecture had the audacious aim to drill the dome 
surface, to let the sunlight in directly and cutting through 
the dark, with a glow that simulates a starry night. In the 
Cenotaph is the vacuum to buy a key role.   
This research work has started from verifying the formal 
coherence of the original project, using the redesign as a 
scientific tool of analysis,  which is essential in the 
case of unbuilt architectures. 
We have created a full 3D model starting from the original  
drawings, demonstrating the full completeness of 
Boullèe’s architectural project, even in the hidden internal 
paths, which lead the viewer into the heart of the dome 
(fig. 2). 
After  this first  and  crucial  study, the  geometric 
analysis conducted on the holes, carved along the stone 
spherical surface of the dome,  reveals  a  
perfect confluence of the incoming solar 
radiation towards the eye of the privileged observer, the 
only one who is  able to stand on  the slender 
platform above the Newton’s tomb [1].  
That competition of rays is achieved by realizing the 
coincidence of the vertices of each small hole, shaped as 
a truncated cone, with the eye of the perceiver (fig. 3). 
The analysis along the parallel tracks of the geometry of 
form and light using solid modeling in virtual 3d 
environment,  has highlighted the completion and the 
perfect consistency of  Boullèe’s plan, section and façade, 
which allowed the construction of  a coherent virtual 
model of the Cenotaph. 
Studying this 3D model we were  able to understand that 
the façade with the main entrance  was certainly designed 
to face North, and corresponds to the hemisphere that 
does not have the holes along the surface of the dome. 
The decision of not to pierce this portion of the vault, as 
evidenced by the homogeneity of the extrados of the 
dome visible in the Boullèe’s drawings, is presumably due 
to the absence of direct light at our latitude: as a 
consequence,  the remaining dome surface, the one 
which houses the pattern of the stars,  consequently 
faces  South, allowing the penetration of direct sunlight 
towards the eye of the privileged observer. 
The main vertical Boullèe’s section was the starting 
drawing to drill the dome surface in the 3d model: a 
line of horizontal projection has been conducted, from 
each hole-star, towards the extrados of the dome.  
Every single intersection point become the foot of the 
cone axis, whose vertex coincides with the point of view 
of the privileged observer, that penetrate the stone 
surface to cut out its own hole-star: in this way, the real 
model of the Cenotaph has been fully created, with the 
consequent possibility of obtaining several suggestive 
render images that replicate the perception of the scene 
and the visual emotion that he could have enjoyed  the 
main observer if he had been able to fix it on a 
photographic film. 
Through a simple projection of each star-hole centre from 
the principal point of view, toward the surface of a 
horizontal plane, assumed as tangent to the extrados of 
the sphere, it has been possible to reconstruct the star 
map  referred to Boullèe’s Cenotaph. This map, however, 
encounters several errors if compared, in a suitable 
drawing scale, with contemporary  celestial maps: these 
inaccuracies confirm the desire of Boullèe to simulate the 
vision of the starry sky, rather than achieving its scientific 
representation.  
In the same way, we have examined the almost 
contemporary Jean-Jacques Lequeu’s Temple of the 
Earth (1790), whose declared aim was to built the first 

one impressive planetarium in a spherical stone 
architecture[2]: compared with the main section of the 
Cenotaph, the Lequeu’s one appears much more 
scientific planned. In fact, the drilled dome surface present 
a perfect confluence of solar rays toward the centre of the 
sphere, and the vault portion with holes is exactly an half, 
as in the modern scientific planetarium. There is not an 
only one privileged observer, but rather, a group of 
spectators who can assist to the light show, coming in 
through the holes in shape of stars (fig. 5). 
Compared with Boullèe’s Cenotaph, Lequeu’s Temple 
present a more scientific level of coincidence between the 
real star map and the one reconstructed with a similar 3d 
modeling process, starting from the Temple main section, 
but there are still a lot of errors.  
 

Conclusion 
Ultimately we can say that here, far from achieving the 
first scientific instrument to be the apparent motions of the 
stars, Lequeu created a “real space” for study and 
observation of the phenomena described, as evidenced 
by the draperies surrounding the wooden chairs, designed 
to accommodate visitors. On the contrary, Boullèe intends 
to cancel any perception of architectural shapes inside the 
Cenotaph,  to create sensation of being in the immensity 
of space. 
We can say that the French architect realized in the 
spherical cavity a Ganzfeld, or "field of view, " defined as 
«… uno spazio percettivo non strutturato, all’interno del 
quale è impossibile stabilire, per l’osservatore, alcun 
riferimento cardinale e dimensionale»[3], aimed at 
seeking the thrill that the same Boullèe calls "the poetry of 
architecture" that makes fall so the planetarium was 
designed by Boullèe in the field of art installations rather 
than scientific. 
Using the software Stellarium we have also created the 
simulation of a perspective view of the visible sky at the 
latitude of Paris, in the year of the project of the 
Cenotaph, and we can say that there is good coincidence 
between the image and the internal perspective recreated 
the virtual model from the point of view.  
 

 
 

Fig. 3,  Newton’s Cenotaph main vertical section, with the 

perfect confluence of the incoming solar radiation 

towards the eye of the privileged observer, graphic 

representation of  Roberta Montella. 
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Fig. 4,  A modern planetarium,  working scheme,  R. 

Montella’s drawing. 

 
 

 
Fig. 5,  Jean-Jacques Lequeu, Temple of the Earth 
(1790). 
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Fig. 6, Summary table of the sequence of 3D 
operations aimed at  drilling  the dome, R. Montella’s 
drawing. 
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In particular, identifying what was the perception 
buoyancy stellar Jan. 4 (date of birth of I. Newton), the 
same year 1780, it was possible to verify a clear 
coincidence of the position of the Moon with the larger 
hole that appears along the lower surface of the spherical 
Cenotaph. 
It seemed more important to emphasize that the 
Cenotaph section shows a hole larger than the other 
small cavities of the stars, at a height similar to that 
generally taken by the moon in the starry nights: we have 
supposed that Boullèe intended to celebrate Newton's 
laws, relating to universal gravitation, which explain the 
Moon's motion and the forces that make that it orbits the 
Earth.  
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Abstract 

The digital simulation process has actively joined the representation phase of projects, 
becoming an integral and essential part for the complete understanding of an architectural 
object. 
It is interesting to notice how the CGI – Computer Generated Imagery –, which is the process 
of producing images with the help of specialized software, does not deviate much from the 
production stages involved in the film making industry. This argument is supported by the fact 
that currently the major international film productions share much information with the digital 
world since generated almost entirely in virtual space and whose vision on screen is 
permitted only through the use of appropriate eyewear, which restore the sharpness of the 
objects that appear to float in real space. 
Moreover, to support this thesis, it is proposed in this article that the work carried out and 
developed on the Church of San Francesco of Padua, whose purpose is the study of the 
surfaces that form the vaulting system.  

1 Introduction 
The simulation process of real time space has become 

an integrated phase of projects, put into practice by the 
designers for the production of architectural or industrial 
objects, not only to achieve a chromatic and material 
emulation of the object, observing the composition of the 
material subject to natural or artificial light, but also to 
comprehend the composition of geometric space in a 
more appropriate way, contextualizing and making the 
object participant of certain existing problems locally 
present. This practice, strenuously tests the patience of 
the executors who deftly juggle with a process which 
unfortunately necessitates the expenditure of much time 
and energy. 
 

 

Fig. 1 This scene is from the movie Nuovo Cinema Paradiso 

by Giuseppe Tornatore, 1988. 

 
 
 
 
 

 
 
The procedure is similar to the realization of short and 

full length films, based on, as it happens in the film 
making industry, processes regarding the phases of pre-
production, production and post-production of the images 
and film itself : this thesis is supported by the fact that at 
the present time, the majority of international film 
productions share information with the digital world which 
generate nearly entirely in virtual space, whose vision on 
screen is permitted only through the use of appropriate 
eyewear which restore the sharpness of the objects that 
appear to float in real space (figs. 1-3). 
 

 

 

Fig. 2 James Cameron in front of the  mixer recording of the  

film Avatar, a 3D animation master work, 2009. 
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Fig. 3 The audience with special glasses look at the film 

created by the 3d animation techniques. 

As we know, in the film industry the above mentioned 
phases relate to the three stages by which the film, from 
its embryonic phase, is developed then produced and 
finally distributed in major cinemas. Moreover the pre-
production stage - perhaps the most important step of the 
entire production - coincides with the time at which the 
storyboard of the film is set: in addition to the script 
created by the director it is at this precise moment that the 
participating actors are called upon to audition, the sets 
are designed and built and the costumes are chosen to 
suit the films representation. The production phase 
determines the time at which all decisions made during 
the pre-production are collected and assembled: finally, 
the assistant director may start shooting and repeats the 
now famous ‘Action’; the scenes are filmed following the 
directions suggested in the storyboard and the actors 
perform their part as expected. The last phase, which is 
inherent to the post-production or editing, consists of the 
assembling of the footage so that it can be produced and 
distributed: it is at this precise moment that the necessary 
cuts to the scenes can be made by adding some special 
effects, achieved with the aid of computerized systems, 
and background music to emotionally engage the viewer.  
An almost identical system is applicable to the CGI - 
computer-generated imagery – image generation process 
through the use of specific software meant for the 
creation of images that simulate, in an almost obsessive 
way, the pattern of light and real materials.  
As it happens in the cinema industry, this practice needs 
a procedure, which includes the phases of pre-and post-
production. During the process of CGI pre-production the 
designer offers a kind of storyboard in which the 
expression of the artistic concept is easily recognizable 
through the production of sketches first and then the 
realization of a real digital clone in which are noted and 
collected all the information that facilitate the development 
of the next step concerning the production of data, thus 
reducing considerably the processing times and, 
consequently, lowering the use of the computer. 

Whilst the film production begins when they start 
shooting, the CGI starts when the textures associated 
with the materials are applied to the model and, after 
being subjected to the lights and choosing the most 
appropriate views, it can finally be rendered. 

The post-production in the CGI project is very similar to 
the last phase implemented in the film production: in this 
case it is also possible to act directly on the colors by 

adjusting the contrast and brightness or simply by using 
the technique of inserting photos to contextualize the 
virtual object in the real landscape [1]. 

1.1 The church of San Francesco in Padova 

The study of the origin of the vaulting system 
configuration of the church of San Francesco in Padova is 
part of a much larger research program, established by 
the Faculty of Engineering at the University of Padova, 
entitled From the representation to the  hyper-
representation of the Museum of Architecture and the 
City1. 

 

 

Fig. 4 Plan of the city of Padova by Valle, 1784. 

A long and careful pre-production phase characterizes 
the first part of the research – The church of San 
Francesco in Padua: genesis, geometry and 
configuration2 – organized according to an index that 
takes into account set rules to best achieve the academic 
research: a careful historical analysis has allowed us to 
trace the three stages of construction on the Franciscan 

                                                 
1 The research program entitled From the representation to the 
hyper-representation of the Museum of the Architecture and the 
City is connected to DAUR-Architectural, Urbanistic and Survey 
Department, whose scientific manager is the professor L. Bifulco.  
This research is involved on the study of some of the most 
important historical and architectural  places of the city, creating 
an interactive data base, organized following the website 
structure where the user obtains easily every kind of information 
about the object.   
2 The research, entitled The church of San Francesco in Padova: 
genesis, geometry and configuration (scientific manager: prof. A. 
Giordano) and conducted with the DAUR- Architectural, 
Urbanistic and Survey Department, suggests to create a digital 
clone that can be easily interrogated and that can answer to 
some configurative characteristics of the real building, simulating, 
through the compositive process, the geometric genesis of the 
voulted system.  
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site, comparing the sources and discovering the few 
surviving historic original surveys (Figs. 4-5). 

But the part that required the most energy, was 
definitely the survey carried out in situ of the religious 
building: the mapping of the San Francesco church meets 
the traditional techniques of direct metric survey[2].  

 

 

Fig. 5 Complex plan including the Church, the monastery 

and the Franciscan hospital of the 1800 ca. 

The planimetric reconstruction and elevation drawings 
are the basic starting point to produce the digital model, 
built on a reduced scale, of course, capable of emulating 
the actual behavior of the architectural object in its space-
metric configuration (Fig. 6). 

The creation of this model utilizes the skills learnt 
through the thorough study of Geometry which has 
always been an essential tool not only for the pre-
figuration (representation) of the project, but also an aid in 
the conformation of the true size and shape of the 
building elements. This model aims to highlight, in 
particular, the iteration of the configurative elements with 
the structure of the church itself and its evolution and to 
investigate the close relationship that exists between 
architecture and geometry, emphasizing the ability to 
bring to light what and how many are the possible effects 
on the building. That is why we can not ignore the need to 
turn our attention to a reinterpretation of the connotation 
of the surrounding space by studying the incorporation of 
the church concerned in the urban environment. 

The 3D solid model - which we must remember is the 
mathematical representation of any three-dimensional 
object - contained in the virtual space, presents some 
objective difficulties in its implementation because it 
consists of some complex surfaces that describe both the 
vaulting system and the decoration of the church : 
ornamental elements such as niches, altars, frames, and 
especially the architectural order that characterizes the 
interior of the building, required special attention, often 
opting for a discretion of the elements that has 
significantly reduced the processing time of the model. 
These areas, consisting of a dense polygonal mesh, 
develop in space, adapting to contours: the size of the 
polygonal mesh is fixed by some parameters that 
determine the distribution of contours along the X and Y 
axis. Yet it must be remembered that the size of this 
mesh has to be calibrated taking into account that the 
greater the number of mesh used, the less manageable 

the CAD file becomes, as they increase the size of the 
file. 

 
 

Fig. 6 Planimetric survey of the San Francesco’s church. 

Finally, we remember that through the reverse process 
you can get more graphs that give information on new 
horizontal or vertical sections received directly from the 
digital reconstruction. 

The production of the virtual clone (Figs. 7-10), thus 
obtained with the aid of CAD – Computer-Aided Design – 
has become a vital instrument for controlling shape and 
size as well as being a fundamental and indispensable 
object for the implementation of the next phase of the 
production of images. 

Once the model has been completed, we can finally 
begin the CGI process of image production – computer-
generated imagery – which is an application in the field of 
3D computer graphics, yielding special effects in movies, 
on television, in commercials and gaming simulation[3]3. 
A computer generated image is an image that originated 
from a CAD file – a program that works through the use of 
mathematical algorithms that produce vector images: 
each point in the virtual space is identified by its 
coordinates associated with the corresponding reference 
system (UCS) –, is converted by means of a sophisticated 
software that by manipulating the light and shadows and 
their reflection and refraction in contact with objects, 
produces a photorealistic image. The result is similar to 
what you can achieve with an ordinary camera: in this 
case an image, no longer vectorial but transformed into 
pixels.  

                                                 
3 This definition is from Wikipedia website. 
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Fig. 7 Digital model of the San Francesco’s church. 

 

Fig. 8 Digital model: longitudinal section along the nave of 

the church. 

 

Fig. 9 Digital model: longitudinal section that  picks out the 

volte system of the church.  

 

Fig. 10 Digital model: trasversal section. 

In addition, this type of tool can also create multiple 
views – axonometric or perspective – depending on what 

you want to highlight of the object, and the choice of 
displaying it in a variety of colors and materials[4]4. 

In this particular case, the chosen views prefer a 
parallel projection thus obtaining an isometric type of view 
that points to a vision of the conformation of space, rather 
than the central projections which instead seek to provide 
more information about the internal environment of the 
architectural object (Figs. 11-12).  

The building is represented in the abstract by omitting 
all the information about the texture and materials. The 
choice of lights utilized, either ambient or diffused, aspire 
to make a simulation of a physical model, however, 
renouncing the view of the behavior of the shadows they 
produce. 

2 Conclusion 
The phase of  the post-production will be used to 

summarize what has been produced within the academic 
environment. Contrary to what occurs in the film industry, 
in this case, the post-production does not require any 
special assistance on the images or potential video editing 
, but instead coincides with the collection of all data 
produced and utilized to describe the academic research, 
primarily becoming iconographic supporting  material in a 
publication (still in press), whose title refers to the 
research title, and then in the interactive CD which is 
devoted to descriptions of other monuments of Padua 
included in the program Museum Architecture and the 
City, already mentioned at the beginning of this 
paragraph.  

 

Fig. 11 Axonometric image of the San Francesco’s church. 
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Fig. 12 Exploded axonometric view of the San Francesco’s church in Padua.
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Abstract 

Purpose: 
The purpose of the research is the evaluation of new tools for the representation of the 
architectural project and the impact they have for teaching students (architects and 
engineers). 

Method, Result, Discussion & Conclusion: 
Through the comparison of operational methods of architecture firms and the latest 
developments, in the market, for the architecture,  we can understand and underline the 
importance of geometry not only as way to communicate the mere shape of a buildinga, but 
also as an opportunity to comprehend and to communicate each architecture that, as such, is 
made of space. So the understanding of space becomes fundamental and foundational 
training to the project of architecture, which certainly includes other factors, but that makes it 
possible through its own space component..   

1 Introduction 
Each scientific discipline has made use of images, graphs 
or diagrams to make their arguments more immediate 
and understandable. Images of three-dimensional 
representations appear for the first time in a copy of 
Euclid's Elements, translated and edited during the XVIth 
century by Henry Billingsley1 (Fig. 1). Images here, along 
with two-dimensional trait, are stuck directly on the pages, 
shapes, folding so that, once opened, they form three-
dimensional figures in a sort of pop-up ante litteram2. 
Today, computer-generated images have imprinted an 
effective turn to scientific understanding. For disciplines 
such as Architecture or Engineering, where use of the 
machine is replaced, even in the concept phase, by the 
prefigurative capacity of the hand, directly connected to 
the brain, drawing anticipates conception. The computer 
tools, in turn, contributed significantly to the organization 
of the design process, a process that translates into 
architecture, or at least in a building, included in reality, in 
a city or a territory, more or less anthropic. 
Two issues should be stressed: one is the correct 
foreshadowing of the design process and its result, the 
Architecture precisely, the other is the importance of 
training space to imagine, represent and communicate 
the Architecture itself. Although trivial issues, they are 
essential since architecture is configured by the space. 

                                                 
1 This book is The Elements of Geometrie of the most auncient 
Philosopher Euclide of Megara Faithfully (now first) translated 
into the Englishe toung by Henry Billinsley, Londra 1570, printed 
by the famous english  typographer John Day (o Dee). 
2 The pop-up is a special book to the opening of which come out 
a real three-dimensional scenes. 

 

Fig. 1 Pop-up ante-litteram: copy of Euclid's Elements, 

translated and edited during the 1500 by Henry Billingsley. 

1.1 Photomontages and reality 

The title of this paper uses an expression typical both in 
the workplace, when showing a draft to the customer, and 
in Academia, when we show a draft to the techer or the 
supervisor. In this case, the expression is of course used 
in a provocative way, because it contains an “aspect” of 
the project and of architecture that is “visual”. This is why 
in most design teams (from the smallest to those of 
“archistar”) extremely realistic and, therefore, appealing 
representations are used. In a peculiar characteristic of 
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Modernity, design teams prefer to show how the final 
building will look like (its shadows, its reflectance, its 
texture, the impact on the landscape). Also in the ideation 
stage and at every step and option of planning, we are 
seeing representations in which the “render is king”, 
preferring thus the most perceptive and exterior 
connotation of architecture. 
The attitude is obviously favored by a continuous 
refinement of modeling and rendering software, often with 
a profusion of huge efforts, such as controllable, verifiable 
views, re-creation of the context: stuff like those are 
demonstration of  “how” the disembodied idea of designer 
could appear. Moreover the tools specific to the graphic 
illustration are becoming, at the time, design tools. As 
result, each picture becomes often a mixture of a variety 
of techniques including laser scanning and related 
mapping, stereophotography (or stereoscopic 
photography), rendering, in addition to any conventional 
draft developed according to the canonical representation 
systems. The final product is, in every way and always, a 
representation, and the alleged realism is not always 
helpful. 
In fact, the drawing can produce a much better idea of the 
project, even that of the realized building itself. The 
purpose of a representation, as known, is not to get a 
realistic result: we do not ask, looking at a drawing, if the 
result is realistic. Rather we wonder “what is” this image. 
In fact, a realistic representation “renders” the complexity 
of architecture, but the tendency to create mimetic 
representations, representations of buildings real or 
imagined, makes one wonder. 
There are continuous attempts to create a double of 
reality, which recall the Map of the Empire cited by 
Borges [1]: a huge map of the surveied territory, perfectly 
overlapping with it. There are many experiments in this 
direction. For example, the creation of a solid model 
made of an urban structure, the work of Didier Madoc-
Jones and Robert Graves, dates back to 1986, within a 
collaboration with Skidmore, Owings & Merrell (SOM): 3D 
views of London's County Hall - made by photographing 
the city with a 35 mm camera and by setting camera 
angles, whose coordinates were added to the Ordnance 
Survey Data - were used to “superimpose” the 
architectural models, displayed in wireframe, in a sort of 
abstract montage. And, after several years, the company 
GMJ (Graves - Madoc-Jones), amended the criteria for 
the implementation of the model, adding technical 
verifiability to the photomontage, produced for planning 
applications: the purpose is the production of 
sophisticated details that combine rendering, lighting and 
materials to create accurate representations of how a 
project would appear in a particular context [2]. 
The group led by Nadi Jahangiri, uses photomontage, 
proposing the so-called Visually Verified Montages 
(VVMs) [3]. In a VVMs a 'space-CAD' that accurately 
reflects the space shown in the picture is created, and 
then a model of the proposal is settled in that space. The 
simplest and most precise way to do this is to survey a 
range of fixed and permanent control points (usually six to 
12 per view) in the photo. These points are then located 
with GPS satellite technology and the Ordnance Survey 
Active Network, with an accuracy of more or less than ten 
millimeters. Surveying these existing points and placing 
them in space, the creation of a complete model of the 
environment becomes unnecessary, because the photo 
describes accurately the environment itself. 
It is worthmentioning also the so-called Architectural 
Photomodeling [4], a process which uses software to 

model directly existing architecture working a series of 
photographs. 

1.2 Photomontage and Geometry 

Given this trend, and considering that the market of 
architecture requires images which imitate reality, and fit 
the architectural design inside that virtual reality, then it 
becomes important that the training of students, engineer 
and architect, the two main figures of the design process, 
takes care on how to manage programs aimed to the 
realization of these hyper-realistic images. However it 
must be stessed that the formation of an architect or 
engineer, as regards the representation, cannot be limited 
to the creation of mere images. 
The representation assumes an instrumental role in other 
disciplines. However, since through representation one 
can manipulate the project and its space, it becomes 
important to teach to “imagine” the space of the project 
through digital tools, rather than just to reproduce it in a 
more or less mimetic way. It is important that, even when 
teaching a simple photomontage, along with hints about 
the use of the programs to that end, the theory behind it 
have to be stressed and put into the right light: to perform 
a proper montage students have to know the so-called 
photogrammetry [5], which, as suggested by etymology of 
the word, used to calculate the metric characteristics of 
objects by one or more photographs. Those rules seek a 
series of constructions based on the principles of 
projective geometry, which govern the formation of 
images in perspective. 
Indeed, since the first Modern, architectural 
representation has never found an alternative to 
Geometry. Also the photomontage, in the visual space 
modeled in a finite depth, typical of the perspective, or in 
infinite, typical of axonometry, had to use geometric 
procedures. The "topos" of the photomontage, even when 
obtained by the superimposition of images (even when it 
may seem discontinuous), must take into account the 
geometrical construction of each views. Construction that, 
in fact, must keep the same viewpoint, as Stan Allen 
notes: "... the photomontage eye capable of constructing a 
new reality out of barrage of fragmentary, contradictory 
and obsolete information that characterizes the modern 
city ..." [6], just to emphasize the "reconstruction"of a 
unified space with fragmented images. 
So photomontage works closely with the Geometry and, 
as with any geometric construction, dealing with the 
visuality, happens on the surface of things. Its expression 
could be what Norman Bryson defined "screen of signs": 
"between the subject and the world is inserted the entire 
sum of discourses which make up visuality, that cultural 
construct, and makes visuality different from vision, the 
notion of unmediated visual experience. Between retina 
and the world is inserted a screen of signs, a screen 
consisting of all the multiple discourses on vision built in 
the social arena" [7]. 
The architecture and the history of its codes of 
representation, are an integral part of this "screen". 
Although always present, "this screen at time fades to 
invisibility, and at other times asserts itself as 
intermediary" [8]. The construction of the photomontage 
literally "makes-rendered" the presence of this screen. But 
the architecture, even in the world of postmodern 
consumer culture, is not just images. There is “no space-
architecture”, and therefore “no space-geometry”. And, 
indeed, we consider that contemporary architecture - 
sometimes very complex geometries oriented - strives, 
first, to create a new depth, modeling and multiplying 
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surfaces; on the other hand, the architecture is closing in 
itself satisfaction in the world of signs and surfaces that is 
configuring, encouraging at the same time the “abuse” of 
Information-based technics and the use of Object-
Oriented Software. 
Indeed, it must be emphasized that the intimate 
relationship of architecture with its techniques of 
representation is neither neutral nor mechanical. 
Moreover, the architect has no other choice but to use 
Geometry: Elementary Geometry or Euclidean, Projective 
Geometry, Topology. These Geometries can also become 
central to the work, and architectural design can also be 
regarded as a pure work of representation. 

2 Conclusion 
The intimate connection between Architecture and 
Geometry can be recognized even more evidently in 
education: what is, today, the role of Geometry, along 
with its development? What is foundational and 
fundamental to the formation of an engineer or an 
architect? 
On the one hand, each of the three groups of properties, 
which characterize respectively elementary geometry, 
projective geometry and topology, each plays a specific 
role in architecture, in representation, in project and, 
particularly, in training. Geometric training tout court must 
deal with space, must be taught to imagine it, has to 
prepare its prefiguration, and then, eventually, make it 
feasible. Then the teaching of geometry regains a 
fundamental role in this sense, updating it.  
In addition, we recognize the importance of the use of 
computers for teaching geometric space: we must be 
carefull that, as in the drawing, so in the reality - virtual3 -, 
generated by the computer, one may incurr into 
counterproductive attitudes. Considering the means of 
representation as simply means of reproduction or 
imitation of reality, one would not recognize the enormous 
analytical and cognitive power, its role as instrument of 
knowledge, whose purpose is to shape reality. It follows 
as a consequence the most interesting quality for any 
“medium” of knowledge, that does not consist in its ability 
to imitate, but rather in the simulation and interpretation, 
that is, allowing the creation of new possible worlds: the 
end of the digital machine (as well as drawing) therefore 
lies in its creative potential. 
A training process - through the illustration and 
explanation of the above types of geometric properties 
(with exercises presented ad hoc) - should be structured 
in such ways: 
- study of metrical properties that sets the material 

limits of the construction enabling and controlling the 
size of spaces and their formal definition, not 
exhausting the sense or the meanings: in our case, 
then the photogrammetric restitution (Fig. 2) allows to 
structure the existing and to design the architecture 
to be replaced (Fig. 3), through formal and structural 
study of surfaces and their mutual intersections4; 

 

                                                 
3 The contradiction – from a linguistic point of view – can be 
crossed by the computer itself, that became the borderline 
between real and virtual: the screen is a window (Alberti docet) 
from which we see the virtual reality. 
4 The editing of virtual space on a 3D modeling is allowed, as we 
know, by commands as “orbit”, that permit dinamic  visualization 
of the object. 

 

Fig. 2 Photorestitution. 

- study of the projective properties, following the 
requirements of perception and representation, that 
allows to understand the development in space: 
Figure 4 proposes the actual spatial configuration 
(thanks to the perspective geometrical restitution), 
matrix of the result on the photographic surface; 
replacing in the virtual space 3D of computer 
fundamental entities (both internal to the photo - what 
is taken - and external - the observer and its position 
relative to the frame), we obtain proficient results in 
the handling of spatial problems, on which the 
student is invited to reflect; 

 

Fig. 3 Photorestitution. 

- Finally, the study of those topological properties 
which constitute as essential priority and guide to 
determine the system of relations and connections, 
thus governing the structure configuration of the 
spaces themselves. 

This last aspect of Geometry is that it is no longer 
considered as the sum of rigid formulas and theorems, but 
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rather as a set of laws governing the constitution of each 
innermost constitution of each structure and each spaces 
(Fig. 4), therefore it plays a specific and not a secondary 
role, not only in the presentation but also in constructing 
architecture and, thus, in the development of intellectual 
and graphic design. In this way, in the "montage of 
Photomontage” can be summarized to those relational 
qualities, that architecture establishes within itself and 
with the surrounding: we can finally "take a look to the 
project", sure to understand the configurative essence of 
its space. 

 
 

 

Fig. 4 The observer position. 

 

 

Fig. 4 The Photomontage. 
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Abstract 

For more than two decades, Computer Aided Design (CAD) has been increasingly taking part 
in the teaching of drawing for mechanical engineers and similar areas. The number of papers 
and communications presented by teachers of this area has increased in the last three 
decades, in different specialized and general events such as engineering, and the teaching of 
engineering congresses. 1 From the teaching point of view, the innovation has been centered 
in the increasingly use of the most spread CAD software in the world. 2 The use of it has  
tended to replace in a complete or parcial way the precision drawings, that were traditionaly 
made on boards by hand. In recent times a new inflection appears on the stage when the 
programs with an analytical parametric design philosophy and characteristics were 
introduced. The emergence of this kind of software impacts again on the traditional teaching 
of engineering drawing, putting in the hands of students and from the early stages of their 
studies a tool that necessarily leads them to get involved in aspects of design, even in the 
case when the expected goal is just to get a drawing. At the same time, the representations 
under international drawing standards became so simple as we could never have imagined 
before. This paper tells how the decisions were made to move towards a new paradigm of 
computer aided representation and how it was integrated to the concepts already present in 
the syllabus of the subject by means of tasks that imply the analysis of a mechanical system, 
its representation, the proposal of modifications on it, and the development of a technical 
report. 

 

Introduction 

Unlike what happens in Architecture and Industrial 
Design teaching, where the subjects of representation 
systems are learnt along the initiation the project and 
design,  in engineering teaching, design matters have 
always been included in advanced stages, currently 
called in Argentina " professional cycle", the drawing has 
remained in the so called cycle of "basic sciences", at the 
present. Leaving aside discussion about the relevance of 
this content organization, it is clear that the knowledge 
and skills of its own do not found a common thread to 
their effective implementation in project design, up to the 
times when students are in advanced stages of their 
formation. [1]. Having realized this shortcoming, we have 
been implementing for many years complementary 
practices in order to approximate the simple 
representation of technical objects to aspects of 
functionality, manufacturing and product improvements 
and especially ensuring that the objects of representation 
were meaningful to the student, through the analysis of 
the aspects recently described. [2] Our proposal was 
already exposed during the Second Argentine Congress 
of Engineering Education (CAEDI), many years ago.  

 

2. Impact of CAD in education and 
production 

2.1 In the academic field 

  
 In Argentina, during the second half of the eighties early 
versions of CAD programs began to timidly appear in the 
classrooms of technological careers. But only one decade 
after, the infrastructure conditions allowed its teaching. 
Universities in general remained at the rear and when 
they began to get hardware equipment available for  
the students, it was scarce and became quickly obsolete. 
Before this, the teaching of CAD was only limited to single 
demonstrations of the CAD programs capabilities, and 
perhaps poorly understood by the students. Our 
experience about the incorporation of CAD in the teaching 
of technical drawing, in mechanical, aeronautics, chemical 
and industrial engineering careers, at the School of 
Engineering, La Plata University, has been reported in 
previous works. [3] [4] [5]. The program has always been 
expensive for the public universities in Argentina, even 
"educational" releases. Dealers of the most popular 
software seem not to take into account that thousand of 
students are trained every year spreading the knowledge 
and handling of the mark, not cooperating with facilities in 
the use of licences. It is estimated that only in the 
institution from which this work belong to, about 300 
students per year are trained to a basic but solid level. 
Those students, as future engineers, are likely to be 
elected for qualified jobs, because of their knowledge of 
the most popular CAD software, among other reasons. 
And in the future when they get management positions, 
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they will probably select this same software to be 
purchased. At the present, in Argentina, all universities, 
with different variants teach AutoCAD. From our place we 
have always argued that what we must teach is drawing 
for engineers "with" CAD, but not a particular trademark 
software. In other universities the course AutoCAD has its 
own identity. We don’t share this position. For us, CAD 
and the use of and specific software is considered just a 
methodological and instrumental content; it’s not a 
content itself and much less a separate course of 
drawing. Among different schools of engineering, the 
variants also exist in the extension and depth. From our 
point of view, CAD must take just the place traditionally 
occupied by board and precision instruments in the 
drawing of technical plans. These are tools that have 
been fully replaced in our classrooms. Thus, a typical 
practice can start from a sketch or figure of a real object 
represented in perspective which the students have been 
solving under the ISO system, and then managing the 
model space and paper space. The CAD has been, since 
its formal breakthrough role in our classrooms, merely 
reproductive: from the real shape to the standardize 
representation. But one day, the parametric CAD bursts 
on stage and impacts both in the design processes, the 
manufacturing industry and in the formative cloisters. 
Teachers felt forced to rethink the practices of CAD when 
teaching drawing for engineering. 

2.2 In the productive areas 

 

 Meanwhile, in technical offices, CAD systems despite 
its enormous advantages over hand drawing were used 
as "virtual board" where a mechanical designer applied 
the same concepts and methods of work so far embodied 
by pencil, paper, board and instruments. The conceptual 
leap was relatively simple and old designers learned to 
use CAD more o less easily, and moved their skill very 
quickly from graphics boards to monitor. But they still 
went on building plans through the combination of lines, 
arcs, and abstract views in two dimensions, and so on. 
They were drawing “in the old way" but with “new tools”. 
First, imagining what they wanted to drqw, then sketching 
it in some lines that were finally scrubbed. This type of 
work is still used today, especially among those who 
didn’t want or have not been unable to take the next step. 
Another frequent application of CAD in early times used 
to be the "digitalization of planes”, which meant to move 
from paper to CAD drawings. This was a poor use of CAD 
capabilities but allowed modifications not fixed on the 
paper. Many years later began to be available tools to 
design directly in 3D, but nobody seemed to be 
encouraged to do it. Very few people seriously designed 
in three dimensions. It was just a "curiosity" that required 
much work, a deeper understanding of programs and, 
ultimately, did not provide more than nicer visualization of 
an object.  

3 Parametric an conventional 3D 
modelling 
 
 The possibility of constructing three-dimensional 
models is available from quite old releases of CAD 
programs. But building such models from a rough and 
enough flexible sketch, in order to get in later stages final 
shape and dimensions without go back the followed road, 
appears with the parametrical philosophy. When the 
generation of parametric programs appeared produced a 

new inflection in the teaching of drawing for engineers. A 
"sketch", as usually named, is, in terms of a parametric 
program, an approximate drawing traced on a grid trying 
to approximate some of the characteristic forms of the 
object with a flat figure. Later operations (the most 
common extrusion or revolution) will convert the sketch 
into a basic solid but pretty close to the definitive model. 
Once finished this model will be the base to obtain 
standardized planes using a capability of the software 
than means just to “touch a button”. Thus, getting 2D 
drawings becomes the last step. One reason of that is that 
in some situations the plan on paper is not essential. This 
flexibility in the model generation stage opens a door 
closed for the students until this moment: the possibility of 
design while drawing. An additional capability is to 
establish "association" with calculation software to 
evaluate the model under work conditions. The parametric 
software of 3D solid design allows a flexibility never seen 
before. The most recent releases that incorporate intuitive 
operations (features or characteristics) may be associated 
with mechanical manufacturing, operations. The designer 
can imagine that starts from a solid block which will be 
"virtual machined" to obtain the final forms. This makes it 
much more intuitive, and allows the designer to visualize 
rapidly from any point of view his idea, enhanced. All 
these advantages can be summarized as follows:  

3.1 Advantages of parametric CAD 

 
• The dimensions may be associated parametrically, 
allowing the generation of families of products or parts 
without having to model them again. For example, in the 
case of screws, the proportions of the hexagonal head 
and the diameter are approximately the same when 
moving from one series to another, allowing the 
generation of different size screws only varying length and 
diameter parameters from a first screw already drawn. It is 
also advantageous when working under theory of "series 
of machines” [6] or when geometric similarity for pumps, in 
hydraulic machines, is applied. 
• The work structure or flow of operations is recorded in a 
"tree work" into which the designer can go to and come 
from, changing an operation or dimension according to 
the needs of design.  
• Operations of design that may be associated with 
manufacturing operations such as drilling, bending, etc. 
allow a less abstract planning of the operations that will be 
made, following a logical and real order in a workshop.  
• The enormous interaction that has been achieved 
between other CAE or CAM programs, allows a design to 
be performed in any software, and then automatically 
parsed into another, simulating the manufacture before 
launching the design into production. This way, problems 
arising from the manufacture or the simulation under 
service conditions can be easily modified on the original 
model. 
• Evolutions on previous products can be analyzed on 
existing equipment; missing parts can be designed taking 
care that there is no interference, that the parts work 
smoothly without friction and fulfilling its function, all 
before their definitive production.  
• Libraries are availability within the program or online, 
avoiding the creation of specific blocks (i.e. screws, seals, 
bearings, etc).and allowing the designer to concentrate on 
the project.  
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4 How a parametric CAD is 
 

 Conventional CAD systems are based on vector 
combination of geometric entities (points, lines, curves, 
polygons for 2D mode, with the addition of surfaces and 
solids for 3D mode). All these entities must be sized and 
once the dimension is assigned, it must not be changed in 
order to keep the consistency of the project. Its roll is 
predominantly metric and reproductive, although it must 
be admitted that this classification made sense with the 
emergence of parametric systems. In parametric 
modelling pieces are directly designed. A set of them 
belonging to a mechanism can then be assembled in a 
project. The pieces are assembled by adding constraints 
between the surfaces, edges, planes, points and axes. 
Each of them can be corrected as many times as 
necessary without having to discard what has already 
been developed, both on the part itself and on the others 
linked in the assembly. In a similar way, a part can be the 
start point to variants of the same, not needing to start 
from scratch. This capability allows the production of 
series of products on a single basic design or the 
improvement of products and manufacturing. Whenever 
necessary to alter dimensions, they will be automatically 
adapted as much as necessary to the geometry already 
defined, even in other related parts. The material can be 
selected from the beginning of the project. The parts are 
modelled defining their characteristics. These in turn are 
based in sketches such as those in fig.1 and fig.2.  
                               
 

 
Fig. 1 Example of sketch 

 

 
 

Figure 2 Sketch modified 
 
All the sketches and features can be corrected at any 
stage of development, without having to rebuild the entire 

partition. This way of working is much more intuitive than 
those developed in metrics systems, except that, in them, 
a modification involves restarting at least from the point 
where the correction is performed, or directly start again. 
Unlike metric CAD, vector drawing is based on the 
resolution of simple geometries, referred to a spatial 
coordinate  system, which are then modified in order to 
get drawings, both 2D and 3D. Unlike that, the analytical 
design parametric constitutes a new paradigm for 
modelling solids. Under this paradigm, the geometry of a 
model is determined by a set of values of the parameters 
or relationships defined in their design. Therefore, the 
dimensions are subordinated to different parameters, so 
the designer can control the geometry by varying those 
values.  
 
4.1 Adaptive Design  
The adaptive design is that design that "fits" to 
environmental changes based on which it was related. In 
general, is not based on one part but on an assembly 
where one, two or more parts are taken as a reference 
and a new piece that interacts with them is created. After 
creating a new piece, any change in the assembly which 
modifies the geometry, will be updated or "adapted" 
automatically. For this goal it is necessary to have the 
adaptively relationship function activated. If it is off, the 
assembly tells us what parts can not be moved because 
of interferences and/or Inconsistencies in the restrictions 
of the mounting. For example let us suppose an arm that 
links two parts, anchored to a bolt on a wheel. If the 
design is adaptive and the diameter of the wheel or the 
diameter of the bolt are changed, the arm will be stretched 
or shortened or the diameter of accommodation changed 
in order to keep the functionality of the whole. In contrast, 
if the design is not adaptive, if the wheel is modified, the 
assembly will find conflicts because the arm is no longer 
useful for the application it was created.  
 
4.2 Dimensions and Parameterized  
In general, the parametric paradigm implies association of 
variables or expressions with the values of model 
dimensions. Thus, the modelling of a solid is expressed in 
terms of some variables that represent the dimensions of 
the model and are involved in the exact calculation of the 
geometry of the design. So, changing one dimension 
"parameterized", the software immediately set the part 
taking into account the variables preconfigured. In 
parametric design, parameters, relationships or 
restrictions may be:  
• geometric: as perpendicular, colinearity, matching, 
symmetry, tangent, etc.  
• dimensional: for example a dimension d2 is defined such 
that half of a dimension d1 (d2 = d1 / 2), so that modifying 
d1, the system automatically updates d2. 
 The parametric CAD is also analytic for its impact in the 
design process allowing visualizing model details, 
checking contact between parts, doing questions about 
distances, assigning materials to the parts calculating 
weights, inertia, etc. In addition, provides tools for create 
surfaces with the ability to analyze and verify them. 
Correct surfaces are those where mutual links are 
continuous referred to tangentially and curvature, and not 
contain areas where continuity had not been lost. On the 
other hand, it is noteworthy that parametric paradigm has 
been nourished by the design by features: standard 
threads, screws, washers, bearings, gears, 
reinforcements, ribs, keyways, faceted, and so on., which 
can be easily incorporated into the design through a 
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extensive library of features. Another important 
particularity of a parametric program is to offer two distinct 
environments of work:  
§ the sketch environment, where the initial profile, 
contour or 2D section id drawn, provides the basis for 3D 
modelling. 
§ operating environment where a range of solid 
modelling operations, allow creating the 3D volume from 
the 2D sections defined in the sketch environment or 
modify the 3D volume.  

 
 Moreover, different applications developed under this 
paradigm offer several modules of work:  
1. Module Part or piece, used in the modelling of a 
component. It has two working environments: sketch and 
operation.  
2. Module Assembly, for the assembly of components 
developed in the module part, where the mounting 
restrictions are established in order to indicate how the 
parts are linked in the device.  
3. Module Drawing or Layout where technical 
documentation can be generated from the 3D solid model 
through presentations or layout, using commands that 
automatically generate orthogonal views, auxiliary views, 
details, sections and isometrics and the incorporation of 
dimensions, symbols and references. That is, the mere 
fact that the student passes these stages even to model a 
highly simple part, has introduced him into a methodology 
of design. This does not imply to be neither the best nor 
the only way. In the future the student will have a more 
canonical training in terms of mechanical design. But, 
undoubtedly, after making small 3D models will be 
passed through a procedure that will leave a mark in their 
future practices of design. In summary, Parametric 
Design allows to: Establish geometric and dimensional 
constraints in the parts. This will ensure its forms, 
dimensions and proportions; avoiding unintended 
distortions during design or when a modification is 
introduced In the latter case, the program recalculate the 
dimensions in order to keep the restrictions.  
 

§ Provide operations and predefined elements  
that can be incorporated to design: holes, fillets, 

chamfers, threads.  
§ Access to libraries of mechanical components that 

can be incorporated in the design: screws, nuts, 
washers, bearings, gears, nuts, shafts, springs, etc, 
without having to draw them.  

§ Make determinations from the design: turning radii, 
axes and principal moments of inertia, etc.  

§ Generate technical documentation of the project: 
drawings, materials lists, etc, identifying each part in 
the drawing with the reference.  

§ Automatically solve orthogonal views, isometrics, 
sections, auxiliary views and details. In addition, they 
are automatically updated every time any 
modification is done.  

 Access to a library of graphics and symbols for the 
technical plane: notes, tolerances, finishing of 
surface, etc...  

 The ability to detect interference between parts that 
must be assembled not only solves detailed and 
complicated analysis, unavoidable in a conventional 
process design, leading the student to a methodology of 
analysis of the progress of his project. The program 
warns about the inconsistencies of its proposal and 
student realizes that it should be revised although the 
program takes his place, in a similar way that word 
processors check a text. 

 
4.3 Obtaining the Standard Plan  
Obtaining a standardized plan in views was an immediate 
objective in the traditional way of working. But in 
parametric CAD they may be obtained from the model 3D 
through a specific module along with the assembly in 
exploited perspective. Desired views are selected and 
defined sections are automatically added to the plane. A 
perspective embedded in the same plane can be obtained 
additionally. Animation can be given to the assembly 
either for use as a handbook of procedure for assembly or 
as a demonstration of its operation. 

5 Differences between metric and 
parametric CAD in classroom 
 

 We have introduced three years ago the parametric 
CAD in the course of Gráfica para Ingeniería taken by 
students of the degree of Mechanical, Electromechanical, 
Aeronautics and Materials engineering. The change has 
been bold in the sense that not only seeks that students to 
reproduce real objects as solid models, but this is done in 
the context of analysis of a machine on which they are 
asked to carry out the redesign or upgrade of parts. This 
practice is called Integrator Work because integrates the 
practices of sketching, solid modelling, analysis of the 
operation, assembly and manufacturing methods, and 
finally the production of a technical report [7] [8] [9]. When 
the student works with metric CAD models creates a 
technical plane without having an overview of the Project. 
That’s because his attention is focused in a mere formal 
resolution of the model, representing a two-dimensional 
views, according to Monge rules, and taking advantage of 
the standardized resources like sections, dimensions, etc. 
This allows the students to get skills of resolution of 
geometrical figures. In contrast, when modelling with 
parametric software, the field of possibilities is greater: the 
student may explore the shapes just changing some 
parameters and getting different results; at the same time 
can introduce himself in many concepts of technology 
because, if he wants to generate a hole in the project he 
needs, as in the real case, trace a centre mark; concepts 
of design must be taken into account, and translate them 
as parameters. This means a qualitative jump in the 
conception of the morphology of the objects. Since this 
jump, students don’t draw plans; they make the model 
directly in 3D, and then obtain the technical plan through 
very simple tools, creating main and auxiliary views. On 
the other hand, the link between variables (parameters) or 
the automatic update of the geometry, when changes are 
made, and their impact on the plane, is one of the 
advantages highlighted by students. Flexibility allows 
modifications with just no effort during the development, 
lead to other versions of the product from identical 
morphology, design new parts that fit in the existing 
assembly. This is the case of the real parts of the fig. 3, 
whose model is presented in Fig 4. 
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Figure 3 Real part 
 

 
     

Figure 4 Model of Real part 
 
   From it and taking advantage of their similarity the part 
shown on Fig. 5 has been modelled. The new models are 
shown in Fig. 6. 
 

 
 

Fig. 5 Real model similar to shown in fig. 3 
 

 
                 

Fig. 6 Model derived from an existent one 

 
   This is not possible when a traditional CAD is used, 
because the geometry must be redrawn according to the 
modification. Once the implicit procedure of modelling is 
known by students, they are able to seek the result even if 
not the best way is used. This makes the process a 
comprehensive learning. It is implicit that the use of 
parametric CAD programs necessarily puts students in the 
practice of drawing elements directly in 3D, choice slightly 
used (but possible) with the metric programs. This was the 
only intention when parametric CAD. But very quickly we 
realized that this new way of work allowed us to test a 
methodological proposal of introduction to design with the 
same dedication and effort. Moreover, the method that 
uses software to generate solids results a teaching aid to 
conceptualize basic and simple shapes as previous of 
more complex shapes involved in the final model. These 
basic shapes are classic geometric shapes called 
"primitive." In turn, following Félez [9] the management of 
primitives is an aid to the dimensioning as they "invite" to 
dimension guided by the fundamental dimensions of the 
“primitive” solids. Although it is worth to note that in 
parametric design there are two different actions that can 
be confused: the first is the sizing that is, the allocation of 
dimensions to each shape in the modelling stage, linked 
together through parameters. The other action is the 
establishment of the dimensions on the technical plane, 
which are usually constructive dimensions. 

Conclusion 

 For all the reasons mentioned before, we believe that a 
parametric CAD program used within the context of a 
degree course of graphics for engineering becomes a tool 
that allow the students to have a first experience in 
mechanical design, even when developed in the context 
of the basic sciences, when the students have not been 
yet introduced into the engineering calculation. Since the 
beginning of its implementation the students have shown 
that they are able to interpret complex shapes, translate 
them into 3D and test changes on them that necessarily 
involve design tasks. The quality of the graphic product 
generates a satisfaction in the students never seen before 
when working in the old way. Taking into account the 
current structure of the syllabus, the Parametric Design 
CAD used as a way of teaching drawing for future 
engineers, became a "ground wire" for the anxieties of 
students that are just starting their studies. 
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Abstract 

The research and development of modern products and systems is coined by the 
increasingly important requirement to create sustainable innovation. Innovation is 
intimately linked with entrepreneurship. Research, Innovation and Entrepreneur-
ship are considered the keys to a wealthy and sustainable economy. The best way 
to turn research into innovations is to consider key innovation factors from the 
earliest phases of research all along the way to products and services. Existing 
entrepreneurship study and training programs, however, do not take into account 
these early phases, but rather focus on the process of creating a new enterprise. 
This paper presents key results of ResEUr, a European Project that has conceived 
and implemented a unique e-Learning enabled training and EU-wide certification 
program to sensitize young researchers for innovation and entrepreneurship in our 
modern environment.   

1 Introduction 
At a time when entire economies and industries are 

reeling from the financial crisis, business leaders are 
struggling to balance the near-term needs of survival with 
the long-term demand to find new sources of growth. 
Never has the need to innovate and be entrepreneurial 
been more urgent. 

If it is to make a success of the Lisbon strategy for 
growth and employment, Europe needs to stimulate the 
entrepreneurial mindsets of young people, encourage 
innovative business start-ups, and foster a culture that is 
friendlier to entrepreneurship and to the growth of small 
and medium-sized enterprises (SMEs). The important role 
of education in promoting more entrepreneurial attitudes 
and behaviours is now widely recognised [1]. 

However, the benefits of entrepreneurship education 
are not limited to start-ups, innovative ventures and new 
jobs. Entrepreneurship refers to an individual’s ability to 
turn ideas into action and is therefore a key competence 
for all, helping young people to be more creative and self-
confident in whatever they undertake. At higher education 
level, the primary purpose of entrepreneurship education 
should be to develop entrepreneurial capacities and 
mindsets.  

In this context, entrepreneurship education 
programmes can have different objectives, such as:  
1) developing entrepreneurial drive among students 

(raising awareness and motivation);  
2) training students in the skills they need to set up a 

business and manage its growth; 
3) developing the entrepreneurial ability to identify and 

exploit opportunities. Graduates’ start-up is one of a 
range of possible outcomes. 

 
The majority of courses and training programs focus 

on target 2). Sensitising young researchers for 

sustainable entrepreneurship and innovation, however, is 
often neglected. The research presented in this paper 
concerns the establishment of a competence specification 
of entrepreneurial spirit of young researchers, as well as a 
corresponding training and certification program. It is the 
result of a project in the Leonardo da Vinci Lifelong 
Learning Programme of the European Commission.  

Section 2 of this paper outlines the background of this 
activity. Section 3 points out the methodology that has 
been used in order to come up with a set of competences 
required by young researchers to take into account 
innovation and entrepreneurship in their research. Section 
4 introduces this competence set. Section 5 proposes a 
scheme to teach and certify these competences. Finally, 
conclusions will be dawn, and an outlook will be given to 
the deployment of the proposed training and certification 
program. 

2 Background 
The Global Entrepreneurship Monitor, a program 

initiated by Babson College and the London Business 
School to assess entrepreneurial activity around the world 
[2], explores the link between economic growth and 
entrepreneurship. The 2008 report discusses this positive 
relationship in terms of the diverse phases of economic 
development that vary from country to country: Factor-
driven economies, i.e., economies relying on unskilled 
labour and natural resource extraction, will need to focus 
on institution-building, infrastructure and the provision of 
such basic services as healthcare. Efficiency-driven 
economies, i.e., growing economies in need of improving 
production processes and quality, will be most concerned 
with such priorities as domestic and/or foreign market 
size, financial market sophistication and labour market 
efficiency. Innovation-driven economies—the most-
advanced stage in which businesses compete primarily on 
the basis of innovation—will have needs related to 
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entrepreneurship-specific education and research and 
development [3]. 

Currently the teaching of entrepreneurship is not yet 
sufficiently integrated in higher education institutions' 
curricula. Available data show that the majority of 
entrepreneurship courses are offered in business and 
economic studies. The diffusion of entrepreneurship is 
particularly weak in some of the Member States that 
joined the EU in and after 2004 [1]. 

However, it is questionable whether Business Schools 
are the most appropriate place to teach entrepreneurship: 
innovative and viable business ideas are more likely to 
arise from technical, scientific and creative studies. So the 
real challenge is to build inter-disciplinary approaches, 
making entrepreneurship education accessible to all 
students, creating teams for the development and 
exploitation of business ideas, mixing students from 
economic and business studies with students from other 
faculties and with different backgrounds. 

Entrepreneurship refers to an individual’s ability to turn 
ideas into action. It includes creativity, innovation and risk 
taking, as well as the ability to plan and manage projects 
in order to achieve objectives. This supports everyone in 
day-to-day life at home and in society, makes employees 
more aware of the context of their work and better able to 
seize opportunities, and provides a foundation for 
entrepreneurs establishing a social or commercial activity 
[4]. 

Entrepreneurship is today recognised as a basic skill to 
be provided through lifelong learning. The European 
Council of Lisbon and the European Charter for Small 
Enterprises have emphasised this aspect. All these 
activities are part of a more general effort of the European 
Commission to promote SMEs and entrepreneurship, 
which includes the adoption of [5] and of a set of other 
related documents in January 2003. 

3 Methodology 
ResEUr – ECQA Certified Researcher-Entrepreneur –  

is the name of the innovation project that has been 
launched in November 2009 by a consortium of five 
partners in Europe in order to propose a competence set 
for entrepreneurial minds, as well as a complete e-
Learning based training and certification program [6]. This 
project is financially supported by the European 
Commission in the Leonardo da Vinci action of the 
Lifelong Learning Programme.  

The six partners are the following: 
1) EMIRAcle - European Manufacturing and Innovation 

Research Association, a cluster leading excellence, 
Belgium 

2) UPT – University Politehnica of Timisoara, Romania 
3) Grenoble INP - Grenoble Institute of Technology, 

France 
4) ISCN Ltd. - International Software Consulting Network, 

Ireland 
5) proHUMAN Cooperation and Business Management 

Ltd., Slovenia 
6) Skills International Ltd., Austria  
 

All these partners have a long-time experience in 
entrepreneurship and innovation, and are active members 
of the ECQA [7]. With ResEUr, their target is to define a 
competence set that is complementary to existing training 
and education programs in entrepreneurship. ResEUr 
primarily addresses the phases before the decision of 
creating an enterprise is made. It aims at sensitising 
researchers for entrepreneurship and innovation rather 

than teaching them how to do business plans. This idea 
results from the conviction that the issue of taking into 
account innovation and marketing issues already during 
research is crucial. 

The first part of the project is the specification of the 
competence set, from which e-Learning based training 
material in five languages and test questions for 
certification have been developed. In this paper, the 
authors focus on the presentation of the competence set 
as it has been specified by the consortium according to 
the standard that is proposed by the ECQA. This standard 
is compliant with the European Qualification Framework 
(EQF) [8], and is based on the concept that the skills 
which characterize a specific job role define the so called 
Skill Card (or Skill Set), which contains skill units, which 
consist of skill elements. The competences expected from 
a candidate who wants to get certified for a particular skill 
element are specified by performance criteria. For 
certification, the candidate is tested on the basis of a pool 
of test questions that have been specified for each 
performance criterion. Alternatively, candidates can ask 
for the assessment of documents that prove that they 
have successfully applied the principles and associated 
performance criteria in their professional activities. 

4 Researcher-Entrepreneur Key 
Competences  

Figure 1 shows the Skill Card which has been 
developed by the ResEUr project consortium. The focus is 
clearly on networking and open innovation. Only one unit 
is dedicated to the typically taught entrepreneurial skills, 
which are mainly associated with mastering the process of 
creating an enterprise. 

4.1  Shaping Ideas 

This unit deals with key skills that are required to 
leverage brilliant ideas, starting from creating an 
innovative mindset in students' heads, passing via 
methods for structuring ideas, and ending by discussing 
methods and best practices for presenting ideas. 

4.1.1 Key Success Factors for Entrepreneurship 

The aim of the element is to describe the main topics 
which young entrepreneurs have to understand in order to 
make relevant decisions of how to transfer products 
and/or services as innovations to the market. 
- General life cycle from idea to production; 
- key success factors (providing latest market research 

statistics); 
- understanding finances (ex. topics like: dynamics of 

financing, business models for exploitation, etc.); 
- understanding marketing of products;  
- understanding legal issues;  
- understanding the risks associated with 

entrepreneurship. 

4.1.2 Forming the Mindset of Students 

Forming the minds of students means to train them in 
applying systematic techniques to find innovative 
solutions to concrete problems [9]. The method envisaged 
in this skill element is to create a library of case studies 
which demonstrate the key issues about creating ideas for 
innovative solutions. Most of them are based on the 
student's capability of taking into account basic proven 
principles from several different domains. 
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Some particular subjects addressed are: 
- experimental learning; 
- use of modern IT facilities (web,  knowledge  

databases, etc.) to increase the understanding of the  
idea, and to gain deeper insight;  

- using real working examples (prototyping); 
- thinking about potential applications of concrete 

research in different contexts. 

4.1.3 Methods for structuring Ideas 

The aim of the element is to provide methods for 
structuring the ideas based on the integration of 
complementary networked skills and in such a way that 
they address specific problems, and have a long term 
broader vision for development. Students specifically 
would learn to 
- understand the Belkin and similar innovation theory 

models where a mix of complementary roles forms 
the basis for innovative teams and results. The 
components of the service/product shall be matched 
onto these skills; 

- understand how to map ideas/solutions onto specific 
problems to provide answers for industry; 

- do a joint goals analysis to formulate a vision for the 
future service/product and structure the idea aligned 
with the vision. 

4.2 Innovation Transfer 

This unit focuses on issues concerned with the transfer 
of research in the form of knowledge, technology, 
prototypes, and services as innovations from the 
academic environment to the competitive market. These 
issues are known to represent key success factors of 
entrepreneurship in the academic domain. 

4.2.1 Creating joint Visions of Products and 
Services 

Several types of modern products create customer 
value in combination with associated services. 
Furthermore, in many sectors margins are significantly 
higher in services than in products. It is thus increasingly 
important to think about services associated to a certain 
product in the very early product development phases. 

This process can be highly facilitated by bringing together 
as many stakeholders of the product life-cycle as 
possible, in order to make them exchange knowledge 
about requirements and constraints with respect to a 
specific product and its life cycle [10]. This element gives 
an introduction into methods that help carry out this 
knowledge networking task with the target to create a 
vision about the future product and its associated services 
that is shared by as many different stakeholders as 
possible. 

4.2.2 From Prototypes to Products 

A significant number of Start-Ups fail due to the fact 
that effort for supporting one or several products on the 
market has been underestimated. The way from a 
research prototype to a sellable product that provides a 
certain level of quality is typically very long one. The 
necessity and the efforts of supporting the product once it 
is in the hands of customers is also often not sufficiently 
considered. This learning element focuses on the key 
factors that have to be taken into account before actually 
taking the direction to the creation of product out of a 
product idea or a prototype, including risk management 
issues. 

4.2.3 Business Potential Profiling 

The aim of the element is to describe the needs of 
industry on the one hand and researchers or research 
organisations on the other hand for successful knowledge 
and technology transfer. Technology transfer defines the 
process of transformation of the results of research and 
development into marketable products or services. Best 
practices are introduced of how to find out about the 
needs of industry and academia for collaboration and 
knowledge and technology transfer: 
- needs analysis for knowledge and technology 

transfer for research organisations and industry; 
- innovation audits, innovation scans; 
- key criteria and elements of a technology profile; 
- formulating the innovation transfer offer and request 

(for products, services, technology etc.). 
 

Fig. 1 The ResEUr Skill Card. 
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The aim is also to describe how to formulate 
technology offers or technology requests for knowledge 
transfer for further dissemination: 
- databases and service providers for diffusion and 

dissemination of technology profiles; 
- researcher networks. 

 
The element also highlights the ways of preparing and 

presenting cooperation needs in the field of knowledge 
and innovation transfer. 

4.2.4 Preparing Innovation Transfer Contracts 

The aim of this element is to describe the different 
types of collaboration that are available for knowledge 
and technology transfer. Best practices are introduced of 
how to find out about the best suitable collaboration types 
for industry and research organisations: 
- technology transfer and corporate strategy; 
- types of cooperation; 
- confidentiality and non-disclosure agreements; 
- technology transfer agreement categories: 

a) Patent or know-how licence, 
b) Industrial franchise, 
c) Technical cooperation, 
d) Technical assistance, 
e) Subcontracts, 
f) Joint Ventures. 
 
The element also deals with ways of choosing the right 

type of collaboration for knowledge and technology 
transfer. 

4.3 Knowledge Networking 

In the ResEUr qualification, Knowledge Networking is 
considered the core competence area for entrepreneurs. 
Networking knowledge from several different domains 
and sectors can create the decisive competitive 
advantage of modern and future-oriented enterprises. The 
unit highlights several significant factors of this networking 
paradigm with special relevance for enterprise creators in 
the academic domain. 

4.3.1 Complementary Skills Networking 

The aim of the element is to provide examples and 
experiences from success cases about how to build and 
become integrated into complementary skills networks. 
Students will learn about specific success stories 
including 
- the campus company concept (pool of students 

offering skills as services to industry); 
- the company spin off concept (find a community of a 

mixture of companies, university institutions to 
support a spin-off); 

- the integration in conferences and networking 
concept; 

- the topic driven community building and extracting of 
ideas concept; 

- the main reasons why such models are working. 
 
The element also deals with principles that can be 

drawn from these case studies. The added value of using 
modern Web 2.0 facilities for applying the discussed skills 
are pointed out as well. 

4.3.2 Business and Services Networking 

The aim of the element is to provide examples and 
experiences from success cases about how to interface 
with real business networks (beyond student and 
development networks). Students will learn to 
- understand the rules and behaviour in business 

networks; 
- know the main differences and potential synergies 

between research and business networks and how to 
identify and exploit such synergies; 

- typical situations/concepts to get linked up with 
business networks and build on a group of 
customers; 

- understand the requirements for services to allow 
business customers accepting solutions from young 
researchers. 

 
The added value of using modern Web 2.0 facilities for 

applying the discussed skills is also pointed out. 

4.4 Empowerment by Learning Organisation 
Environments 

This unit puts the concept of the Learning Organisation 
[11] in the middle of the successful enterprise creation. 

4.4.1 Openness and Team Learning 

The aim of the element is to provide methods for 
training openness, for new strategies in knowledge 
sharing in a team and its advantages, and for feedback 
and leadership approaches accepting and empowering 
the integration of new ideas. Students will specifically 
learn  
- the requirements for a team learning culture and how 

to exploit it; 
- the requirements for openness principles and how to 

socially train/exercise openness; 
- the requirements of team (leadership) styles allowing 

innovation to grow and to empower new ideas. 

4.4.2 Leadership and Team Motivation Factors 

This skill element focuses on: 
- leadership behaviour when considering the 

entrepreneurial attitude (style, emotions, self 
motivation) - individual behaviour; 

- leadership by a group (leadership teams, action 
oriented team leadership skills for cross-functional 
teams) - group/team behaviour. 

4.4.3 Social Skills paired with Technical Abilities 

This skill element’s objective is to train students in the 
field of social communication based on the valorisation of 
their emotional intelligence.  

The key elements are related to: 
- the intellectual capital concept and its relation/effects 

to entrepreneurship development; 
- social communication skills development – elements 

that are derived from the emotional intelligence 
effects in the research-entrepreneur field and that are 
linked with behaviour attitude like adaptation, 
integration, differentiation, complexity and 
complementing; 

- social responsibility; 
- multicultural skills. 
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The skill element training will be based on case studies 
and best practices. 

4.5 Facilitators of Entrepreneurship 

This unit provides highly condensed and concise 
information about key issues of entrepreneurship, which 
are typically taught in seminars which are currently 
offered by various institutions. The unit, however, does 
not want to replace such seminars and courses, but it 
rather seeks to give the student a convenient means of 
reflexion on whether she/he needs training in the 
respective competence areas, and where she/he can find 
complementary courses. 

4.5.1 European Facilitators of Entrepreneurship 

The aim of the element is to provide information which 
institutions, programs, infrastructure, etc is available at 
European level:  
- knowledge about entrepreneurship available on EU 

level (portals, models); 
- facilitating systems at the EU level (scholarships for 

young researchers, opportunities for funded 
projects); 

- funding opportunities; 
- other facilitators (business angels, scholarships, 

etc.). 

4.5.2 National Facilitators of Entrepreneurship 

The aim of the element is to provide information which 
institutions, programs, infrastructure, etc is available in 
certain countries in order to facilitate the 
entrepreneurship. The content of the element is tailored 
on the basis of the situation in each country where the 
seminar is delivered. 
- Graduate programs on entrepreneurship; 
- facilitating systems at the government level 

(scholarships for young researchers, opportunities for 
projects); 

- supporting programs at universities and research 
institutions; 

- incubators; 
- interest of industry; 
- etc. 

4.6 Selected Aspects 

This unit contains a selection of skill elements that are 
considered very interesting and relevant for the target 
audience of ResEUr, and which are implicitly part of all 
the other skill units and elements. 

4.6.1 Risk Consideration and Mitigation 

Risk issues should be taken into account in the 
elaboration of all the skill elements. Focus should be set 
on: 
- risk identification by their typology and by identifying 

their potential sources; 
- risk awareness and evaluation; 
- entrepreneurs' behaviour when they are confronted 

with risk (risk adversity behaviour); 
- risk mitigation. 

4.6.2 Open Innovation 

Innovative enterprises that are successful in the 
modern knowledge-based networked economy have 
succeeded to drive their innovation in knowledge 
networks rather than in hermetically protected research 
departments. Open Innovation is a paradigm that 
assumes that firms can and should use external ideas as 
well as internal ideas, and internal and external paths to 
market, as the firms look to advance their technology. The 
boundaries between a firm and its environment have 
become more permeable; innovations can easily transfer 
inward and outward. The central idea behind open 
innovation is that in a world of widely distributed 
knowledge, companies cannot afford to rely entirely on 
their own research, but should instead buy or license 
processes or inventions (e.g. patents) from other 
companies. In addition, internal inventions not being used 
in a firm's business should be taken outside the company 
(e.g., through licensing, joint ventures, spin-offs). This 
element introduces these key concepts of Open 
Innovation to the student. 

4.6.3 Dissemination and Feedback Collection to 
create Partner Networks 

This element deals with key issues that are concerned 
with ways of disseminating entrepreneurial ideas in 
industrial and research communities with the target of 
getting feedback on it, as well as of building a partner 
network, which can then be mobilised in order to 
implement the idea in a solid and sustainable way. 

4.6.4 Use of Web 2.0 

In all the skill elements the possibilities the Web 2.0 
offers to promote, network and discuss an idea/research 
or business field should be taken into account. Various 
possibilities should be explained and discussed: 
- social-networking sites (e.g., Facebook, MySpace, 

Hi5, StudiVZ); 
- professional/business networking sites (e.g., XING, 

LinkedIn, BoardEx, Yahoo! Kickstart); 
- professional/business discussion forums and user 

groups; 
- creating own blogs and promoting them; 
- writing Wikipedia articles about own idea/research, 

add a link to own website; 
- using video-sharing sites for demonstrations of your 

research and ideas (e.g. YouTube); 
- etc. 

 

5 Qualification and Certification 

5.1.1 Certification 

The ECQA has setup a partnership of experienced 
partners in more than 20 European countries to create an 
extensible pool of knowledge for specific professions. 
Originally, professions have been primarily in the ICT 
area. The strategy is, however, to extend the scope of 
ECQA certifications to a much wider domain. This is 
already manifested in profession like ECQA Certified 
Innovation Manager, ECQA Certified Integrated Design 
Engineer [12], and ECQA Certified Lean Six Sigma Expert 
[13]. It has turned out that ResEUr can in fact be 
completely integrated into the system of the ECQA.  
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According to the Bologna Process it is important that 
training courses are internationally recognised, and that 
successful course attendees receive certificates that are 
valid in all European countries. The European 
Commission supported the establishment of the 
European Qualification Network (EQN), from which the 
ECQA has evolved, with exactly this target in mind. This 
has resulted in a pool of professions in which a high level 
of European comparability has been achieved by a 
Europe-wide agreed skill sets, a European test questions 
pool and European exam system, a common set of 
certificate levels and a common process to issue 
certificates. 

Quality criteria have been developed, comprising 
criteria to accept new job roles in the ECQA, criteria to 
accredit training organisations and certify trainers 
promoted by the ECQA, as well as criteria and processes 
to certify attendees who have run through the training on 
a specific job role [14]. The existing skills assessment 
portals, which are have already been used by several 
thousands of students in different learning initiatives, are 
being extended to cover the new requirements of the ISO 
17024 (General Requirements for Bodies operating 
Certification of Persons) standard. Among the 
international certification organisations that provide 
ECQA-compliant certification is the International Software 
Quality Institute (ISQI) [15]. 

Certification can thus be done in a modular fashion. 
There are two ways of getting certified for a particular skill 
element. 
- Examination on the on-line exam portal based on a 

test composed of a random selection of multiple-
choice test questions 

- Assessment of evidences proofing competences in 
the concerned element(s) due to e.g. prior 
experience. 

 
For professions linked to job roles in organisations, a 

Europe-wide valid certificate obtained in the lifelong 
learning process increasingly provides a competitive 
advantage in the labour market.  

In the case of ResEUr, which is not linked to a 
particular job role, the certificate has another kind of 
added value, which is much more associated with the 
confirmation of personal entrepreneurial skills, which can 
boost motivation.  

5.1.2 The Training Process 

The Learning Process is depicted in Figure 2. Students 
study the training material per unit within the ResEUr e-
Learning environment. They can contact trainers for 
questions, comments, etc via the forums which are 
associated with each learning element of a particular 
learning unit. As the training material is strictly focused on 
principles and core messages, students have to do 
practical exercises in order to show that they understand 
these principles, and that they are able to apply them. 
Exercises are also done as homework, and must be 
uploaded to the respective discussion forums, where they 
will be commented by trainers, and other course 
participants.  

In order to explain exercises and trainer comments, 
students are put together in groups of up to eight 
participants, who meet via telecommunication facilities 
with trainers. After a summary-style introduction to the 
studied learning units done by the trainers, every student 
is asked to explain his/her exercise. Trainers and other 
students comment on this explanations and ask 

questions. This facilitates knowledge and experience 
exchange among the complete group rather than only 
between the trainers and students. After this on-line 
discussion session, students are obliged to upload an 
improved version of their exercises.  

The complete training process can also happen on-site, 
i.e., in the form of training seminars given in classical 
form. The complete ResEUr program can be delivered in 
five to ten seminar days, depending on the amount and 
level of detail of exercises. There can also be mixture of 
both, e.g., the exercise discussion sessions could be done 
on-site rather than remotely. Thanks to the modularity of 
the training units it is possible to tailor session schedules 
to specific needs. 

 

 

Fig. 2 The ResEUr Training Process. 

6 Conclusion 
Research, Innovation and Entrepreneurship are closely 

linked to one another, and they are considered as the 
keys to a wealthy and sustainable economy. The best way 
to turn research into innovations is to consider key 
innovation factors from the earliest phases of research all 
along the way to products and services. Creating 
successful and sustainable enterprises is then the logical 
next step, which can be leveraged significantly by the 
early sensitisation of creative minds for entrepreneurship. 

The ECQA Certified Researcher-Entrepreneur training 
and certification program aims at covering all the key 
aspects that are associated with these considerations 
upfront the process of the creation of a new enterprise, as 
well as with boosting the innovation power of existing 
companies. The project is currently in its pilot phase, in 
which pilot trainings and certifications are delivered free of 
charge to interested parties. The target is to assess and 
adjust the ResEUr skill card and training material 
according to the feedback of trainees. Participants of 
IMProVe, as well as the whole AIP-PRIMECA community 
are invited to take part in such pilot trainings. The creators 
have also a big interest in introducing ResEUr as an 
accredited PhD course at universities. 
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Abstract 

As a result of current legislation safety signs are increasingly common in public places. The 
purpose of safety signs is to guide people to a final location in a limited amount of time. But is 
sign location always effective? Do users have an adequate viewing range or cognitive ability 
to interpret the information on signs? Is the number of safety signs adequate for their areas of 
influence? Is there an excessive amount or is there just enough? Are these questions always 
answered? 

The authors noted that the choice of safety sign location is often not an easy one for 
professionals such as architects and engineers. It was felt that a graphical tool that could be 
easily integrated with AutoCAD, a tool commonly used by design professionals could be 
helpful.    

As a starting point to the research and development process the authors analysed the basic 
aspects of safety signalling such as sign sizes and perception distances. The main purpose 
of the tool is to aid the placement of graphical symbols on architectural plans. However, the 
tool also allows for analysis of their areas of influence and the adaption of those areas to 
different places in the building. Orientation of signs is also important. The tool takes pathways 
into account which reduces errors in sign orientation, especially where arrows are included.  

This paper describes tool development with particular focus on development stages and 
difficulties.  

1 Introduction 
The positioning of safety signs in construction plans 

should take several issues into account such as 
standards, legal issues, spatial dimensions, visual 
obstacles and limited perception, among others. As a 
result of this, the signing project phase can be very 
complex in some cases. Previous literature describes a 
variety of options, from the use of location optimization 
algorithms [1] to the special considerations to take with 
people with disabilities to read and locate exit signs [2]. 

As the design and positioning of safety signs is 
pertinent at the design stage, computer-aided design 
(CAD) is typically used to generate, view and modify 
plans, especially by engineers and architects. A tool in 
this format to simplify the signalling process could be 
considered very useful. This paper highlights different 
possibilities to develop the process of signalling plans of 
buildings, especially when they have significant 
dimensions or complexity. The considered possibilities 
are compared in order to optimize the process of placing 
the required signs, modifying their locations or physical 
features (size and shape) and testing different 
combinations both easily and quickly. 

Several different examples will be shown including sign 
placement software developed by the authors. The 
software tool was intended to simplify the signalling 
process but always taking into account the need to cover 
the safety requirements when we deal with safety 

aspects. In this sense, both the European Council 
Directive 92/58/EED [3] and the Spanish Royal Decree 
485/1997 [4] were taken into account, as well as 
standards, such as the American National standard Z535 
series [5], UNE 1115:1985 [6], UNE 23034:1988 [7] and 
other technical documents [8-9] that were also consulted 
during the early stages of this project development. 

  

Fig. 1 Areas ideally covered by the three different sizes of 

flat signs. 

An important requirement in the field of safety 
signalling is to be able to check if the placed signs are 
sufficient to cover a required area. There is a need to 
consider the size and physical shape of each sign, for 
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example larger signs are easier to view over larger 
distances  In general, there are three different sign sizes 
which have viewing distances up to 10 m, 20 m and 30 m 
as shown in fig. 1.  

 

 

Fig. 2  A panoramic sign. 

Moreover, each size can be composed of different 
physical shapes: flat signs (fig. 1), perpendicular to the 
wall (fig. 3) and panoramic signs (figs. 2 and 4). Each of 
these shapes can be perceived within a different angle, 
defining the ideal covered area of signs. Thus, combining 
size and shape, it is possible to obtain several different 
line of sight areas in which the sign can be correctly 
viewed. However, do we always match the sign to task?  

 

 

Fig. 3 A wall-perpendicular sign and its ideal covered area. 

Visual obstacles, like columns or walls, must be taken 
into account as they may obscure initial line of sight. This 
is why we consider tracing rays within the covered area 
as the best option to indicate actual line of sight areas, as 
shown in fig. 5.  

 

 

Fig. 4 A panoramic sign and its ideal covered area. 

These rays are simple lines starting at a common point 
(centre of a sign) and with the same length: 10, 20 or 30 
metres, depending on the sign size. The clear advantage 
of this technique is the possibility of taking into account all 
the intersections of these rays with visual obstacles to cut 
them, obtaining a real covered area representation. 

In 2007, Spanish company Implaser 
(www.implaser.es) contacted the Spanish researchers 
with the idea of developing an innovative tool for signage 
layout and design. The company had several basic 

requirements. The first requirement was to use their 
standard symbols, as well as their internal codification and 
to develop a tool to be used in an AutoCAD® 
(www.autodesk.com) environment as they considered that 
it was the most commonly used CAD package by their 
customers. After a period of research and development a 
CAD-based tool, ImplaCAD®, was released in February 
2008. 

  
 

 

Fig. 5 Real covered areas, defined by rays, of two signs 

(one panoramic and one wall-perpendicular) in a plan. 

However, after two years the possibility of using the 
tool in a project outside of Spain was considered in order 
to develop its international potential. It was proposed that 
the tool be used in a major construction project in 
Birmingham, United Kingdom. For use in this project the 
tool required major changes, such as taking into account 
British Standards [10], new types of signage (not only for 
safety purposes) and wayfinding design. The noted 
requirements were researched and reviewed.  After 
careful consideration, it was concluded that a new tool 
should be developed. This new tool was based on a new 
working philosophy and an engine in development since 
2002 that has been used to generate several applications. 

It was decided that the final tool should be tested in a 
more complex environment so as to explore its full 
potential. The research team at the University of Zaragoza 
(Spain) has established a working relationship with 
researchers at Loughborough University (UK). This new 
working relationship makes it possible to test the software 
in complex projects, under different legal requirements 
and standard frameworks. 

2 Previous methods: manual insertion 
vs. ImplaCAD® 

When developing a safety signalling process with the 
help of AutoCAD®, we can assume that the insertion of 
blocks is going to be applied. This can be done manually, 
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by inserting pre-drawn blocks with the sign symbols, or by 
using a tool like ImplaCAD®, which simplifies the process. 
This software tool comes with a collection of blocks for 
signalling and makes it easier to graphically check if the 
placed signs are sufficient for a designated area. Both of 
these possibilities are compared. 

2.1 Insertion of signs 

When placing safety signs manually, we should 
consider the use of block libraries. Their use and possible 
applications have been widely described in previous 
literature [11]. For this reason it is assumed that some 
kind of library is always going to be used. Following this 
process, blocks can be imported from one of the libraries, 
which can be commercial and/or created by users. Of 
course, another possibility is to use a plug-in like 
ImplaCAD®, where the library is a part of the tool. Another 
advantage is that the blocks used in this tool to represent 
safety signs can show the covered area, attending to the 
physical features of each sign (size and shape, as 
previously explained).  Fig. 6 compares both processes: 
manual and ImplaCAD® supported and shows how the 
second one makes the insertion both easier and faster.  

 

          

 

Fig. 6 Sign insertion process: Manual vs. ImplaCAD®. 

As we can observe, in the case of manual insertion, 
libraries can be more or less organized, depending on 
several aspects, like experience of the user or time that 
the library has been being used, as it could have been 
improved along that time. In the case of using a tool, it 
would be assumed that its developers have already 
thought about these questions, so it will follow some kind 
of logical criteria to order the blocks. For example, in 
ImplaCAD®, signs were created and classified attending 
to their sizes, shapes, etc, and they have a logical code to 
be easily identified. 

The scheme in fig. 6 shows how, in the case of the 
manual process, the ideal covered area must be 
calculated and traced. 

2.2 Block insertion 

The block insertion process can be considered a 
subroutine within the insertion process and, as previously 
explained, it can also be done manually or using a 

software tool. In both cases, it will follow the same 
scheme: 

      

Fig. 7 Block insertion process: Manual vs. ImplaCAD®. 

The insertion point should be defined according to the 
same criteria in all signs, to facilitate the insertion process.  

The scale factor (see 1 in fig. 7) refers to the scale of 
the block and must be coherent with the plan scale. As 
this could be a critical aspect in many cases and errors 
can easily appear, both manually and using ImplaCAD®. 

The rotation angle (see fig. 7) must be adjusted to the 
particular geometry of a plan, not forgetting problems with 
the User Coordinate System (UCS). 

2.3 Covered area 

This aspect is very different when using the tool than 
when the covered area is manually traced. This area, 
composed by a series of rays (each ray is traced using a 
simple line) is automatically inserted by the tool, but when 
we insert signs manually the process is not so immediate. 
As fig. 8 highlights, this process implies to start drawing 
the first line to delimit the area in which the safety sign 
can be correctly viewed. Its length, always considering the 
global scale used in the plan, depends on the sign size. 
With the first line, a series of similar lines must be traced 
making an array and so defining the ideal covered area 
(see fig. 5). The angle of this area depends, as shown in 
previous figures, on the physical shape of the sign. An 
important consideration to take into account is that the 
angle of this covered area must be adapted to the rotation 
angle of the sign block. 

 

Fig. 8. Editing process: Manual vs. ImplaCAD®. 

The previous process is automatically done when using 
ImplaCAD®. Then, in both cases, the user must cut the 
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lines taking into account their intersection with visual 
obstacles, like columns or walls. 

2.4 Editing  

After inserting signs, editing is considered necessary in 
many situations. This process is shown in fig. 9, 
comparing manual and ImplaCAD® editing processes. 

Both processes start erasing the sign to edit (but not 
the rays that define the covered area). After this, we insert 
the new block as previously described (see section 2.2). 
Then, two situations may occur. If the covered area is 
already correct, we have finished in case of manual 
insertion. In case of using ImplaCAD®, we just need to 
erase the covered area of the recently inserted block. In 
the other case, when the covered area is not acceptable, 
we must erase and retrace it, if we are manually 
operating, or accept the new one, automatically inserted 
by ImplaCAD®. 

 

Fig 9 Covered area: Manual vs. ImplaCAD®. 

2.5 Move and rotate 

Finally, the process of moving or rotating the sign is 
considered. This process always starts by moving and/or 
rotating the block and the covered area, as fig. 10 shows. 
In a second stage, the covered area must be adapted 
considering the new position of the sign in the plan; that 
is, new visual obstacles can affect the perception of the 
sign and, in some cases, old ones will not affect it at all or 
just partially. 

 

Fig. 10 Relocation and rotation: manual vs. ImplaCAD®. 

To move the covered area, all the individual lines must 
be pre-selected and the adaption will now be based on 
two commands: trim and extend. This adaption can be 
very complex in some cases and it makes the whole 
design process slower.  

3 Innovative method: SignCirCAD® 
In the previous section we have compared two 

signalling methods and seen that using a CAD specific 
tool has clear advantages. However, the design and 
implementation process also highlighted some gaps in 
ImplaCAD®

’s applicability and for this reason it was 
decided that a new tool based on an innovative working 
method should be developed. This new tool is called 
SignCirCAD® and its approach is described below. 

3.1 Preparation of the drawing file 

When a new drawing is started, the plan scale must be 
correctly set so that it is considered during the whole 
process. This information is automatically saved in the file, 
it is only required once and will help avoid dimensional 
mistakes.  

This working method requires defining the limits of the 
surfaces to be signed at the beginning in order to save 
time later. This definition is based on tracing a polyline 
delimiting every surface and it can be done manually or 
automatically, when the drawing geometry makes it 
possible. When the surface limits are known, their 
intersection points with the rays that define the covered 
area can be obtained and they can be automatically 
trimmed. A significant feature of this tool makes it possible 
to generate listings of the inserted safety signs and, as we 
started defining the different surfaces within a plan, those 
listings can classify the signs depending on the surfaces 
in which they are. Surfaces can contain obstacles such as 
islands representing columns, panels, for example. They 
are selected by users so that ray intersections can be 
defined easily and quickly with visual obstacles. Another 
application of this new procedure is the possibility to 
obtain valuable dimensional data about surfaces and 
areas that signs are covering, so their quantity can be 
optimized from different points of view, such as geometric 
or economic. 

As the defined surfaces have exits and to know their 
position is a key to correctly define pathways, the new tool 
makes possible to associate exits to their respective 
signs. This innovative feature makes it possible to 
calculate distances between inserted safety signs and 
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exits, which especially interesting with emergency 
evacuation signage. That is how the new tool can easily 
highlight the closest exit, being able to adapt the direction 
of the arrow that some signs contain, avoiding dangerous 
errors. 

 

 

Fig. 11 Arrow directions signalling the closest exit. 

3.2 Block definition 

In the definition of sign blocks, there are important 
changes that may help in several aspects. One of these 
changes is that now the sign symbol and the group of 
rays used to define the covered area are together, in the 
same block, making the edition process easier than 
before (as we can compare with section 2.4).  

With previous methods, to make changes in one of 
these parts, i.e. sign or rays, did not affect to the other 
one. In this sense, the new tool had an internal problem: it 
was possible to find same signs with different ‘global 
shapes’. This occurred because rays were automatically 
adapted, so the definitive shape of every sign could be 
very different from the original one (with an ideal covered 
area).  

A solution was obtained by giving a different name to 
every single block in a plan. To do so, every block has 
information about the kind of safety sign that it contains 
by means of an attribute that makes it recognizable and 
unique. 

The new working method made it necessary to add 
information to blocks, as we have started to describe. 
With the previous procedures, the block name let the tool 
to identify it, while users could recognize it viewing its 
geometrical shape. Now, to recognize the signs, features 
like shape or colour are complemented with an associate 
code. 

Adding the necessary information to define the safety 
sign block, it is possible to improve the edition process 
without needing user involvement. The tool regenerates 
the edited blocks, taking out information from the original 
one, and adding changes according to the user’s 
modifications. 

The tool automatically saves the following data:  
- CODE. Commercial or internal code (it can be 

customized if necessary) that makes possible to 

identify a sign block. If this code ends with L or R, it 
means that the arrow of the sign point to Left or Right 
direction. That code-ending draws the arrow in the 
correct direction and lets the software recognize it 
and even change its direction taking into account 
where the closest emergency-exit is, as shown in fig. 
11.  

- TYPE. Signs can be included in one of the following 
groups: flat, wall-perpendicular or panoramic. It 
defines the physical shape of a sign and thus, as 
explained previously, the covered area of the sign 
(covered angle and direction of rays). 

- SIZE. This depends on the size of a sign inserted in a 
plan and takes into account the global scale of the 
drawing. The length of rays directly depends on this 
size to define the covered area. 

- ATTENUATION. This contains a proportional factor to 
be applied to the length of the rays in order to 
represent different visibility conditions, e.g. smoke 
presence, disabled person’s perception or darkness. 

- Other information about graphical representation, 
such as colour or density of rays. 

3.3 Sign insertion 

The insertion process under the new perspective can 
be considered substantially improved when we compare it 
to previous methods as follows. 
1) Block selection. One of the first differences that a 

user perceives when using the new tool is that it is not 
necessary to select a block from a library. Instead, this 
block is created from a collection of parameters, e.g. 
colour or dimensions. This parameter selection is 
made in the ‘Sign insertion’ window (see fig. 11). 

 

 

Fig. 12 ‘Sign insertion’ window. 

2) Insertion point: When the user clicks on the sign 
location, the tool checks several aspects. The surface 
in which the sign has been placed is identified, so 
limits to look for intersections with coverage-rays can 
be found. The tool also checks if the block was 
inserted at a wall, which is very common, and if so the 
wall angle is automatically calculated as it is possible 
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to obtain the correct rotation angle to assign to the 
sign block. 

3) Block scale factor: This scale is established by the 
tool taking into account the global drawing scale, 
which was defined in the beginning of this process, as 
explained in section 3.1. 

4) Rotation angle: This can be calculated automatically 
if the sign is placed at a wall (the tool detects it) and, if 
not, the user is asked for its value, which is manually 
set. 

5) Tracing rays to define covered area: As the rotation 
angle of the block is known, the necessary 
calculations can be done using the tool. Rays are 
automatically traced and trimmed, saving significant 
editing time. To do so, the tool looks for all the 
intersections between rays and surface limits, 
including the defined islands. 

6) Single block definition: When the block has been 
inserted and completely adapted, all the parts are 
grouped defining a single block per sign. 

4 Conclusions 
1) The new tool automates signage design which saves 

time when testing signage combinations. This in turn 
has economic benefits.  

2) The sign block orientation is automatically obtained 
by the tool because it calculates the tangent and 
perpendicular directions to the insertion wall. This is 
especially interesting when inserting or moving signs 
in complex surfaces, such as curves, where task 
completion time is highly reduced. 

3) Parametric blocks are used as a basis for the tool 
and, as a result, the editing process has been made 
easier. Moreover, the tool memory size is also 
reduced from almost 1GB to around 1MB which 
makes library maintenance unnecessary. 

4) The fading parameter makes it possible to consider 
several scenarios in just one drawing file. By simply 
changing the value of this parameter and selecting all 
the signs within the drawing, the ray lengths are 
automatically modified, so that all the covered areas 
are updated. 

5) The most important feature of the presented tool is 
that it can help engineers and architects to avoid 
serious errors at the design stage, thus avoiding 
rework leading to economic losses. 
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Abstract 

Product eco-sustainability and cheapness are two of the main strategies adopted in the 
contemporary market to exit from the current economical crisis, as testified by the 
adoption of several ideas of the green-economy. The design of product according to these 
new requisites will entail new challenges for engineers: their creativity will gain more and 
more importance to find out new design “starting points” and to conceive new industrial 
products. These considerations are the basis of the proposed curricula modifications.  
Since we believe that at least an embryo of creativity could be found in everyone, the main 
goal of our curricula proposal is to start the growth of this embryo, showing to the students 
how to study also old problems from different points of view.  
The described proposal, conceived to achieve this goal, comprises the upgrading of the 
curricula, by including some topics concerning technical history and nature observation as 
sources of innovative technical solutions.  
 

1 Introduction 
In the contemporary international economic 

scenario, political, economical and scientific 
communities agree that innovation and research are 
critical for our society future development. In this 
perspective, engineers will be called upon to develop 
innovative solutions to meet more stringent economic 
and eco-sustainability requirements. New cultural 
profile may therefore be required in the future for 
engineers. This tendency is evident also today: 
engineers capable to innovate are greatly appreciated 
in the industrial and economical world.  

Nevertheless, engineering curricula in most 
technical universities do not include courses centred 
on the development of creativity. In the past, when the 
needing of innovation was not so compulsory as 
nowadays, the on-field learning was the best 
instrument to learn how to design. In the modern 
economical and technological context, also “young” 
engineers are called upon to give valid and constant 
contributes to the innovation process. Young 
engineers’ contribution may even be the more 
innovative: they are not yet accustomed to the 
“conventional” design solutions.  

Since engineers play a key role in the technological 
and economical development of our society, their 
education will be discussed in the next sections; more 
in detail, the mechanical engineer education will be 
considered, since the authors have a direct contact 
with this field of engineering education. 

Firstly, it is worth defining exactly what we mean 
speaking of design in the mechanical engineering field: 
design is the individuation of all the information that will 
be necessary and useful to conceive, produce, 
assembly and use any product. 

Secondly, we define “creativity” as the “ability to 
propose innovative principles and/or constructive 

solutions to perform a given function”. It seems evident 
that this characteristic is mainly needed in the first 
steps of the design process.  

Thirdly, it is necessary to define the more important 
aspects of creativity for an engineer. A direct answer to 
this question is quite difficult, while, in our opinion, it is 
quite easy to describe a creative engineer: he/she 
realizes things that no one has done before. In the 
engineering field, usually, this does not necessarily 
imply the industrial exploitation of recently discovered 
physical phenomena; “things that no one has done 
before” are more commonly achieved using well know 
technologies in new ways and/or fields. In other words, 
in the present paper, every solutions not yet existing, or 
every know solutions applied in a new context or in a 
new field will be called an innovative solution. 

The discovery of new knowledge, the invention of 
new technologies and the analysis of situations in new 
ways are therefore three particularly important aspects 
of this “instance” of creativity.  

Even if an important role is obviously played by the 
natural skills of each student, we believe that at least 
an embryo of creativity can be found in everyone. The 
main goal of our curricula proposal is then to start the 
growth of this embryo, showing to the students how to 
study also old problems from other points of view. This 
kind of approach should allow to individuate the critical 
points that leaded to the adopted solution and to 
develop alternative and more advantageous solutions. 

These solutions can obviously have different level of 
complexity and reach various degrees of innovations: 
new solutions can be found, for example, transferring 
constructive solutions developed in other technological 
fields, as well as exploiting newly discovered physical 
phenomena. 

In our opinion, these considerations are among the 
main reasons why, in the past, the growth of “creativity” 
was based on the on-field experience: an experienced 
engineer has a wider personal library from where 
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he/she can draw inspiration to cope with conceptual 
and practical aspects of the complex task of 
engineering design. These and other considerations [1] 
suggested us the idea to link analysis, conservation 
and organization of historical heritage to the 
development of existing or new products.  

The education of an engineer, who will actively 
operate in the design field, has then to stimulate the 
growth of his/her creativity, so that he/she can be able 
to individuate new principles and constructive solutions 
for industrial products as soon as he/she begins to 
work. 

The considered source of inspiration are the 
historical heritage, the state of the art (for the know 
principles and constructive solutions), the heuristic 
methods (like TRIZ) and nature observation. These 
sources can obviously help senior engineers too, 
allowing them to choose solutions among wider 
libraries of solutions. 

The choice among all the found principles and 
constructive solutions can be performed evaluating 
how these behave in each phase of the product life 
cycle, using methods like LCA and DfX. 

2 Goals 
The aim of the present paper is to define a set of 

courses to be included in the engineering designer 
curricula, with the precise scope of developing 
student’s creativity. 

The main goal of these courses is then to start the 
growth of young engineers’ creativity embryo. This 
purpose can be achieved teaching them methods and 
means to accomplish the first steps of the design 
process, corresponding to the individuation of the 
principles and constructive solutions to perform a given 
function.  

 

3 Methods and tools 
One of the approaches we use to help students in 

the initial phases of the design process is summarized 
by the logical schema depicted in Figure 1. This 
approach has been derived on the basis of the TRIZ 
method [2] [3]. In fact, roughly speaking, one of the 
TRIZ “suggestions” is to face a problem under a more 
general perspective. In this way, it is easier to find out 
unconventional solutions, or to understand if it is 
possible to outflank the problem. This “general” 
solution shall then be particularized in the specific field. 

On the contrary, usually, a problem is solved 
directly, by means of the personal experience of the 
designer (lower path in Figure 1): this way usually 
leads to design without innovation (because of the so 
called psychological inertia). 

The proposed approach (upper path in Figure 1) 
consists in redefining the specific problem through an 
abstraction process, so that the problem can be faced 
under a more general perspective, enlarging the field 
of the possible solutions. When the “general” solution 
has been determined, it can be instanced in the 
specific situation through a concretization process.  

From a didactic point of view, this way of thinking 
forces students to search for solutions among every 
field of their technical and scientific knowledge. This 
approach is also a strategy to overcome the first of the 
above cited obstacles: students’ knowledge is quite 
small, since they usually have no practical experience 

at all. This lack of information can be somehow over 
helmed by means of software tools by means of which 
they can search for constructive solutions (historical 
heritage and natural phenomena archives are two 
examples of possible sources of solutions).  

Anyhow, in order to avoid that students are induced 
to simply copy previously develop solutions, TRIZ and 
other heuristic methods have been included among the 
main topics of the “Design Methods” course, taught by 
one of the authors. 

 
 

 

Fig. 1 General schema derived from TRIZ and utilized to 

upgrade the student’s creativity. 

 
The needing of this kind of archives and authors’ 

interest in methodical design and in technical history 
itself are the two main reasons that induced the authors 
to realize archives of constructive solutions and to 
activate the course “History of Mechanics”, held by the 
same author. 

Student’s works developed during this course are 
also used to build a set of archives of a wide variety of 
industrial products or of their parts. 

Another rich source of innovative solutions is 
Nature. The usage of this source of inspiration, 
obviously, requires a deep knowledge about natural 
phenomena, but this field is actually absent from most 
of the engineering education curricula. It can be then 
useful to introduce a course to introduce the students, 
at least, to the basic biomimetic methods and 
techniques, showing them some practical applications. 

Student’s lack of experience may also be a source 
of some difficulties in evaluating how each solution 
behaves during its life-cycle and, therefore, in choosing 
the “best” one among all the others. In order to 
overcome these difficulties, the course “Design 
Methods” program includes also the DfX principles and 
methods. 

When students choose to attend both the 
abovementioned courses (and this happens quite 
often), they can develop an integrated work about the 
same industrial product, completing the first steps of 
the design process. 

 

4 Practical examples 
Two examples extracted from the didactic 

experience of the Authors are described hereafter. 

4.1 Historical 

Starting from an archive of drawings of car 
suspensions [4], several groups of students have been 
invited to propose innovative solutions. Starting from 
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the German patent (1940) (Figure 2) of a device for the 
adjustment of the high of a car body by using only 
mechanical systems, first, students determined the 
general principle (i.e. the height variation of the fixed 
point of the spring with respect to the vehicle body), 
and then applied this principle in a suspension with 
torsion bars [5] (Figure 3). 

 

 

Fig. 2 German patent (1940) of a car suspension with 

possibility to adjust the high by using only mechanical 

devices 

 

Fig. 3 The principle of the figure a generalized and applied to 

a suspension with torsion bars  

On the basis of this and many other similar 
experiences, it is author’s opinion that systematic 
archives of constructive solutions (catalogued on a 
functional basis, with some analogies with CREAX 
function data-base [6]) are a significant opportunity for 
students and engineers.  

The authors are collecting students’ Excel sheets 
where students collected historical constructive 
solutions.  

Figure 4 shows a sample Excel file. It is worth 
noting that in this Excel file students are asked to store 
not only the main technical data of each solution (like 
tubes and wheel size, derailleur data for the bicycle), 
but also to describe how this structure works, in a so 
called Behavior field. This has two beneficial effects. 
Firstly, from a didactic point of view, students are not 
called to a simple data-entry activity, but they are also 
asked to understand the physical phenomena on which 
the system is based and the corresponding 
fundamental laws. Secondly, under an engineering 
perspective, this field is precious for a designer that 
wants to exploit this solution in another technological 
field, or to improve the product itself. 

Several complete examples of historical evolution of 
engineering applications are freely available in the 
“Mediateca per la Storia dell’Ingegneria” of the web-

site of the Conference of the Deans of the Italian 
Engineering Faculties [7].  

4.2 Biomimetic 

As an example, a group of students, starting from 
the motion of fishes (Figure 5), proposed a device for 
the propulsion of ships (Figure 6) [6]. 

Authors’ research activity is oriented to the 
development of a software tool composed by a web 
interface and two data-bases. The first data-base will 
contain the historical data, while the natural solutions 
will be stored in the other one. Both will be organized 
on a functional basis, so that, through the web 
interface, the users will be able to retrieve solutions 
from both archives at the same time. 

Figure 7 shows an example of the search result of a 
test data-base of biological solutions stored on a 
functional basis. Also in the biological solutions data-
base, besides the fields designed to store the 
taxonomy, biological data and structure, we have 
added a field to store an engineering-oriented 
explanation of how the function is exploited by the 
considered species.  

5 Courses proposal 
Starting from these considerations, the Authors have 

drawn the following considerations and proposal about 
curricula for engineering students. 

5.1 Terminal behaviour 

In the communication techniques the “terminal 
behavior” is defined as the formalization of the 
competencies to be reached by the users of the 
communication (i.e., the students) after the 
communication itself.  

We will assume that the terminal behavior of an 
engineering student educated to be creative can be 
briefly summarized in the following aspects:  

§ have a quite clear idea of creativity 
definition;  

§ be aware of its role in engineering design;  
§ know the more important tools and 

methods to develop creative solutions; 
§ be able to use these tools and methods. 

5.2 Dublin Descriptor and RULEG method 

How to reach these competencies can be studied by 
means of the Dublin’s Descriptors, a tool today widely 
used in engineering education [8]. These descriptors 
state that the student has to reach the following goals 
during his/her education: 

 
1) knowledge and understanding; 
2) applying knowledge and understanding; 
3) making judgements 
4) communication skills; 
5) learning skills. 

 
A comparison between the Dublin’s Descriptors 

(DD) and the “RULEG” method [9], used by authors in 
the engineering education, shows that this teaching 
method is suitable to help students to reach these 
skills. 

The RULEG method is mainly based on the 
“communication unit” (i.e. the part of communication 



797

F. Rosa et al. Engineering designer curricula and creativity development 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

devoted to the transmission of a specific concept), that 
can be decomposed in three main parts: informative 
(rule: RUL), critical (complete example: EG) and 
practical (incomplete example: EG*). 

In engineering education, the deductive method 
(RULEG) is often utilized, since the definition (RUL) is 
always followed by some examples (EG). 

The general configuration of the “communication 
unit”, then, is expressed as follows: 

 
RUL + EG + EG* 
 
Comparing the DD with the RULEG method, the 

following considerations can be drawn: 
6) in the Dublin’s Descriptors, the knowledge 

(informative, RUL) and the comprehension 
(critical, EG) are considered together; 

7) “making judgements” can be considered a 
part of the comprehension  ability;  

8) the “Applying knowledge and understanding” 
ability of the DD is somehow equivalent to the 
applicative part (EG*) of the RULEG method;  

Communication and learning skills, together with 
knowledge, comprehension and application aspects, 
can be considered topics to be directly taught, in 
specific courses or, at least, in on purpose parts of 
other courses.  

On the basis of these observations the 
correspondences listed in Table 1 have been derived. 

5.3 Proposal 

In the Bachelor Degree, the creativity-related topics 
can be included in the syllabus of the courses about 
Machine Drawing and Computer Aided Engineering 
Design. However, in the Master Degree, besides the 
course ”Design Methods”, we propose the 
institutionalization of the course “History of Mechanics” 
and the introduction of a new course focused on 
“Observation of Nature”.   

Table 6 shows the aspects that should be 
considered introducing creativity in the Bachelor 
Degree courses, while table 7 shows these aspects for 
the Master Degree. 

6 Conclusions 
 
Authors’ experience confirms that the critical 

observation of historical heritage and natural 
phenomena are tools that can be successfully used to 
upgrade the creativity of students of engineering 
design courses. 

By means of the Dublin Descriptors and RULEG 
Method, some proposals about the engineering 
students’ curricula have been introduced. 

 
 

 

 

Fig. 4 Example of historical evolution (bicycles). 

 

Fig. 5 Fish swimming styles. 
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Fig. 6  Device for the propulsion of fishes derived from the 
studies of motion of fishes. 

 
 
Dublin’s Descriptors Parts of terminal 

behaviour (RULEG) 

Knowledge ability Informative (RUL) 
Understanding  ability Informative (RUL) 
Making judgements Critical (EG) 

Knowledge and 
understanding  ability 

applied 

Practical (EG*) 

Tab. 1 DD and RULEG comparison. 

 

Dublin 
indicators 

Parts of 
terminal 

behaviour 

Example of 
contents 

Knowledge and 
understanding  
ability 

Knowledge 
(informative) 

Definition of 
creativity 

Understanding  
(critical) 

Why creativity 
in design 
engineering is 
important and 
the relative 
role 

Knowledge and 
understanding  
ability applied 

Application 
(practical) 

Heuristic 
methods to 
develop new 
principles and 
constructive 
solutions 

Knowledge and 
understanding  
ability 

Knowledge 
(informative) 

Definition of 
creativity 

Tab. 2 

 

 
 
 
 
 
 

 
 

Fig. 7 Example of biological solutions (fish locomotion). 
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Dublin 
indicators 

Parts of 
terminal 

behaviour 

Example of 
contents 

Dublin indicators 
Knowledge and 
comprehension 
ability 

Knowledge 
(informative)  
 

Some 
methods to 
develop 
creativity 
(historical 
heritage, 
observation 
of nature, 
TRIZ) 

Comprehension 
(critical) 

Differences 
and 
peculiarities 
of the above 
mentioned 
methods 

Knowledge and 
comprehension 
ability applied 

Application 
(practical) 

Apply the 
abovementi
oned 
methods to 
develop 
innovative 
solutions 

Tab. 3 
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Abstract 

From the intrinsic graphic resolution shown by the authors in the IXth International Congress 
of Graphic Engineering in Málaga in 1998, in this communication are made graphical chips 
for calculating beams with different types of support, whether they are statically determinate 
or indeterminate. It is shown the analogy that exists between the graphical approach, 
analytical and numerical. The procedure developed to make the graphical form can be 
extended beyond the field of structural analysis to other fields of technical application. It is 
intended that the presented graphical procedure serve to examine and analyze structural 
problems and that their use is appropriate for education. 

1 Introduction 
Graphical Statics is an intuitive drawing method and it 

comprises a set of simple techniques to solve problems of 
Structural Analysis when all the forces acting are 
contained in a single plane [1]. Because of its simplicity 
and handling, the graphic representation techniques 
(funicular polygon, the theorem of the three forces, 
Cremona diagram, Cullmann-Ritter method and others) 
were widely used during last two centuries [2-5]. 
Nowadays the technique of Graphic Statics has almost 
completely disappeared and been replaced by modern 
analytical and numerical methods. This displacement of 
the graphical method has been, mainly, by the inability to 
resolve, through graphic constructions, statically 
indeterminate beams. The graphical procedure has been 
limited to solve static problems, but it remains a useful 
tool to visualize, understand and verify the actions of 
groups of forces that occur in mechanical problems.  The 
authors in the VIIIth International Congress of Graphic 
Engineering (Bilbao, June of 1997), presented the 
communication titled Graphic Method of statically 
determinate and indeterminate beams calculation [7]. The 
structural problem of the bar was dealt, translating it into 
graphic operations, its approach and analytical resolution. 
Some paths were presented to make possible the graphic 
calculation of stable beams under any action system and 
support condition. As a particular example, it was 
developed, in graphical chips for calculating, a beam 
subjected to compression or traction under any action 
system and support condition. The graphic resolution 
presented, translated the algebraic expressions that 
formulate the structural problem into graphic operations, 
which in turn, should be the algorithm that makes them 
programmable. It showed that the correlation between 
design and graphical path that resolves, is useful in 
practice, when it is able to solve general problems of 
technical application. The authors also in the IXth 

International Congress of Graphic Engineering (Málaga, 
June of 1998), presented the communication titled 
Application of intrinsic graphic resolution of beams [8], 
where they developed an example of a beam subjected to 
actions that generate flexion. In this paper it is developed 
a new approach to the intrinsic graphic resolution shown 
in the aforementioned communications and it is created a 
graphical form of beams, subjected to compression or 
traction, for different kind of support, whether statically 
determinate or indeterminate. It is intended that the 
improved graphical procedure will serve to examine and 
analyze structural problems, so that its transmission is 
ideal for education. 

2 Intrinsic Method of Structural 
Analysis 

The Intrinsic Method of Structural Analysis [9-11] is a 
kind of analysis that addresses the whole linear structural 
problem through a single system of linear differential 
equations (equation of the effect in the section) and it 
resolves through analytical, numerical and graphical 
procedures. The model starts defining the concepts of the 
linear structural problem and the principles and 
assumptions applied in Strength of Materials. It also 
expresses the formal and material conditions of the 
structural design, the system of action and supporting 
conditions, application of these principles and 
assumptions. The model relates the expressions above, 
using the usual laws of equilibrium, behavior and 
compatibility, trough geometry and differential vector 
analysis. These relationships are shown in the equation of 
the effect in the section (® Appendix: Formulation), 
whose global expression is [10]: 
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This equation of the effect in the section (1), organized 

and expressed in compact form can be scored as follows: 
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d s

s s s
ds

= +é ùë ûD

e
T e q                 (2) 

The model solves this formulation by analytical, 
numerical and graphical procedures. Three resolutions 
involve similar operations. Starting with the system of the 
effect in the section, it is always gotten a bundle of 
solutions to the problem that depends on the shape, 
material and system of actions. The stable solution (the 
only one), takes shape when the support conditions are 
applied on the bundle of solutions, that are derived from 
the same mechanical design, but which are treated in the 
methods of resolution as the boundary conditions of the 
mathematical problem. 
 

3 Relationship between intrinsic 
resolutions 

The Intrinsic Method of Structural Analysis [9-11] is a 
Numeric and graphic resolutions are the reflection of the 
intrinsic analytical resolution in the repeated addends of 
the equations that are successively integrated [11]. The 
analytical bundle of solutions to the equation of the effect 
in the section (2) is: 

                ( ) ( ) ( ) ( )s s s s= +é ùë û I
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The only solution is materialized when the support 

conditions are applied to the analytical bundle of solutions 
(3). When the effect in the section value is determinate in 

the initial end of the linear resistive element, ( )s
I

e , ( )se

effect is known in any point of the piece. 
The new graphic resolution presented translates the 

previous analytical expressions into graphic operations, 
which in turn, constitute an algorithm which makes them 
programmable. In fig. 1 this translation is displayed and it 
is shown the graphic bundle of solutions. 
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                                                         Fig. 1 Graphic bundle of solutions of the effect in the section 
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Determined graphically the effect on the leading end 
section of the linear resistive element to apply the 
conditions of support, you can determine the effect 
anywhere in the piece. In fig. 2 it is shown the graphical 
solution. 

 
 

 
 
 
 
 
This representation all values are data and therefore 

are expressed in each bracket with the formula on the left 
and its right associated drawing. On the graph above can 
be directly measured to obtain the value of the effect in 
the section. It is considered feasible to use the presented 
graphical method to solve the structural problem of linear 
resistive element. 

4 Beam subjected to compression or 
traction 

In the case of the bar with overlap between the section 
axis and the main axis of inertia, the equation of the effect 
in section (1) breaks down into four sub-systems of the 
effect in the section [12]. Two of them are second order 
and the other two are fourth order. 

These are the effects of traction-compression beam 
and the torsion beam on one side and on another side 
bending beam in each of the two normal axes. It is 
presented the graphic resolution of the effect equation of 
the traction-compression beam (4) because of its 
convenience to expose operations. Any other case is 
done similar. 
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                          (4) 

The formulation of the system of the traction-
compression beam effect is obtained from the equilibrium 
of forces and compatibility of displacements in the 
tangential axis of a guideline differential element. The fig. 
3 shows graphically the differential analysis made to 
obtain the system. 
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It is considered that this kind of graphic deduction of a 

differential system formulation is perfect for transmission 
and exposition. 

Uniform Force Action 

The differential system shown before (4), in the 
particular case of analyzing a beam with the same 
material and the same section along its length, under a 
uniform force action has the following analytical bundle of 
solutions: 
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Fig. 3 Traction-compression beam effect 
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Fig. 2 Intrinsic graphical solution of the effect in the section 
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The new bundle of solutions can be seen in the image 
below (see fig. 4). 

For beams with the same material and section, graphic 
matrix does not change. The last graphic vector in the fig. 
4 only depends on the action system. It is also possible to 
graph (see fig. 5) the relationship between the values of 
the effect at the end of a beam subjected to traction-
compression. 

 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 

In this case of effect in the section, the support only 
reports on two null values (one for each end of the beam) 
of the four that are unknown. In the general case are 
reported twelve known values of the effect in the ends, six 
for each support. It is possible, by graphic operations, to 
solve the unknown values of the effect in the supports. 
For each type of support the effect values at the ends will 
be different. Knowing the effect on the leading end of the 
beam its value is inserted in the bundle of solutions and 
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Fig. 4 Graphic bundle of solutions of the traction-compression beam under a constant force action. 
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Fig. 5 Relationship between the effects at the end of a beam subjected to traction-compression under a constant force action 
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the effect is determined at any point in the guideline of the 
beam.  Fig. 6 represents the values of the effect at the 
ends of the traction - compression beam under a uniform 
force action and the intrinsic graphic solution. 
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Fig. 6 Chip for calculating  a traction – compression beam under a constant force action 
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Point Force Action 

The differential system (4), in the particular case of 
analyzing a beam with the same material and section 
along its length, under a point force action in 

( )0 1la a£ £ , has the following analytical bundle of 

solutions:  

          

( ) ( )

( ) ( ) ( ) [ ]
0

0
0

N x N

N x x l
u x u

EA EA

Y

Y a

= -

-
= + -

           (6) 

Where: 0;x l x l Qa Y a Y£ Þ = ³ Þ =  

Graphic bundle of solutions is shown in the next fig. 7: 

It is graphically shown (fig. 8) the relationship between 
the values of the effect at the ends of a traction – 
compression beam. 
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Fig. 7 Graphic bundle of solutions of a traction – compression beam under a point force action 
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Fig. 8 Relationship between the effects at the ends of a traction – compression beam under a point force action 
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Knowing the effect on the leading end of the beam, to 
perform the necessary graphic operations, its value is 
entered in the bundle of solutions and the effect is 
determined at any point of the guideline of the beam. 
Applying the three possible supports casuistic, fig. 9, 
represents the values of the effect at the ends of the 
traction - compression beam under a point force action 
and the intrinsic graphic solution. 
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Fig. 9 Chip for calculating a traction – compression beam under a point force action 
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5 Conclusions 
The Graphic Statics only addresses structural problems 

of isostatic beams. As is tried to show in this 
communication, it is possible to graphically address both 
statically determinate beams calculation and 
indeterminate beams calculation by the explained 
method, the Graphic Statics can be developed beyond its 
traditional boundaries. 

Based on the differential analysis of a structural 
element, rather than static equilibrium conditions, it is 
possible to proceed to calculate any beam under any 
system of action, with all kind of support, through a known 
fundamental graphical construction, similar to the 
funicular polygon as graphical integration. For the same 
data of shape and material, graphic matrix does not 
change. In turn, for each system of action, the graphic 
vector (independent integrals and succesive) is the same. 
Making auxiliary paths of these terms and annotating 
them orderly in sum, the graphic bundle of solutions of 
each structural problem does not depend on the type of 
support. For the same conditions of shape, material and 
action, the bundle of solutions is common. The 
determination of the vector of the effect in the ends, 
varies depending on the support conditions, and it can be 
made by its corresponding graphic path. The intrinsic 
graphic solution of each structural problem is a set of final 
graphic multiplications and sums. 

The intrinsic graphic resolution, departs from the 
Graphic Statics own procedures, because includes under 
one method, the cases of isostaticity and hyperstaticity. 
The structure of graphic chips for calculating shows that 
the resolution procedure (set of graphic operations) is 
unique for all kind of problems. The different starting 
conditions of each structural problem involve more o less 
graphic paths to carry out. Most of them are common in 
different problems. Under systematic procedure 
conditions (which can be automated and provided in 
tables) the graphical resolution of the structural problem 
of the beam is useful in the practice. The own knowledge 
of Graphic Expression in Engineering is the necessary 
conceptual support to address technical problems of 
graphic calculating. 
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Appendix: Formulation 
A curved beam is generated by a plane cross-section 

which centroid P  sweeps perpendicularly through all the 
points of an axis line. The vector radius ( )s=r r  

expresses this curved line, where s  (length of the arc) is 
the independent variable of the structural problem. The 
reference coordinate system used to represent the 
intervening known and unknown functions of the problem 

is the Frenet frame 
tnb
P . Its unit vectors tangent t , normal 

n  and binormal b  are: 
 

D=t r ; 2 2
D D=n r r ; ntb ´=  (A.1) 

 

Where, D d ds=  is the derivative respect the 

parameter s . The Frenet-Serret equations describe the 
movement of the frame system along the axis line. They 
are obtained with the versors tangent, normal and 
binormal derivates respect the arc length. Its matricial 
expression is: 
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 (A.2) 

 
Where ( )sc c=  and ( )st t=  are the flexure and 

torsion curvatures respectively, which represent the 
natural equations of the centroid line. 

Assuming the habitual principles and hypotheses of the 
strength of materials and considering the stresses 

associated with the normal cross-section ( , ,
n b

s t t ), the 

geometric characteristics of the section are: area ( )A s , 

shearing coefficients ( )
n
sa , ( )

nb
sa , ( )

bn
sa , ( )

b
sa , 

and moments of inertia ( )
t
I s , ( )

n
I s , ( )

b
I s , ( )

nb
I s . 

Longitudinal ( )sE  and transversal ( )sG  elasticity moduli 
give the elastic condition of the material. 

Applying the equilibrium of forces, the following 
equation is obtained: 
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 (A.3) 

 
The vectors involved in this equilibrium are: 

Internal forces 
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N V V dA dA dAs t t= + + = + +ò ò òt
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Force load 
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t
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The equation of moments is obtained applying the 

equilibrium law as well: 
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 (A.4) 

 
In this case, the vectors are: 

Internal moments 
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Fig. A.1 Internal forces and moments in Frenet frame. 

 
Once the constitutive relations are defined, kinematics 

law relates the rotations and displacements (A.5): 
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The rotations are given by the vector 

t n b
q q q= + +

t
θ t n b  and rotation load 

t n b
Q Q Q= + +

t
Θ t n b . 

 
Following the same procedure, the displacement 

equation is expressed (A.6): 
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Where displacement components are denoted as 

u v w= + +
t

t n bd  and displacement load 

t n b
D D D= + +

t
Δ t n b . 

 

 
Fig. A.2 Deflections in Frenet frame. 

Equations (A.3), (A.4), (A.5) and (A.6) are related and 
they compose the unique system of linear ordinary 
differential equations which simulates the structural 
behaviour of a curved beam element.  
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The system employed in the equation (A.7) is the 
associated to the Frenet frame in natural coordinates of 
the curved line. It is possible to implement a change of 
basis and express the functions in a global coordinate 

system 
xyz
O  which unit vectors are i , j  and k : 

tx ty tz

nx ny nz

bx by bz

u u u

u u u

u u u

=

é ùé ù é ù
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t i

n j

b k

 (A.8) 

The different coefficients of the basis change matrix 
represent the direction cosines between the versors of 
both reference coordinate systems, natural and global. 
The differential system (A.7) is transformed into global 
Cartesian coordinates (1) where: 

The components of internal forces, moments, rotations 
and displacements involved in the equation (1) are 
referred to the global absolute coordinate system. 
This new general expression of the differential system, 
which simulates the structural comportment of the linear 
element, has a lower-triangular form. That important 
property permits to analytically solve the differential 
equation system using successive integrations. 
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Abstract 

Within both aesthetic and history fields, civil engineering occupies a privileged place among 
arts whose manifestations  are based on drawing. In this work, Leonardo’s creativity 
concerned with  civil bridges proyects, have been studied. Leonardo designed ten bridges: 
eight of them intended for military porposes and only two were purely planned for civil 
functionaly - “Ponte sul corno d’oro”, infolio 66, manuscript L; and “Ponte a due piani”, 
represented in the Manuscript B at the Institute of France, infolio 23. There can be no doubt 
about Leonardo’s intentions when he started on designing these two bridges: his genious for 
creativy focused on providing both singulary and functionaly to the structures: they should be 
admired and utilized at the same time, a monument for civil society to be used.The work 
presented here attemps to make an scientist-historical trip along these Leonardo’s bridges, 
highlighting their technical, geometrical and aesthetic characteristics, as well as emphasizing 
Leonardo’s human, scientist and artistic nature. 

Introduction 
However not being a prolific painter, Leonardo was a 
productive draughtsman, keeping in diaries numerous 
small drafts and detailed drawings, which documented 
every possible thing that got his attention. Besides his 
diaries, there can be found many studies about his 
paintings, some of them can be identified as being 
precursors of some of the Leonardo’s pieces of art. 

The 5fh of August 1473, Leonardo dated his first certain 
work: a Landscape of Arno Valley, which shows with 
great detail the river, the mountains, Montelupo Castle 
and the farms in the background. Nowadays, that piece of 
art can be admired in The Uffizi Gallery. 

Leonardo was not a cultured man in his time: he did not 
learn latin and was not the archetypal of humanist, being 
called by himself as “a man with no arts". He was, 
therefore, often ignored by his contemporary scholars. 
Neither he was an expert on Algebra, since it seems a bit 
excessive to consider him as a mathematician. However, 
even today one can be wonderred at his works on 
Engineering, birds’ flights and other areas that arosed his 
insatiable curiosity. 

It is appropiate to mention here that in 1496 a deep 
change is produced in Leonardo’s activity. In that year, he 
strengthened friendship with the Franciscan priest Luca 
Pacioli who, frequenting the same milanesa court, 
stimulated Leonardo’s interes on Maths and, especially, 
on Geometry through studying Euclides. The meeting 
between Leonardo and Maths is not a novelty itself, due 
to the fact that Maths are the foundations of perspective – 
the painter’s science – whose rules constituted a learning 
subject at Renaissance workshops. This fashion is given 
by the application of a kind of superior consciousness - 

particularly intense during the following period - a deeper 
intimate understanding of creation, that carries him to a 
more profound analysis of every of his creations.  

Leonardo registered with great attention to detail his 
lucubrations about technical and scientist subjects. He 
beautifully combined arts and 
science, in order to represent 
the materialization of his 
ideas in the best possible 
way. With a sense of 
eagerness to criticize, as if 
he was not keen to totally 
reveal his discoveries, left-
handed Leonardo wrote 
everything in his diaries using 
the so called mirror writing - 
from right to left. Reading his 
writings requires, if one is not 

used to it, the use of a mirror. 

Despite his great capacity for 
observation, his 
approximation to science never excelled from his 
theoretical explanations nor from his experiments; 
however, in order to understand the phenomena, he used 
to describe and even draw, in great detail, the nature 
phenomenology, intending to make an encyclopedia 
based on those drawings of  almost everything. 
Nevertheles, there were barely several designs that were 
built during the author’s life. 

Leonardo never published nor distributed the contents of 
his manuscripts, which kept unknown until the XIX 
century, when his contributions to the technical-scientist 
development finally came to light. For this reason, L. 
Sprague de Camp considers Leonardo not as the first 

Fig. 1 Leonardo da 

Vinci. Self-portrait. 
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modern engineer, but as the only and the latest engineer 
in antiquity, pointing out that the publication of Leonardo’s 
scientist discoveries occurred after Leonardo’s time. His 
contributions to other arts - like sculture - and sciences – 
like ingeneering, mechanics, physics, biology, 
architecture, anatomy, geology and maths – which he 
himself believes to be the essence of his nature -, were 
decisive. Despite his work on this field is not considered 
to have enough scientist rigor and the results were not 
fully conclusive at that time, it can not be omitted that his 
exceptional intuitions – particulary those related to 
geometry – play an important role in the history of 
mathematical thought. Some of those intuitions became 
realities in subsequent centuries. 

Therefore, the myth of Leonardo as brilliant prophet of 
every discovery or invention of our time, has probably its 
origen at his very mysterious figure and also - as it is 
understandable - at the first spontaneous consideration 
given by anyone who comes across any of his 
technological designs. The advertisement on “Italian 
Genius” made for the exhibition about Leonardo, in Milan 
1939, definately contributed to the mith, as long as the the 
recent elaboration of a comercial brand that has being 
extremely suscessful among the general public. 

In reality, it can not be stated that every machine and 
Leonardo’s “invention”, is the product of his original and 
fertil genius. To confirm this, suffice it to read Roger 
Bacon’s writings in the far England of XIII century: “… it is 
possible to make means to sail without rowers, in a way 
that those enormous ships can cross rivers or oceans 
driven by only one pilot, faster than were they full of men. 
It is too possible to build carts that move with no horse, 
thanks to a wonderful strength. I believe that the former 
kind were made of those carts used by ancient men to 
fight against each other. It is possible ti contruct machines 
that can fly, made in such a way that being the man in the 
centre of the machine, drives it with a mechanism that 
prints bird movement to its wings, made as similar as bird 
wings. And in the same way, it is possible to build a winch 
of small size which lifts small weights and brings down 
almost infinite ones… it is too possible to construct 
artefacts for walking on the sea and rivers, and to even 
touch the bottom with no risk. Undoubtedly, Alexander the 
Great used instruments of this type to explore the sea 
bed, as there narrates the astronomer Etico. It is 
undoubted that the above mentioned instruments were 
already constructed in the antiquity and they are 
constructed also today, with the only exception of the 
flying machine - neither I nor no other person that I know 
have never seen. Nevertheless, I know a wise person 
who tried to make also this instrument. Of these devices 
we can construct an almost infinite quantity: for example, 
bridges that are stretched on the rivers without need of 
props or supports of any species, besides machines and 
inventions till now unknown”1. 

All the machines, all the "inventions" attributed to the 
genius of Leonardo are described in this writing as 
belonging to a tradition that lasted for centuries. That 
tradition was kept  still alive and active - surely, during the 
second half of Four hundred, as indicates the new 
brunelleschiana tradition - in expert engineers like 

                                                 
1 Bacon, R. Opus Maius, sixth part. Samuel Jebb's edition. 
London, 1733 

Taccola, Buonaccorso, Ghiberti and Francesco di Giorgio 
Martin. The military agreements as well as the notes on 
technical and mechanical knowledge that the mentioned 
engineeres were writing - adding coarse but effective 
illustrations - had great demand and were circulating in 
surely bigger number than it has come up to us; Leonardo 
had copied and studied them, since some notes and 
memories of the artist demonstrate. 

 
It should be assumed, so, that Leonardo's technical 
designs often depend on the reading book and 
manuscripts written by others and, especially, on the 
observation of the activity that was developing in the 
workshops or from the exchange of ideas with scholars 
and technical personnel of his time. However, it is 
necessary to admit once again that his work as mechanic 
and engineer is, for his extension and depth of 
experience, really unique and sometimes precursor; and 
that we are speaking about one of the biggest figures that 
the humanity has given; but it is not, by no means, a 
solitary fruit matured in the desert since it seems that 
someone may claim. 

2 Bridge and Engineering as an 
aesthetic concept 

The bridge is so ancient as the humanity, or even 
previous to it. The early man used trully the natural 
gangplanks that he found to his disposition. In this way, a 
trunk fallen by chance on a creek, a liana between two 
trees placed in both shores, stones that avoid a water 
course without preventing it to flow, or an arch excavated 
by the erosion.. they can be the models provided by  
nature. 

Over the centuries, bridges of all kinds have been built, 
and rarely the engineer has neglected the aesthetic 
aspect, though not always he has managed to perform 
quality works in this respect. Sometimes, in the search of 
the singularity, the author has emphasized the decorative 
aspects and big structures, or has masked the metallic 
structures with more noble materials. 

Aesthetic judgment is always subjective, but it is possible 
to establish some general shared criterion. Le Corbusier 
wrote: " false and bombastic are very little of benefit to art, 
while beauty can arise without searching it, from the 
spontaneity of the engineer constructions, which are 
created according to the laws of the nature and, in this 
way, they can reach harmony”2. 

As other infrastructures, a bridge can stimulate a new 
urban accession, or favor the development of a new 
peripheral area of the city.  

Beside being present in space, a bridge has also a 
presence in time. On space and time history travels, the 
great history, made of battles, triumphal incomings and 
symbolic meetings, but also that small history of those 
who live in the proximities of a bridge. Urban bridges, 
especially, represent a pole of attraction for the 
community; from  infancy, the inhabitants of the zone 
familiarize themselves and get fond of the bridge, and end 

                                                 
2 Le Corbusier. Les tendances de l'architecture rationaliste en 
rapport avec la peinture et la sculpture, Rome, 1937. 
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up feeling it as something they own, something that 
shapes his own environment.  

Men like Leonardo considered perspective as a method 
for the objective representation of space, that is to say, as 
instrument, but also as the basic component in the new 
linear conception of space, consequence of a certain 
historical situation provoked by reversion of figurative 
taste. 
 
The artists of the Renaissance understood that good 
representation at perspective not only was precise and 
realistic, but also beautiful and agreeable at sight, up to 
the point of which, under the influence of the theory and 
of the practice of the Renaissance perspective, for a long 
time the representations of other cultures, or of other 
centuries, in which these rules were not observed, have 
been considered to be primitive, awkward or even ugly. 

Art is the creation of beauty for man. The science of the 
theory of art , gives a series objective principles which 
serve as a guide for the artist in his labor of creating 
beauty. The knowledge of those principles, founded on 
the direct investigation of the nature of art and on the 
systematic estudio of the masterpieces of our ancestors, 
grants the artist with the faculty to straightly criticize the 
works of the others, with full knowledge of reason and 
good orientation, at the same time as he avoids serious 
reefs. 

Aesthetics is the science of beauty. From it we know and 
feel this property of things. 

 
The idea of beauty is innate and undefinable; it answers 
to a spiritual need. Beautiful is, therefore, that that 
produces the pleasure of the feeling. 
 

Does beauty exist within the objects or it is in ourselves?, 
Schiller has said " the reality of things is within them, but 
its manisfestation is in us”3. 
 
There is no point that things are beautiful if the one that 
sees them is not provided with the necessary feeling to 
estimate this property that makes us love them and 
unfuses us with spiritual delight.  
 
Man as spectator of beauty is the manager of judging the 
kindness of the work, of its aesthetics and of its beauty. 
In epochs of general culture and of unification of ideas, 
like in the Greece of the 5th century or in the Florence of 
Leonardo, the best critic was the ignorant public, who 
was judging, not for individual feeling, but according to a 
collective opinion. 
 
Entering already into nature, the objective and art of the 
civil engineering highlight three aspects, intimately tied, 
that do not appear together in other arts: scientific, useful 
and beautiful. Three aspects that have not only to exist at 
the same time, but  to be mutually completed. 
 
Engineering uses material as practical way for its 
mission. This material comes in every element, limited by 
a form that must assemble certain conditions in order that 
its stability and permanency remain guaranteed; and 
mechanics gives these conditions, in agreement with the 

                                                 
3 Schiller, F. Über die ästhetische Erziehung des Menschen . 
Weimar, 1795. 

nature of the material and with the forces that act on the 
element. There is, so, a scientific connection. 
As well as the form of every element of the work 
harmonizes with the function that the above mentioned 
element recovers, the form of the whole is tied by the 
immediate end of convenience to which the work must be 
destined. The engineering, unlike other arts, which are 
completely disinterested, fulfills always with an end of 
usefulness, material most of the times, or simply moral 
others. 
 
Engineering is constituted beautiful art  through two 
elements: idea and form, so intimately related that the 
second one is capable and sufficient to express the first 
one; otherwise the idea would not go out of the soul of the 
artist to go into the spectator's. It is, certainly, what 
happens in all arts. 
In aesthetic field, since in historical one, civil engineering 
occupies a place of privilege between arts that take the 
drawing as the foundantions of its manifestation.  
 
Any work of civil engineering has three fundamental 
conditions: solidity, convenience and beauty. To them, 
economy might be also added. 
 
The realized work must be not only solid, this is, of 
calculated dimensions to assure the stability (real solidity), 
but it also has to look like that (apparent solidity). From 
this appearance it is born precisely what is known by the 
name of proportion. 
 
Perhaps, we should speak here, though briefly, about 
proportion, which is the relationship between dimensions; 
relationship between the whole and each part of it: logical, 
necessary relationships, in such a way that they satisfy 
reason and sight of the spectator at the same time. 
 
Proportion is not  dimension. Dimensions indicate simply 
heights, widths and surfaces; while proportions are the 
relative connections between these parts following a law. 
Proportions are established, certainly, by engineering, on 
the laws of stability, which derive from geometry. A 
triangle is an entirely complete, perfect figure, in what it 
gives the most convincing idea of stability. From triangle 
they departed: Egyptians and Greeks, and later architects 
and engineers of the Middle Ages. Neither should 
proportion be mistaken with symmetry. 
 
Even the most vulgar artist can follow, without any effort, 
a symmetrical way: he only has to repeat to the right what 
it has been done to the left side. On the contrary, it is 
indispensable to proceed to a slightly more delicate study 
to establish a system of proportions in a bridge. 
 
Symmetry dominates nature, which gives us the model. 
To establish order, symmetry is an excellent procedure. It 
consists of the repetition of elements according with the 
distance to another geometric element, which can be a 
point (radial symmetry) or an axis (axial symmetry).  
 
Today, it worries more weighting than symmetry, this is: 
an apparent symmetry achieved by the balance of the 
masses. 
 
The geometric theory subordinates the general 
proportions to certain geometric simple forms. This theory 
is probably more important and certainly the most 
general.  
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Egypt, Greece, the Persia Sasanid, Rome, the Latin and 
medieval styles, the Renaissance, used the geometric 
theory. 
 
 A geometric or arithmetical system that serves to 
establish the laws of proportions, far from being a hobble, 
is, on the contrary, an invaluable help. 
 
Another important element is the grandeur - the effect of 
magnitude-. It is obtained by the repetition of the same 
element, by perspective, by elements of comparison to 
the natural scale. This third way of obtaining the grandeur 
suggests the question of the " natural scale " and of the 
scale of proportion. 
 
In classic art, a small monument is something like the 
reduction of the big one: slightly sensitive fault in the 
Greek monuments whose dimensions do not sin of being 
exaggerated; but in the classic Roman works this fault 
grows in importance, since it generates works which 
magnitude is not noticed.  
 
In the engineering of the Middle Ages, there are 
established elements of comparison of natural size, 
favorable to the grand effect. The Roman props, arches, 
etc, can have the same dimension in a work in a small 
villa than in a great imperial city, because nature, 
invariable, is the unit to these elements. There it takes 
root the secret of the grandeur of the Roman monuments. 
 
It is important the Influence of the visuality and 
perspective effects. The visual effects due to the 
superposed colors and to the situation of the eye of the 
observer, can make proportion change. 
 
A work of engineering is composed,  clearly, of several 
parts. If there characterizes each of these component 
parts by using a form that corresponds to its idea, the 
whole will remain evidently characterized. 
 
Material characterizes the work of engineering in diverse 
ways: by its color, its hardness, its polish, etc. 
 
A hard material always expresses well the idea of 
permanency. 
 
 Any work made by the human brain, so in the field of 
letters as in arts, cannot live if it does not possess what is 
called style. This belongs to man and is independent from 
the object. In poetry, for example, the thought, the 
impression exists. The way of expressing them, of 
making them penetrate in the soul of the audience, is the 
style. 
 
In engineering, style has double character: of science and 
of art. It is a system of construction as well as a 
manifestation of beauty, which when united they give a 
geometric - aesthetic form. 
 
Finally, we can conclude that, though it is not always easy 
to join the concepts of engineering, in all its scientific 
expression, with beauty as aesthetic expression: an 
aesthetic component really exists in civil engineering and 
we might feel that it is its essence. As said in some 
occasion the architect, mathematician and engineer 
Richard Buckminster Fuller (1895-1983): " when I work 
with a problem, I never think about beauty. I just think of 

how to solv it. But when I have finished, if the solution is 
not beautiful, I do know the result is bad”4. 
 
It is very probable that in Leonardo's drawings and, 
especially, in his proposals of engineering, he was always 
very aware of this very idea, along with other 
considerations expressed in the present epigraph. 

3 Leonardo and his bridges 
It has been written greatly about Leonardo's painting, 
about his sculpture, his wit, his machines …, about his 
aspect, especially, of mechanical and military engineer: 
However, it can not be left apart another Leonardo's 
creative aspect related to the project of bridges, tunnels, 
urbanism, etc. Because of this, this time we would like to 
concentrate on Leonardo the designer of bridges, 
approaching to the two of them that do not have military 
character. 

3.1     Military bridges 

Ten are the bridges that Leonardo designs, of which eight 
have military character and only two have a civil function. 
The military bridges represented in Fig. 2, are not the 
objective of our study, just to mention, however, their aim 
for functionality, rapidity of construction and portability: 

From left side to right and top to bottom, the autoamble 
bridge (Atlantic Codex , infolio 69ar and 71v); bridge in 
double row (Atlantic Codex, infolio 57v); swing bridge 
(Atlantic Codex, infolio 855r); pontoone bridge (Atlantic 
Codex, infolio 857r); bridge over trestles (Atlantic Codex, 
infolio 55r); channel bridge (Atlantic Codex, infolio 126v); 
bridge of assault (Atlantic Codex, infolio 1074r); 
retractable bridge (Atlantic Codex, infolio 238r). 

                                                 
4 Buckminster Fuller, R., New Views on R. Buckminster Fuller. 
Edited by Hsiao-Yun Chu and Roberto G. Trujillo. 2008 

Figure. 2 The military bridges designed by Leonardo. All 

of them are included in the Atlantic Codex 
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3.2     Civil bridges 

Two are the civil bridges that Leonardo projects: Ponte 
sul On Corno D'Oro, infolio 66, manuscriptly L; and ponte 
a due piani, represented in the Manuscript B of the 
Institute of France, infolio 23. 

There is no doubt that when Leonardo thinks about both 
bridges object of our study, his creative genius admits, 
from the beginning, that a bridge represents a singular 
monument, which not only can be admired, but it must be 
used: a monument put to the service of society, and little 
or very much, used by all.  

"I, your modest servant ... I will construct for you a mill 
that does not need water, since it will be enough to propel 
the mere force of the wind "or God, praised His name, He 
has granted me to design a system that allows to extract 

the water from the ships without need of ropes or cables, 
just by using a hydraulic self-propelled machine." 

This is the way it began the letter found in the State Files 
of Topkaki's Museum, in which Leonardo offers his 
services as Engineer to the Sultan of Constantinople, 
Bayaceto II. 

The drawing, realized about 1502-1503, shows the plant 
and one perspective almost in the elevation of the bridge, 
with a great ship of unfurled sails passing by below. 

" It has come to ears of your modest servant that you 
have the intention of raising a bridge from Istanbul up to 
Gálata, but that you could not have biult till now because 

you have not found a man capable of doing it. I, your 
modest servant, know how to make it. I would construct it 
so highly as a building, so that, due to its height, nobody 
could exceed it... 

The bridge had to save 420 meters, connecting the ends 
of the Golden Horn, a tightening in the river Bosporus that 
separates Europe of Asia. To do that, Leonardo re-
designed the classical keystone bridge, reducing it in the 
center and expanding it in the stirrups that connected it 
with both shores, going forward 300 years to the 
theoretical principles that allow to calculate this type of 
structures. The width should be 24 meters, 360 meters of 
span and 40 meters of height over the level of the high 
tide. 

...I will do it in such a way that a ship could pass under 
him even having all its sails unfurled... We would arrange 

too a drawbridge in order one could go on to Anatolia's 
coast... Want God that you believe my words and you 
take into accounts this one, your servant, who stays 
always to your entire disposal." 

 Leonardo's design consisted of two arches of granite that 
were supporting a top pedestrian alley. The stone 
supports well the pushes of the arch, for what it is 
possible to actually construct such a slender bridge. The 
arches measure only 0,65 meters in the narrowest part 
and expand up to 4,50 meters in the ends, measuring the 
base of anchorage 14 meters. 

In Leonardo's bridge model kept in the Museum of the 
Science of Valencia, it is possible to estimate how the 
stirrups of the bridge contain as well small bridges that 
lighten the whole and allow the transverse step. The 
design of the bridge is a combination of elliptical arch for 
the intrados and segmental for the exterior surface, being 
the forces of compression 
transmitted directly against 
the soil. 

In a long bridge, this can 
mean too much pressure 
on the last keystones of 
the stirrups. Leonardo 
solves the problem 
increasing the surface of 
contact of the stirrups, 
which allows to disperse 
and to distribute the 
pressures on a much 
bigger area. 

 In the photo of the take-
offs we see as the arch 
appears really as a vault, 

Figure 3. Ponte sul Corno D’oro. infolio 66, manuscript L. 

Institute of France 

Figure 4. Model of Leonardo's bridge in the Museum of 

the Science of Valencia 

Figure 5. Infography of 

Leonardo's bridge performed 

with MicroStation 
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on which the bridge rests. This gets lighter by a few round 
arches. 

The curvature of the vault allows to stabilize the structure 
opposite to eventual lateral movements.  

 A few years ago, Vebjorn Sand, a Norwegian painter, 
visits an exhibition of drawings of engineering and 
Leonardo's architecture. Immediately he gets fascinated 
by the bridge and in 2001 in Aas, Norway, a footbridge is 
inaugurated by a design based on Leonardo's, stimulated 
by the painter. 

Finally, Aas's design was climbed to a span of 100 meters 
and a total length of 135 meters. After studying two 
designs (in stone and in wood) it was decided to construct 
it of laminated wood, decision rested on the idea of using 
materials and technologies of the region, it turns out to be 
seemingly disappointing for not having used stone. 
Nevertheless, the decision is not bad, if we bear in mind 
that Leonardo's stone bridge was never intended to suffer 
months of low temperatures and ice that might affect its 
structural behavior. 

The other Leonardo's civil bridge is the one presented in 
the Manuscript B; which is closely relationed with the 
urban development study " cittá design him to due livelli ", 
performed between 1487 and 1489, and that was 
conceived to be able to separate the zone reserved to the 

work and to the trade from the area destined the citizens 
leisure time. 

Inside the mentioned study, "ponte to due piani " would 
make possible cross a water course by two levels, which 
would allow to separate, on the one hand the traffic of 
entry and exit of the city and, in the other hand, to be able 
to destine the upper platform of the bridge for the traffic of 
persons, being lower one for vehicles and animals.  

This bridge, provided with a inclined gangplank, with 
access in its low part, was designed as a robust 
reticulated studding of wood, provided with important 
cerchas and arriostramientos to support the great weight 
of the double traffic. 

Unfortunately, this bridge project did not improve more 
than being a sketch, and it was never built in Leonardo's 
life.  

It was at the beginning of the 20th century when a bridge 
of two very similar floors to that of Leonardo was 
projected, so called "Craigavon Bridge" and placed in 
Londonderry (Northern Ireland) over the river Foyle. 

This bridge, designed in 1929, by Mott, Is and Anderson, 
was a metallic bridge of steel structure. It was constructed 
by  the company Dormon Long between 1930 and 1933, 
needing for its construction 6.500 cubic meters of 

Figure 7. Infography of “Ponte a due piani “ 

Figure 6. Ponte a due piani (Manuscript B, infolio 23r),  

Institute of France 

Figure 8. Detail of the "Craigavon Bridge" placed in 

Londonderry (Northern Ireland) over the river Foyle. 
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concrete and 5.000 tons of steel, and it cost 255.000 
pounds. 

This bridge has a length of 390 meters and a width of 18 
meters, with a section constituted by 12 meters of 
causeway and two sidewalks of 3 meters each. The low 
level was destined for the railway traffic and the Superior 
for the traffic of vehicles and pedestrians. 

In 1968, as a consequence of the closing of the company 
Railroads of the North of Ireland, the lower route, destined 
for the railway traffic, turned into road of double 
circulation. 

 In 1984 and due to the congestion of traffic in the bridge 
"Craigavon Bridge", a new concrete bridge was built, so 
called "Foyle Bridge", placed 2 kilometres downstream 
from the previous one. 

There are some other Leonardo's contributions about 
bridges. For example, in the Codex Atlanticus, infolio 344 
verse a, it is shown how the cuts have to be made in order 
to the girder not splinter, when the aim is obtaining the 
curled of the girders forming arches, like it happenend 300 
years later in the Swiss wooden bridges. The wooden 
bridge of the photography below, constructed in 1839 in 
Signau (Berne), has two arches of support realized 
exactly like Leonardo proposed. This bridge has more 
than 45 m. length, it crosses the river Emme and can 
support more than 40 tons. This kind of bridges, unknown 
until XIXth century, represent another modern application 
of Leonardo's thought. 

4 Criteria of aesthetic valuation and 
elements for its measure 

When considering aesthetics in Civil Engineering, and 
focusing especially on bridges,  visual quality of the work 
turns out to be as important as aesthetic quality. 

Searching of rules that might lead to the beauty, is a 
Utopia longed by every man along history: golden section, 
Fibonacci's succession, etc. However, a fundamental 
quality of the essence of arts is to defy existing ideas and, 
therefore, to defy dogmatic notions of how to creat pieces 
of art with "good taste". Leonardo in the antiquity and, 
more nowadays, Maillart, Roebling, Fernandez Casado, 
Fernandez Ordóñez, Manterola and other masters at 
bridges design, demonstrate that designers need to be 
free of such restrictions of doubtful foundation, in order to 
create works of artistic significance. 

The systematic application of a few rules should not 
necessary be pursuiting. The reason is that aesthetics 
belongs to the domains of philosophy, physiology and 
psychology, and therefore it cannot be understood 
completely from critical and logical reasoning, without the 
consideration of senses. Judgment on the aesthetic 
qualities belongs to the area of feelings, or sensory 
sensations, which are different in every individual, 
according to his experiences, impressions from his 
environment, etc. Hence, judgment on the aesthetic 
qualities of an object will be different in every observer. 

Aesthetic quality is a subjective appraisal of the observer 
upon a certain scene. It is therefore useless to objectify 
aesthetics, although it is certainly possible to describe: 

o Visually integrated (harmony) / visual impact. 
o Slender / heavy. 
o Transparent / opaque. 
o Arranged / disarranged. 
o Proportioned / disproportioned. 
o Efficient / structurally inefficient 

5 Composition, function and shape 
Proportions, arrangement and scale according with the 
environment, play an essential role in the aesthetic 
behaviour of a work. 

The meaning of composition here consists of the process 
of organizing a few elements by means of a few criteria or 
design basis. These principles are concepts that can help 
the designer to communicate the dominant topic of his 

Figure 9. Upper: Detail of the figure that appears in 

the Codex Atlanticus, infolio 344 verse a.; lower: 

Detail that shows the assembly of the curled 

jagged girders in one of the supports. 

 

Figure 10. Sight of the wooden bridge 

constructed in 1839 in Signau (Berne), over the 

river Emme. 
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composition. They can be applied to every element of the 
design or to the whole composition. In graphical design, 
however, equilibrio, contrast, emphasis, rhythm and unity 
can be considered to be more used. In case of a general 
public work, and in bridges especially, there is no reason 
for its design not to share some principles with its 
graphical design, due to the fact that the infrastructures 
simply are shapes, volumes within a landscape. 

The function that an object has to fulfill is its guide of 
design. There are famous phrases in the matter: " the 
logic of the shape " by Eduardo Torroja or " shape follws 
function " by Sullivan. In structures, the most evident 
function is to withstand actions (appart from the 
functionality that the whole system provides). For this 
reason, shapes that coincide with the flow of forces, that  
respect the natural laws, are considered to be expressive 
and beautiful. It is in the arch where the function of a 
bridge is better expressed: to save an obstacle and to 
transmit the loads to the ends. Because of its shape, it is 
considered to be beautiful. The same thing happens with 
the parabolic shape of the suspension bridges. 

Shape has surrendered to the function of resistance, 
according with man's knowledge of these principles for 
designing shapes, always aiming to reach efficiency. 

Therefore, function has to be made clear. The functional 
requirements are, for example, use, resistance, durability, 
expenses and the constructive procedures, but also it is 
necessary to consider visual functionality as a functional 
requirement of priority importance. 

6 Conclusions 

o 2D Drawing is insufficient to represent volumetries. 

o The quality of aesthetic is difficult to quantity. It is not 
possible to objetify, but it is possible to describe. 

o The aesthetic quality has to be compatible with the 
rest of requirements: functionality, economy, 
durability, safety and environmental respect. 

o Beauty is timeless, does not go out of fashion. 

o Aesthetics cannot sort out a badly designed 
structure. 

o Something correctly proportioned, is attractive. 

o Function includes visual functionality of a public work 
and, therefore, aesthetics is an integral part of the 
design. 

o Leonardo redesigned the classic keystone bridge, 
reducing the center and expanding the stirrups that 
connect the structure with both shores, going 300 
years ahead of the theoretical principles that allowed 
to calculate this type of structures. 

o Leonardo goes forward to his time on the conception 
of the urban mobility, conciving models to be able to 
separate the zone reserved to work and to trade from 
the area destined to the citizens leisure. In addition, 
he is the first one in raising the separation of traffic 
for exit and entrance in the city, as well as the 
possibility of destining two levels in some bridges: 
one for the people traffic and other one for vehicles 
and animals.  

o In the civil engineering that Leonardo projects, three 
aspects highlight, intimately tied, but rarely appear 
together in other arts: scientific, useful and beautiful. 
Three aspects that not only have to co-exist together, 
but also they have to be mutually completed; such 
aspects that Leonardo unifies with incredible 
mastery. 

o Leonardo's civil engineering works invite to 
proportions that are established on the laws of 
stability, that derive from an ideal geometry that 
adapts itself to the structural requirements of the 
projected work. 
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Abstract 

Electrical circuits are graphically described most of the times and the use of some kind of 
computer-aided design (CAD) to do it is more than usual. Electrical engineers can be highly 
helped in this process with a library of symbols to represent the different components of a 
circuit and, wouldn’t be interesting if they could simulate the circuits that they had graphically 
represented? We thought so. 

For the previous reasons, a tool with just a good library of electrical symbols would be useful 
but, if it made possible to test the circuits it could have a great value, both for professional 
and educational purposes. This tool is really helpful in the learning process of our students in 
Technical Office. In this subject, the Electrical Engineering Degree students must work on an 
electrical project which always includes the design of some kind of circuit. The tool makes 
possible to simulate those circuits within the CAD software, so it is easy, fast and safe to try 
different designs by changing the graphical symbols and/or their connections. 

Those features make the tool interesting in an educational environment, but not only. 
Professional engineers can also find this tool interesting because it can be used in the design 
process and as a tool for graphical representation. The improvements in the tool included, 
e.g., the wire simulation within the electrical box, making the circuit safer and cheaper. 

1 Introduction 
The software EleCirCAD has been developed by the 

authors, since 1990, to obtain a tool to be used in the 
design process of electrical schematics [1]. 

This tool has been conceived to help students to 
elaborate the technical drawings that define the electrical 
equipment used in their projects of industrial machines. 

The obtained software, beyond its pedagogic 
philosophy, can also be used in general industry. Since 
the late 90’s, this tool has been accessible to professional 
engineers and it has been downloaded more than 
100,000 times from the EleCirCAD website [2]. 

The previous experience with this software, as part of 
the learning process of our students, has been really 
good. Taking into account that the Bologna Declaration 
on the European Space for Higher Education (ESHE) is a 
reality nowadays [3], it has been required to adapt the 
previous teaching methodologies and, as a consequence, 
to reduce the number of conventional classes in all the 
subjects to make possible the necessary convergence at 
European level. In this sense, the tool should be improved 
to make possible a higher level of self-learning and this is 
why we started to study how it influences the learning 
process. 

The considered criterion is based on the analysis of 
the relation between our tool and the three cognitive 
abilities that can be considered the keys of a learning 
process: reasoning, operating and remembering [4]. 

Taking into account these three abilities, it can be 
considered their correspondence to the three stages in 
which the design process can be divided, as well as 
development of the documentation required to define the 
electrical equipment for controlling industrial machines. 

The relationship between these abilities and the design 
stages is described below: 

1.1 Reasoning ability: Functional design of 
schematics.  

When students start designing a control circuit, they 
should relate the operating way of the different devices to 
satisfy the initial requirements. 

Students know how those devices work and must be 
able to establish relationships between them and the input 
and output variables of the system. Students can do this 
by inserting components in the drawing and wiring them. 

The results of this initial stage can be observed in the 
obtained circuit-schematics. 

1.2 Operative ability: Switchgear and 
controlgear layout.  

The next stage in the design process requires 
implementing the schematics within the machine. To solve 
this problem, a sequence of logical stages should be 
followed: 

- In a first place, it must be chosen the cabinet in 
which each component will be located. 

- A terminal has to be joined to every cable that 
connects elements from different cabinets [5]. 

- All the inserted terminals have to be numbered 
following a coherent pattern [5], using prefixes to 
distinguish the different strips of terminals. All 
this information can be observed in the 
schematics of external-connections. 
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1.3 Remembering ability: Completing the 
schematics documentation.  

To finish the process, it is necessary to develop some 
simple and repetitive work to include in the schematics all 
the complementary information that could be required. 
This includes numbering all the auxiliary contacts, tracing 
all the crossed references and drawing the legend. 

At this stage the remembering ability has a high 
importance because it is necessary to have a good 
knowledge of the standards to be used in the 
development of schematics. 

 

2 Innovative process of the 
improvement 

As an application improvement process, it was 
considered to add simulation modules to be run alter 
finishing each design stage. 

As Schneider and Fieg [6] reflected in a previous 
research, computer simulation provides a powerful tool for 
equipment and system analysis.  As they followed: In fact, 
simulations are recognized as an efficient and effective 
method of teaching and learning complex and dynamic 
systems [7]. Some software and tools are being applied in 
educational environment with this purpose as published 
by Company et al. [8], Lau et al. [9], and Méndez et al. 
[10]. 

Using these simulators, students should be able to 
validate their work every time, increasing their curiosity to 
interactively carry out different experiments: “learning by 
doing” [11]. 

2.1 Functional design of schematics 

After inserting components and wiring, students can 
simulate their operation using the same software. 

Simulation process is not only based on the animation 
of the components of a circuit. In fact, a working-process 
diagram is automatically generated [12], [5]. 

This makes possible to appreciate the changes 
instantaneously and to analyze them globally, with all the 
diagram components. 

Simulation can be cancelled at anytime, being able to 
modify the schematics and following with the simulation 
process. 

2.2 Switchgear and controlgear distribution in 
the machine 

The objective of this stage is to assign components to 
the cabinets in which they are located in order to be able 
to insert the required terminals to interconnect those 
cabinets. 

The software automatically generates the external-
connection schematics taking into account this 
information. 

The most difficult aspect at this stage is found when a 
student is not able to appreciate the relationship between 
the circuit wiring and the information that appears in the 
connection schematics. 

The developed improvement shows a simulation of the 
wiring that the student made in the circuit schematics as it 
would appear in the real machine. Thanks to this process, 
the schematics with the external connections can also be 
adjusted. 

The software also displays valuable information about 
the most usual mistakes, such as cables interconnecting 

cabinets directly, without using terminals, too many cables 
connected to the same terminal, or duplicated cables, 
among others. 

This simulation tool is based on the reading of the 
schematics wiring and the connection of terminals [13], 
[14], graphically showing the cable identifying information 
[15]. 

2.3 Final documentation of schematics 

The final stage in the development of schematics takes 
into account the user requirements to define the sequence 
of commands. These orders must be correctly run to finish 
the schematics. 

This can be considered a repetitive process, being just 
necessary to remember what are the commands used for 
and how they affect to the resulting schematics. 

Finally, it is important to take into account that all the 
software development has been based on European 
standards [16], for numbering terminals, and [12] for 
complimentary information. 

 
 

3 Case study 
A simple case study has been included below in order 

to analyze the most important problems in the 
development and the modules added to the software. 

 
Fig. 1 Inital information of the case study 

The case is based on the automation of a simple 
process: a table with two positions in which the mission is 
to send a piece from position 1 to position 2 and, finally, to 
go back to the starting point. 

Variables are also assigned, by the tool, to unify 
results. The list of elements is included in fig. 1.  
 

3.1 Design of schematics. Simulating the 
working process 

Students have to start the design process analyzing the 
initial data and proposing the control circuit. 

 
Attending to the initial data, the circuit is based on two 

reversing contactors. When the starting push button –SB1 
is pushed, the contactor –KM1 is activated, sending the 
piece from position 1 to position 2. When position 2 is 
reached, the limit switch –SQ1 is activated, stopping –
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KM1 and activating –KM2. Then, the piece goes to the 
starting position. When it arrives to position 1, -SQ1 is 
activated and the process ends. 

The easiest solution has been represented in fig. 2. 
 

 

Fig. 2 Component insertion and wiring 

 
Working process simulation: 

One of the goals of this improving process was to allow 
students to test their designs. To achieve it, the simulation 
module was included within the software. This makes 
possible to transform the schematics into logical 
equations, to simulate the process, at any time. This is 
how students can check if their schematics are working 
as they expected, attending to the electrical 
specifications. 

The working process diagram is automatically 
generated while the simulation process is developed and 
the positions of the contacts are displayed attending to 
the state of each component. The diagram obtained in 
this example simulation is shown in fig. 3. 

  

  

Fig. 3 Working process diagram 

 
The use of this simulator during our practical sessions 

made possible to understand the developed schematics 
to more than a 90% of our students. 

 

 

 

3.2 Component placement. Wiring simulation  

The process of component placement requires several 
stages, as follows. 

Assignment of switchgear and controlgear to 
cabinets:  

Users have to indicate the cabinet that contains each 
component. The following figure shows how the 
switchgear and controlgear have been placed in the 
cabinet =C1 and the limit switches -SQ1 y -SQ2 have 
been placed out of the cabinet, represented as =CE. 

  

Fig. 4 Cabinet assignation 

 
The layer with the attribute of component situation has 

been maintained activated (fig. 4) in order to make this 
stage more understandable. 

 
Insertion of terminals:  

It is necessary to place the terminals on the cables 
used to connect elements that are placed in different 
cabinet [5]. The software lets the user identify the cables 
that are requiring the insertion of terminals and this is the 
most difficult stage. The software can only detect the 
cables on the drawn schematics. During the design 
process, users have typically been involved in how the 
schematics are working without taking into account the 
most correct places for the machine components. This 
procedure implies that the inserted terminals are not 
optimized to obtain the most correct wiring in the machine. 
The real problem is that users are not able to intuitively 
notice this aspect, being necessary to automatically 
generate the external connection scheme. 
 

Numbering of terminals:  

This process is automatically done by the software, 
making possible to group the terminals creating strips. 
The software groups the terminals attending to the 
interconnected cabinets and the user assigns a prefix that 
is related to the name of the strip of terminals. 

This is the stage where errors start to be detected. For 
example, users can notice terminals that interconnect 
elements within the same cabinet or even interconnecting 
elements simultaneously placed in three different 
cabinets. During the numbering process, it is interesting to 
adapt the wiring in order to solve these errors. 

The figure below shows how all the indicated terminals 
are interconnecting elements contained in the cabinet =C1 
with the limit switches placed outside: =CE. All of them 
have the same prefix (-X1) because they are integrated in 
the same strip of terminals. 
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Fig. 5 Inserted and numbered terminals 

 

Generation of the external-connection schematics:  

When there are connections among different cabinets, 
it is compulsory to generate the external-connection 
schematics [5]. The software generates it automatically by 
means of the information that can be read from the circuit 
schematics. 

  

Fig. 6 Schematics of external connections 

These schematics are very important for the machine 
maintenance and they must correspond to the developed 
design. Students are not usually able to interpret the 
mistakes that appear at this stage of the process due to 
their difficulties to establish relationships between the 
schematics and the wiring in the circuit. This is why the 
new version of the tool includes a wiring-simulation 
module. 

Wiring simulation: It makes possible to generate an 
image of all the switchgear and controlgear contained in 
the machine. This image is automatically generated from 
the information that the circuit schematics contain. To 
facilitate the wiring understanding, the software traces the 
cables using a colour code: 

- Blue cables connect elements within the same 
cabinet. 

- Magenta cables connect terminals placed in 
different cabinets. 

- Cyan cables connect terminals of a cabinet with 
external elements, such as limit switches. 

An important feature of this software is that it 
graphically warns the user when errors are detected: 
Yellow lines indicate wrong cables and coloured rings are 

traced when more than two cables are found in a terminal. 
The fig. 7 shows the graphical representation of the 

wiring simulation corresponding to the previous circuit. 
Errors can be easily seen, so users can modify the circuit 
schematics, where cables and terminals are conveniently 
identified. It is recommended to number all the cables 
previously in order to make their identification easier. 

  

Fig. 7 Wiring simulation 

This module was implemented during the current 
course. It made possible to appreciate how the 
percentage of students that were able to wire the circuit 
schematics and make the external connections, correctly 
and without any external help, was 80%, instead of the 
previous 50% without using the simulator. 

 
 

4 Conclusions 
1.- When a simulation module is added to a graphical 

software to design schematics, the learning process of 
students is clearly improved. As students learn by doing, 
they improve their skills with this software and also 
automating concepts.  

2.- As it is possible to simulate how the schematics 
work, this improved process avoids design errors that 
would affect to subsequent procedures. This improvement 
reduces the previously required time to repeat mechanical 
actions without contributing to the actual learning process. 
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3.- The wiring simulator enhances how students 
assimilate the relation between the circuit schematics and 
their physical implementation. It also reduces the number 
of wiring mistakes that students will make. 

4.- Including the wiring simulator gave us one more 
opportunity to improve the software. After analyzing the 
results of simulation, students start to think how to 
optimize the schematics wiring taking into account how 
the switchgear and controlgear in the cabinet is relocated. 
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Abstract 

Purpose: 
The paper aims to develop some thoughts on the upgrade implemented in the disciplines of 
drawing from the latest forms of digital representation, commenting on the experiences under 
way in some university courses included in the learning curriculum provided to engineering 
students with regard to the course of study in Ingegneria Edile (Building Engineering, also 
known as Architectural or Construction Engineering) at the Politecnico di Torino. It’s a matter 

of reasoning on what and how to suggest knowledge and practises in the experience of 
teaching that result as an improvement of skills and abilities appropriate for future 
commitments required by the job world. 

Method: 
Methodological reasons, subject contents and experiences positively carried out during the 
activities of the course of Representation Techniques and Data Management (in the post 
graduate “Laurea Magistrale”) are treated, focusing on all the resources needed to conduct 
profitable operations training and first clarifying the specific skills and experience required for 
the teaching staff, essential qualities to ensure good results: all the activities organized to 
achieve the training objectives are based on the belief that early training is needed to trigger 
virtuous review processes for engineering practice and that opportunities to practice through 
simulations in the academic curriculum for future engineers can produce effects of greater 
permanence and enable an enhancement of learning outcomes. 

Result: 
The analysis, which is addressed primarily to illustrate the result of some of the outcomes of 
exercise activities leaded by students, brings attention to a solicitation that seems to be 
constraining and that concerns the system of relations required between operators of the 
design and construction process, which are requested to enter into shared aims while 
operating in the specificity of the various technical fields; in this sense, the tricks of the CAD, 
which is at the service of a geometric knowledge, measured and fulfilled by its attributes, the 
attention demanded by BIM, which builds a widespread and open network of relationship, the 
cunnings of the GIS, which has to gather dynamic information and alternative choices, appear 
to address areas of operational testing following a single purpose directed towards a better 
characterization of the process of conceptual development and a more advantageous control 
of the working method. 

Discussion & Conclusion: 
So, with the design and over the usual representations, we speak of computer tricks to say 
that to be understood as the necessary infrastructure to solicit and investigate the reasons of 
doing and how to solve the complexity of operating on the field, upon which students must 
impractical themselves to identify qualities and limits, whether they are exploring the reasons 
of the survey or the reasons bound with the design; certainly a renewal for the most usual 
ways of designing useful to produce different levels of knowledge and a new shared place for 
the exchange and discussion of the hypotheses, with what results?   

1 Introduction (gnm) 
The education of higher technicians, hence also 
engineers, has always been a difficult area of exploration, 
because of the importance of the implications associated 
with the composite technical culture and forms of 
development. 
"The difficulty we face every day is growing and it is a 
consequence of increasingly complex dynamics that 
govern all forms of intellectual activity and that is 
manifested through a succession of increasingly frequent 
branches. Finding the connection lines of this species of 
tree, whose branches grow, divide, and are intertwined in 
a seemingly inextricable way, is a task that involves all of 

us." The quotation is from the fascinating lecture that 
Professor Edoardo Vesentini, professor and former 
president of Accademia Nazionale dei Lincei, held for the 
inauguration of the academic year 1997-1998 at the 
Politecnico di Torino. That lecture, titled "On this side and 
beyond the technology”, effectively condenses the 
invitation to awareness for those who work in higher 
education, especially in the university, suggesting the 
maintenance of an intellectual tension capable of 
overcoming the diaspora framework and that, without 
prejudice to the need for specialized in-depth, it sticks to 
the purpose of continuing to consider the various technical 
and scientific terms ideally reassembled as part of the 
unity and universality of culture. 
Enthusiastically we joined this spirit of speculation by 



824

G. Novello Massai and M.M. Bocconcino  CAD, BIM, GIS and other tricks of the computer science  

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

presenting an experience designed in a purely 
educational framework that seems to make more explicit 
our interpretation. We will do this by presenting cultural 
motivations, methodological devices and operational 
initiatives that inspired the design and represent the core 
of the teaching of Techniques of Representation and Data 
Management (hereafter TDR&GD, set as an optional 
module in the second year, second semester of the 
Laurea Magistrale in Building Engineering at our 
university [1]). The ambition is to expose the intentions 
and the things done, some critical considerations and 
some evaluations of the experience to enable a 
constructive dialogue with those who, in our scientific 
community, strive to improve the quality of the 
educational process and its outcomes. 
This paper is divided into two parts. The next section is 
devoted to the presentation of some issues of more 
general nature that bind the Building Engineer 
qualification using the methods that different courses, 
through their specific educational filter, can be taken to 
achieve better results. The second section, paragraph 3, 
covers the organization of educational initiatives in 
relation to the training objectives of the teaching of 
TDR&GD, highlighting methological aspects and the 
outcomess obtained by the students. 

2 The Building engineering: a 
disciplinary contribution to improve 
education (gnm) 

As mentioned above, compared with the era of the 
classical Engineering, today it is almost impossible to 
express considerations that are universally valid because 
of the substantial fragmentation that characterizes the 
system of ‘contemporary engineering’, as it should be 
named the coordination of the various sectors that 
compose the current frame. In fact this situation, the 
result of a process of gradual, continuous upgrading, 
appears to be a substantial change with respect to 
previous periods in the history of engineering [2]. For 
example, we can read through the unifying representation 
made by Bernard Forest de Belidor in the first half of the 
eighteenth century, a vision set out in "La science des 
ingénieurs dans la conduite des travaux d'architecture et 
de fortification civil" [3], a demanding task and an 
important contribution for understanding the technical 
culture of those times, which is the result of the 
assumption that the engineering was just one and 
undifferentiated. To describe the knowledge and the art of 
the engineers, Belidor sets up a general overview of all 
disciplines serving engineering, aiming at systematically 
encompass, in a single framework, theoretical principles, 
empirical criteria and applications. The method used to 
communicate this concept relies on an ante litteram 
hypertext that associated a set of comments, notes, 
references, illustrations and tables of images according to 
the criterion of cross-references to the sequential 
exposure of the text. This is a revealing approach,  
emphasizing the anxiety to unify the composition, as 
already mentioned, and implicitly admitting an almost 
utopian exaltation of technical knowledge [4] [5]. 
The appeal of such a vision, certainly congenial to the 
culture of that time, ideally remains alive and unchanged 
today. However, it is the case to focus on current 
situation, considering the theme of the education of 
contemporary building engineers, trying to understand if 
there are margins that allow to improve the teaching 
process in order to build a more qualified professional, 

satisfying the demands posed by this conference, which 
stimulates us to upgrade to improve. In Italy, in recent 
years, an intensive review has been undertaken, that has 
affected many university courses, operation promoted by 
the need to comply with some regulatory changes that, 
even in schools of engineering, has resulted in a 
redefinition and redesign of 'educational offer. The 
process was long but it has proved necessary and useful 
to clarify the contents, methods and delivery modes of 
teaching in relation to some purposes of qualification 
which have become increasingly pressing. 
Citing the presentation on the internet, on the portal of the 
Polytechnic of Turin, describing the educational objectives 
of Laurea Magistrale in Building Engineering, it is stated: 
"[...] this figure works in construction plans and directs 
their implementation, even coordinating other specialists, 
working in architecture, engineering, urbanism. The 
building engineer develops the project at different levels of 
analysis, preliminary, final, executive; he directs the 
execution of works in traditional and industrialized 
construction, both for new and rehabilitation of existing 
constructions; he is active in the management and 
organization of real estate transaction, in the management 
and organization of the building process, with respect to 
materials, products and components and in the survey 
and assessment of the housing stock. The building 
engineer is aware of the complexity of the building, both in 
connection with its subsystems and in relation to the 
environment, and the competence for its operation in full 
and independent responsibility. "[6]. 
In the section that defines the employment and career 
opportunities, we mention the elements that define the 
management role assigned to the building engineer and 
his responsibilities that are very challenging in any 
working contexts: "These professional figures are 
primarily employed in construction and architectural 
design activities, as well as in managerial, organizational 
and construction activities, at public technical offices and 
private construction firms and engineering companies.. " 
Even from the information set out in the section on 
“expected learning outcomes”, it is obvious a need for 
strong coordination between the educational actions, to 
be continuously evaluated, to ensure appropriate 
qualifications to the demands of the workplace1. 
The relevance of these principles and the need to ensure 
their practical implementation has been expressed 
through a redefinition of the programs of all courses,  
designed to form an active educational system that was 
capable of promoting the educational process as a whole 
and, at the same time, be flexible enough to ensure rapid 
development and not hindering future update operations. 
The contribution offered by the TR & DM is in line with 
these aims. This course is offered at the second year of 
Laurea Magistrale, hence in the final phase of post 
graduate education, allowing for a close link of a large 
part of the subject content to a foundation of knowledge 
and skills, deeply rooted. The course was designed taking 
into account the complex set of skills required for the 
profile of the building engineer outlined above, as a class 

                                                
1 Based on the Dublin Descriptors (the General Descriptors of 
education for each teaching degree, 2004, defined by an informal 
group of specialists from different countries, a reference 
framework adopted in the European Area for Higher Education) 
some of the objectives pursued by higher education have been 
strengthened. Each course defined them according to its own 
disciplinary characterization: knowledge and understanding, 
ability to apply knowledge and understanding, making 
judgements, communication skills, learning skills. 
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that elaborates on previous teaching experiences, with 
the following main objectives: 
- presenting, as complementary and integrated, the 

various forms of technical representation, 
- highlighting that the codes of these representations, 

derived from the different areas of Building, civil and 
environmental engineering, can be put together in a 
coordinated and integrated system 

- contextualizing the critical survey of representation 
forms and uses, posing it into a historical and 
methodological framework. 

Basic element in the design of some teaching actions was 
to promote the use of information methods and 
technologies for advanced management of technical 
documentation, activity to be considered as an 
opportunity to analyze the role of currently used 
processing media, and to evaluate some innovations 
compatible with the standards of practice and its trends. 
In parallel, the presentation of some historical forms of 
representation is proposed as an opportunity to 
understand the reasons of those traditional practices that 
have outlived their function, confirming the purpose of 
providing evaluation tools to select the most suitable 
processing techniques for the management of the 
designing and surveying process. 
The presentation of the activities in the program of the 
course, that Maurizio Bocconcino exhibits in the next 
section, may further clarify the role assigned to digital 
elaboration, used for the construction of that managerial 
sensitivity required to the building engineer. I would like to 
express some views on this, in order to better illustrate 
the reasons for some choices made in setting uo the 
course. I would like to start by making more explicit the 
use of the sentence “tricks of the computer science”, that 
appears in the title of this paper and is used to indicate 
the degree of pervasiveness of digital processing in many 
design processes.  
When adopted, the methodologies promoted by ICT can 
become a filter that affects or, on the contrary, an element 
of strong support for computing tasks (for example, the 
active aid offered to compose the design alternatives in 
comparable series, which allows to target decision-
making by comparative operations). In this way, during 
the education process now based on a short and focused 
teaching, it is possible to encourage less rigid speculative 
behavior, getting used the young engineer in training to 
assess different solutions, having the possibility to review 
their validity, without making too heavy the overall 
process. Also, if we pose the right attention on the 
complex reporting system that links those involved in 
design and manufacturing, who are asked to adhere to 
common goals while operating within the specifities of the 
various technical areas, we understand that the creation 
of a communication infrastructure recognized by all 
becomes very profitable. I believe that the use of 
computer science mediation in the management of 
complex design processes, is an exercise that stimulates 
the conceptual thinking necessary to plan and design the 
management of the various stages and operations, and 
therefore it also requires appropriate and specific 
technical – cultural tools. The digital processing of 
information can help and become a ‘healthy habit’, that 
can be transformed from a mere support, designed for the 
exchange of data, into a framework where structural 
elements form a functional system for specific and 
customised purposes, allowing for enhanced construction 
actions. 
For our course, it is worth repeating, the fact of having 

students who already have design skills, at different levels 
and degrees of complexity, has facilitated the formulation 
of a learning path that can take over certain elements 
from previous courses, trying to re-elaborate on them, 
putting them together in a more integrated system,  
supported by increased awareness, often through a 
revisitation of some experiences centered on the 
representation. 
Thus, through various teaching methods, students are 
proposed to (see figures 1, 2 and 3): 
- reconsider the reasons of CAD (Computer Aided 

Design) computing environments, with insights that 
will examine the properties and potential to overcome 
some habits of use and practices to make it smarter; 

- explore how management and organizational 
attentions offered by solutions for BIM (Building 
Information Modeling) realize a widespread network 
of relationships and open to the multiplicity of actions 
and actors in any process of building production; 

- understand the values offered in the field of analytical 
decision by the GIS (Geographical Information 
System), data processing to collect dynamic 
information and requiring a strong organization for the 
management of resources invested in the process to 
reflect and conceptualize on the operative testing. 

The combination of these fields of application is a 
functional planning exercise for achieving the educational 
objectives, is based on the belief that early training is 
needed to trigger virtuous review processes for 
engineering practice and the opportunity to practice 
through simulations during the academic curriculum for 
future engineers; it can produce effects of greater 
permanence and enable a strengthening of the same 
learning outcomes with interesting reflections in the 
following areas of work. 
Indeed, to achieve these desired outcomes, is essential to 
take great caution regarding both the quality of resources 
and the necessary investments that make possible the 
effectiveness and efficiency of the educational process; 
it’s the matter of fact, of course, to prepare a set of 
equipment and logistics, but it is above the system of 
skills and sensitivity of the didactic team that we can 
produce the strongest effects. Our recent experience 
confirms these assessments and reaffirm the needing to 
lead different activities with figures of highly qualified 
trainers and managers. Our recent experience confirm 
that, besides the usual representations and technologies, 
we need help to produce them, we need people able to 
speak to the students of the needing to investigate the 
reasons of doing and how to solve the complexity of the 
engineering field, evaluating opportunities and limitations 
of different procedures, certainly a renewal for the more 
usual forms of processing, a new place of speculative and 
experimental methodology.  

3 Methodological issues, practical 
problems (mmb) 

The engineer or the architect who decides to pursue the 
career of studies addressing the Laurea Magistrale in 
Building Engineering, has a stock of theories and 
concepts learned in a relatively short time and in any case 
closely linked to the executive aspects of the profession, 
not yet fully aware of the possibilities given from 
speculative and methodological approach to the questions 
that should be taken into account if the construction 
project is required to develop and express itselves in 
terms of particular complexity of the legal and financial 
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framework, involving a very articulate variety of 
institutional and private actors and stakeholders. 
If the design is the primary tool to uncover plots and 
contents for the project [7], computer technologies that 
support the creation and analysis of information systems 
allow you to structure the items within a graphic database 
which can be strictly extracted from the different 
categories of representations. 
Referring to the elements of the system based on their 
content rather than their location in relation to a reference 
system - through space and time analysis - there are 
many cognitive paths that allow you to define and 
understand the relationships that exist between elements 
to study and to govern. 
In this sense, we must think that the use of automatic 
processing to make representations on the plan of the 
paper, it is not only an easier and faster way to produce 
designs for analysis and design. The efficiency in the 
production of technical drawings is only a marginal 
success. The shift that is happening today is what leads 
from a static representation of the process of knowledge - 
based on the position and meaning of information, fixed 
format, that can not be automatically analyzed, although 
under the guidance of the human intellect – to a dynamic 
representation, polymorphic information content-based, 
variable in size and precision in relation to the support 
and the scale of representation, and analyzed as "fast." 
The idea of working with the components of the data 
project (alpha-numeric, geometric, topological, 
descriptive) in an unique integrated environment, in 
addition to not being entirely new to human thinking - that 
naturally and spontaneously aggregate and analyze 
heterogeneous data to generate information - is the 
foundation for good governance of complex processes of 
knowledge: managing large amounts of data to provide 
frameworks related to information and knowledge, that's 
mandatory requirement of the current working teams for 
the construction project. 
If we think to the classical approach oriented to the 
computer aided design, the ability to organize data can no 
longer be limited to the old metaphor of "transparent 
sheets”. A more flexible strategy is to enable the 
association to every elementary geometric entities (point, 
line, plane) of its non-geometric attributes. Some of these 
will contain the values needed to access other information 
and to control the display of graphical entities. Others 
may be set to associate with each entity more descriptive 
elements. Entities can be selected, rearranged and 
displayed based on any combination of these attributes. 
Nowadays, the design is then thought as a graphic 
database, containing semantically described objects, 
which can be extracted from different categories of 
listings and offer a significant advantage because you can 
refer to the structural elements of the system in response 
to "what they are" and as a function of "where they are 
located" or "with which elements and how they are 
related." 
The consideration that links the theoretical elements of 
the Course of TDR&GD with moments of practical 
activities can be summarized as follows: for the 
preparation and implementation of the construction 
engineering project, the design teams are becoming more 
articulated and composite, the processing time must 
respond to increasingly insistent demands by increasingly 
aware users, design needs to collect and process data of 
various types and formats, and then later to have 
information that can guide decisions; then there is the 
need to provide processing tools that consistently meet 
deadlines for this need of knowledge (efficiency) through 

a solid organizational scheme of skills and resources 
involved in the process (efficiency). 
The practical activities of the Course of TDR&GD are 
intended to highlight the exchange of data that can arise 
between different computer applications while maintaining 
and, indeed, enhancing and enriching their quality of 
information and their techniques of representation; these 
exercises are divided into two complementary phases2: 
- a first time dedicated to a personal elaboration of the 

student, through the preparation of his curriculum 
vitae and the analysis of a website of an excellent 
professional engineer or architect; in terms of 
education contents, these two exercises introduce an 
important aspect of self-awareness compared to the 
world of work: to present their experiences and their 
attitudes requires critical thinking, reading the skills to 
be known by the professionals is also a critical tool to 
recognize the distinguishing features of an 
established curriculum; 

- a second time dedicated to a group activity based on 
a theme assigned by the teaching team (thereafter 
called project); the development of the theme of the 
project is very complex and involves, for the first time 
in their academic career, a significant number of 
people. Probably, until they choose this Course, the 
working groups to address issues of representation, 
of urban and environmental survey, of integrated 
design, were not composed by more than three/four 
units. The group formed for the Course must rely on 
the contribution of about ten to fifteen individuality, 
each one with its own baggage of prior knowledge 
and enthusiasm with regard to the topics that the 
teaching aims to develop and that some students 
meet for the first time. Compared to this organization, 
it requires the identification of a person for the active 
coordination of resources, usually represented by a 
member of the teaching team, which identifies a 
person responsible for each thematic area of 
development of the theme of the project: collecting 
and data analysis, drafting of the “Documento 
preliminare alla progettazione”, the document that 
describes all the characteristic and needing of the 
group activities in terms of methods, tools, resources 
and timetable, organization of the relational database, 
of the territorial and urban information system, of 

                                                
2 Looking at the tools at his disposal and, for simplicity, to make a 
list of them, the student engineer that is going to attend the 
Course: 
- has already used programs for word processing, but not 

always used them properly structuring the content of the 
text or identified with a semantic parts to extract 
automatically indexes, tables of contents, lists, or 
hyperlinks to portions of the same document or external to 
it; 

- has already used the programs for computing, but without 
linking it to other information processing programs; 

- has already used programs for the presentation of 
multimedia content, but without letting them emerge from 
documents ordered; 

- made extensive use of software for computer aided design, 
but rarely has managed the building elements as a model 
meta-documented; 

- has only rarely used relational databases management 
systems, including geometric components, applied to 
urban, environmental and architectonic survey; 

- has adopted graphical languages for the schematic of the 
building and its features, sometimes called the conceptual 
model, without knowing deeply their potential of integration 
with the design of the operative steps of the building 
process and with the timetable and the financial activities. 
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information system building aimed to study geometric 
modelling or simulation of reality. 

To introduce students to some reflections of content 
through the learning of key concepts for the survey, 
design and data processing for their representation [8], 
the first task we assign them, as mentioned, regards the 
preparation of its curriculum vitae, organized by the 
interaction of a word processor with a spreadsheet3. The 
"simple" written text has a hierarchy of syntactic units 
such that the higher-level elements are constructed using 
disaggregated level units linked together (characters, 
words, sentences, pargraphs, chapters). In addition to the 
syntactic level, there are hierarchies and levels within the 
text related to the meaning of each part (titles, subtitles, 
captions, notes, lists, etc..) and their relative "indexing". It 
is not enough: beyond the structure and content of the 
text, there is a representation code of hierarchies and 
levels, the style, whereby it is possible to recognize and 
customize the different parts of the text, the different 
levels of structure and meaning. 
Content, structure and style are the foundations for the 
organization, processing and presentation of data, that 
the Course assume as a constant repeated leitmotif, and 
we highlight this structuring of information in a simple 
program for word processing, tool to build, manipulate, 
extract and analyze the structures, indeed, anything but 
simple. 
The analysis of the website of a designer of international 
relevance, ask the student to highlight the aspects 
mentioned above (content, structure and style elements 
of the site), with the map of the links to the various 
sections of the site, and method of consultation, along 
with digital formats available for thematic deepening on 
the works and projects carried out by the professional. 
In this occasion, the main techniques of managing data in 
a hypertext and the digital formats used for diffusion are 
introduced and it is highlighted as often a hypertext 
project has to be derived from the design data by 
imposing a filter on content that can be made accessible 
and giving them a graphical representation of 
communication impact; a set of graphical tools for 
representing processes and systems such as mind maps 
and map solution (proposed by Tony Buzan), conceptual 
maps (theorized by Joseph Novak) and, derived from the 
last, dynamic and structured maps, entity relationship 
diagrams, flowcharts and timelines are formally 
introduced, also through computer applications that 
graphically support them, generally free and offered by 
academic institutions and research centers. 
Since the articulation made by prescription on the levels 
of planning for public works - whose contents, in terms of 
technical drawings, are addressed methodologically in the 
theoretical part of the Course - the drafting of a well-
structured preliminary document for design, which 
welcomes information from a central database and from 
which to extract the keywords for the drawing of a 
concept map, list of planned activities, their estimated 
time of realization and tha allocated resources and from 
which to create a presentation from the title contained in 

                                                
3 The spreadsheet, list of the experiences of the student 
curriculum, used within the text document as a source of 
constantly updated information; the dynamic link between the 
document's presentation of the curriculum and a set of data 
outside the text, is used to understand how the presentation of 
information today is based on the centrality of a dataset 
continuously updated, retrieved, within structured contents, with 
their style that reflects their hierarchy through the graphical 
representation. 

this document and a hypertext available on the Internet. 
And yet, organize a set of tables to be connected to 
geometric entities that represent the geo-referenced 
points of photographic survey, or analysis of the urban 
destinations of use or traffic flow on the arteries or the 
distribution of public transport in relation to the frequency 
of passage and to the bus stop nodes, or quantification of 
the parking areas and private vehicles with respect to the 
foreseen interventions rather than the functional areas of 
the project, or the technical specifications, or receive from 
the system used to design the quantity relevant to the 
costs estimation or to evaluate the progress and timing of 
implementation. The conceptual metric model described 
in the building components that became the virtual 
simulation to put the project in the urban context. Finally, 
to coordinate the materials produced in a hypertext 
reference, also using audio and video. These are, read as 
listing, the activities that the working group have to 
organically develop. 
The topics of the Course, from academic year 2004/2005, 
focused on groups of buildings and areas of the City of 
Turin and were, in order: Murazzi along the river Po, the 
Palazzo di Torino Esposizioni, the olympic work 
Palaghiaccio Tazzoli, the Parco del Valentino, the Palazzo 
del Lavoro, the area of enlargement of the Politecnico di 
Torino (see figures 1, 2 and 3). 
Compared to programs for writing, calculating and 
summary presentation, re-read in the light of experiences 
of the first exercises, the management systems databases 
are introduced in the Course to move a bit beyond the 
horizon for the processing of data as a representation of 
facts and phenomena which, although belonging to a 
particular class (class given by human thought), can relate 
themselves, and so increase their significance, to other 
data in the same or in other collections. 
Historically, the management systems of databases have 
made possible to organize the data as sequences, 
hierarchies and networks of stored numbers and letters: 
data structures encountered in many contexts. The term 
database is used with the meaning of permanent and 
centralized data collection, managed by a computer. 
Students are asked to represent the schema of the 
database taking into account: the metadata, a collection of 
definitions that describe the data structure, restrictions on 
allowable values of the data (integrity constraints), the 
relationships between sets and the possible operations, 
responsability and accuracy of the values, the reference 
system used, the reference time period, etc.; data, or 
representations of certain phenomena and facts 
organized into homogeneous groups with appropriate 
mechanisms of abstraction (model data), high abundance, 
permanent, accessible through specific operations, 
protected from unauthorized access or from problems due 
to malfunctioning hardware or software, that can be used 
simultaneously by different users. 
From the perspective of the student, this structure is 
represented by a set of tables where each row represents 
the elements contained in the homogeneous class or 
group (elements or instances of that class or group) and 
the columns represents the attributes that describe the 
items. The indexing of the elements (usually defined 
primary key) is the unique identification of each element 
through an identification code by which you can relate this 
to other elements of the same class or different classes, 
according to a relation that can be, from time to time, one 
to one or one to many and vice versa. 
It is therefore necessary that the students build the first 
general map of the system, from an abstract model (the 
entities and relationships between entities), to reach, after 
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the subdivision of the individual components, their 
verification and the determination of specifications. 
According to the traditional approach, the design usually 
makes use of models such as entity-relationship for the 
static component (data), while the functional component 
uses the data flow diagrams. These tools facilitate the 
conceptual-graph description from general to specific 
contexts, respecting the natural capacity of the human 
intellect, and therefore facilitates the comparison of the 
elements common to several points of view. 
The component-oriented approach to urban and building 
components has the advantage of following a procedure 
similar to human reasoning (abstraction, generalization 
and specialization) at any stage of development. It usually 
goes along the following steps: 
- abstraction of the digital environment: all sources of 

information shall be released from the context 
hardware / software that will manage them; 

- abstraction of the architectural context: entities 
(objects) identified in the first step areas cleaned of 
all the design features related to a particular 
computer technology; 

- identification of the distances between the 
abstractions: 

- all points of view, freed from all kinds of design 
choices and implementations, are compared to 
identify differences and commonalities of vision. 

The methodology adopted by the working group has 
therefore an initial conceptualization phase, during which 
it is studied the problem domain in order to clearly 
determine the boundaries and highlight the reality of 
interest. In this phase we have the elaboration, in natural 
language, of the specific of the domain (the preliminary 
design document) and is therefore first formalized the 
conceptual model. The first model is the initial description 
of the objects of the domain and provides the structure 
necessary for the definition of the model relations for the 
project. 
In principle, a relational database can directly support a 
graphics system or a system for geometric modeling. The 
high-level graphics systems are based on data structures, 
however, often highly specialized and organized, and 
therefore not transparent to the user, in order to maximize 
performance in the most common management and 
displaying operations. Relational databases, whose main 
goals are the conceptual simplicity, general applicability 
and the simplification of update operations and 
management, resulting in this way too slow, even if the 
evolution of computing is reducing these effects. 
However, it is possible to use a relational database and a 
graphical high-level system combining the data describing 
the geometric entities. In this way, graphical operations 
such as insertion and removal of geometric elements can 
be reported instantly into the database and, in parallel, 
the processing alphanumeric data can be translated in 
terms of graphics. 
Defined this as the primary purpose of the system, the 
project requires a structured and sequential series of 
activities: 
- analysis of the main models and information 

technology for the survey, representation and 
organization of data processing; 

- analysis of the information environment and of 
applications and distributed information on the 
internet, needs and requirements; 

- analysis of information flows; 
- evaluation of implementation time and cost and 

feasibility study; 

- model and conceptual schema of the data; 
- technological design of the organization; 
- logical data model and schema; 
- physical data model and schema of the application. 
Actually, the individual steps are not always fully 
implemented, but there is definitely a trend to which the 
students seem to begin participating. Professional 
experience has the task of consolidating a number of 
methodological aspects that in this time of training can not 
be completely understood by the students. 
As mentioned in the previous paragraph, to establish 
cross-references between the geometric data and non-
geometric information described above, there are two 
main technologies used in the high level of professional 
practice and therefore proposed within the course: those 
for building information systems (Building Information 
Modeling, BIM), which are primarily to generate, manage 
and present data of the manufactured housing and its 
context in relation to its life cycle (from design, 
implementation, maintenance and eventual disposal) and 
those of geographic information systems (Geographic 
Information System, GIS), applied extensively to studies 
of regional scale, urban environment, with some 
application of spatial analysis and numerical modeling 
also at the scale of representation of the building. 
The description of the project contained in these 
information systems of alphanumeric graphic data 
maintain aggregated elements necessary to disciplines 
and software that it mixes, relating itself with a solid model 
in a multiple dimensions space, semantically described 
and complete with tables of the characteristics of objects 
used in the composition. This forms the basis for the 
production of the design details, sectional views, 
axonometric, perspective, structural analysis, thermal, 
lighting, financial, and green building. 
As for "simple" organization of the text, important 
consequences can be determined by having a clear idea 
of the separation between the definition of geometric 
information and their representation in the drawing. Using 
more sophisticated techniques of database management, 
it can be specified the type of entity to be displayed at a 
certain level of representation. The selective display is not 
only convenient, but it can be an important tool. 
Within the BIM, the students represents the artifact as a 
set of architectural elements (precompiled library, but 
customizable, of objects: walls, ceilings, roofs, columns, 
pillars, doors, windows and so on) associated with 
elements (rows and colums) of a relational database that 
stores all non-geometric attributes (precompiled library, 
but customizable, of attributes: physical and chemical 
characteristics, materials, functions, suppliers, product 
codes, unit costs, position within the composition and so 
on). Rather than simply display layers or views of the 
model building, the system can then calculate and display 
technical reports based on attributes and quantities. You 
can then ask the system to display a map of all divisions 
of a given settlement plan, an isometric view showing only 
the structural elements of the building, a list of frames 
ordered alphabetically or numerically by provider or by 
financial cost, the calculation of internal surfaces to be 
decorated, with a diagram that shows all unities intended 
for a particular purpose and with areal extent exceeding a 
threshold value, color-coded to highlight the dimensions. 
Reports can also be generated to use it as input for other 
computer applications as database, structural calculation, 
rendering, animation, spreadsheet, ecc. 
The concept of "levels of information" is thus amplified 
and made it very flexible. Such systems are able to 
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ensure effective mainstreaming of design processes on a 
database, allowing a description of centralized and non-
redundant information. Every decision and change for the 
workflow is recorded and becomes an up-to-date and 
definitive source about the current state of design.  
In the light of special needs, you can automatically 
generate (in the form of technical reports extracted from 
the database) graphic displays, technical representation 
for printing on paper or virtual, textual records and other 
documents as an input for other processing phases. In 
this way, several members of the group can access 
portions of data and information appropriate to their duties 
and to their needs. 
The computer applications for cartographic analysis – we 
propose tools freely licensed and comply with standards - 
allow the combination of the values belonging to different 
grids issues (eg permitted use of building elements in 
urban areas, population density, distribution registry, etc..) 
to combine them and get answers to specific questions of 
the project. The same set of values can then be analyzed 
statistically, and produce graphs and histograms 
summary of the topic studied. When you have raster 
representations of the same area collected at different 
points in time and in series such representations may be 
made in relation to each other, you can combine spatial 
analysis for temporal analysis (eg, comparing successive 
images to highlight the elementary cells, pixels, which 
differ from their predecessors or certain thresholds). 
GIS, in short, are used by students at a basic level, 
considering that they often lack basic knowledge and 
therefore it must be matured in the time of the Course, 
doing the following calculations: 
- dynamic management of the thematic layers 

multiscale/multiprecision for onscreen viewing and 
printing on paper; 

- queries of alphanumeric, geometric and topological 
type: selection based on attributes of entities, based 
on the absolute and relative position in space, 
depending on the combination of the two methods; 

- creation of thematic layers on other levels; 
- weighted thematic overlaying of layers for the 

understanding and predictive evaluation of certain 
urban phenomena; 

- connecting to relational and objects oriented 
databases; 

- export of static information system on the internet. 
The geographical information system generally produced 
(particularly in recent years, as the basic knowledge of 
students, as we find, is annually more and more fertile 
and culturally and operationally equipped with regard the 
use of a personal computer, though often based on the 
qualities of each one, amount that varies widely and 
randomly within each year of the Course) may intervene 
in all phases of the project, at the different scales of 
intervention, as a instruments to support: 
- the analysis, because it allows the acquisition and 

representation of data using tables, graphs and 
cartograms; 

- the assessment and decisions, because it allows 
multiple simulations in a short time and with several 
variables simultaneously; 

- the implementation, because it allows views at 
different scales and from different points of view, the 
rapid transition from one scale to another, the 
interrogation of the displayed maps; 

- monitoring, because the data can be updated 
continuously and they update the thematic mapping. 

 
 

 
 

 
 

 
 
Fig. 1 Conceptual map and GIS analysis: group of work “6+7” of 

the academic year 2009/2010 of TDR&GD, area of enlargement of 

Politecnico di Torino. (students: Valentina Gaja, Gianluca Gallo, 

Claudio Lana, Silvia Magnano, Valerio Marinaccio, Paola Mathieu, 

Andrea Mirabile, Giovanni Murano, Alberto Ottino, Barbara 

Pellandino, Stefano Rabaglino, Paolo Sassi, Amelia Saulle). 



830

G. Novello Massai and M.M. Bocconcino  CAD, BIM, GIS and other tricks of the computer science  

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

4 Conclusion (gnm, mmb) 
The idea of treating the analysis and design realizing a 
alphanumeric-graphics database operating in space and 
time can be extended to allow automatic calculation of a 
series of combinations of attributes [9]. The 
characteristics of economy and mathematical simplicity of 
a relational data model mean that at first glance appears 
to most students as something external and foreign to the 
design. Instead, it is a very useful conceptual framework 
to development planning and design: the relational 
database, including geometric entities, can become an 
extremely powerful tools. In a project, after all, nothing is 
more important than the definition and discovery of spatial 
and temporal relations that exist between different parts 
of a whole composition. 
The structure of multi-scale and multi-precision data 
allows representations from the database: as noted 
above, the management of data using the existing tools of 
information technology, especially applied to GIS and 
BIM, requires that data must be structured into classes of 
objects, whose instances have shared properties. Any 
representation of certain spatial objects, urban or building, 
must be completely defined (shape, size and location in 
space) through its spacial, alphanumeric, and topological 
quality components. 
One of the fundamental choices that students must make 
concerns the representation and the properties of objects 
at different scales to view and print: their database of 
graphics data has to provide a variety of metric precision 
and detail in relation to the scale of representation 
required by queries. 
The job that awaits them as designers, managers of 
complex processes, should be aimed at developing the 
wealth of existing knowledge to draw awareness of the 
main aspects of the case studies and then organize and 
use, in a timely and dedicated tools, readings of the 
different parts of the territory: the result for the Course is a 
local information system that places the material found in 
a geo-referenced environment (offering the possibility of 
space exploration in order to territorial emergencies) and 
its cultural, historical, developmental charachteristics 
(values that we need to explore in a temporal, dynamics 
and layered mode). 
Particular importance is assumed  by reporting and 
dissemination of data and any relevant information arising 
from the design intentions [10], already outlined in the 
preliminary design. 
The most difficult part for the students is to abstract the 
design process for its schematic, and equally critical to 
them is to collect data with different accuracies (from 
small to large scale), depending on the methods of 
acquisition (and the costs, broadly assumed, related to 
them) and, through selection, generalization,and sintesi 
operations, filter the entities that will be handled and 
associated with these symbolic representations. 
The data is the key for the connection of different 
abstractions, information derived from different contexts 
and with specific purposes from time to time. The 
vocation to the integration of the relational approach, 
which is well suited to the nature of design information, it 
is assumed as structural. The data can be used in 
different processes. Hence comes the need to organize 
local information system to govern the tendency to 
provide redundancy and reuse, to stimulate the 
production of quality representations.  
 
 

 
 
 

 
 

 
 

 
 
Fig. 2 Two project themes for TDR&GD: enlargement of Politecnico 
di Torino (academic year 2009/2010) and Italia 61 area in Torino 
(academic year 2008/2009). From on high: design of the plant at 
the zero level floor and of the front of Politecnic di Torino, 1950 
(source: Atti e Rassegna tecnica della Società degli Ingegneri ed 
Architetti in Torino, anno IV, n°12, dicembre 1950, p.172); Aerial 
photograph of Politecnico di Torino in 1959 (source: Atti e 
Rassegna tecnica della Società degli Ingegneri ed Architetti in 
Torino, anno 13, n°8, agosto 1959, p.267); a bird eye view of the 
articulation of works for the International Exposition 1961;  
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Fig. 3 Organization of the documentation, conceptual map, 
timetable, database, design hypotheses, excerpt from video 
of hypothetical interventions: group of work “Polithinaikos” 
of the academic year 2008/2009 of TDR&GD, area Italia ’61 in 

Torino. (students: Francesca Massa, Federica Garis, Carlo 
Balduzzi, Elena Serazio, Fabrizio Sanna, Giuliana Bianco, 
Stefano Baitone, Laura Ferrera, Michele DI Lorenzo, Luca 
Ferrarese, Matteo Fumagalli, Ettore Varoni). 
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Abstract 

In a product development process, the definition of an adequate design methodology allows 
to reduce the Time to Market (TTM) and to create new products meeting user’s requirements.  
The design of industrial products starts from the Mission Statement, which gives a brief 
description of the product and its goals, underling target market and stakeholders, 
assumptions and constrains that guide product development. Hence, in the early steps of the 
development process, alternative concepts of new products are generated, evaluated and 
then selected for further development and testing. In this phase, the first activities consist in 
identifying customer needs and establishing target specifications. Following actions regard 
concepts generation and selection. In this context, new technologies, such as knowledge 
based engineering and rapid prototyping have a significant impact on the reduction of the 
time and costs needed to verify the technical and functional aspects of the project. This paper 
reports the teaching experience carried out in the course of “Project Methodologies for 
Industrial Engineering” of the MSc in Mechanical Engineering at the Second Faculty of 
Engineering at the University of Bologna. The aim of this course is to supply students with 
design methodologies and all the related activities that are at the basis of concept 
development and prototyping. Therefore, students are directly involved, through a design 
experience, in the creation of a new product from some defined topics and issues. In addition 
to the conceptual design methods and the Computer Aided Industrial Design tools,students 
experience the Rapid Prototyping of the designed shape by means of a FDM (Fused 
Deposition Modelling) technique. In 2008, students, working in groups up to 4 persons, were 
requested to design a helmet, with an advanced level of customization. Following the phases 
of the design process, their ideas evolved into new products, which addressed latent needs 
defined in accordance with the typology and functions of the helmet chosen by each team 
and compared to similar existing products. Therefore, each project resulted in significant 
different products concerning several markets in spite of the few same guiding indications 
and workflow.By this teaching approach, it is possible to transmit course’s contents through 
students’ direct experience and applying product design concepts and innovative 
technologies on a specific case study. In this way, the final step of the paper is to compare 
the different projects, and underline in each of them the workflow of each product design and 
how each team developed the ideas of future engineers. 

1 Introduction 
The use of project works for graduate classes is 

successfully implemented in technical universities in order 
to improve the student’s skills in finding solutions 
insidethe workgroup [1][2]. This helps students to think at 
a system level and reflects a major requirement for 
people seeking to work in innovative companies. In this 
context, techniques and technologies to create aesthetic 
or functional prototypes play a very important role as 
means to visibly integrate ideas and solutions to discuss 
about or to communicate out of the group [3]. 

Therefore, the course of “Project Methodologies for 
Industrial Engineering” of the second degree course 
(MSc) in Mechanical Engineering was established in the 
Second Faculty of Engineering of Bologna University with 
the aim to go through early design methods for industrial 
products, prototyping technologies and participation in 
design teams [4]. 

Early design methods here concern the phases from 
product planning to concept prototyping. Prototyping 

technologies are 3D virtual modelling and visualization 
and Rapid Prototyping techniques [5]. 

From this kind of activities, and in particular from the 
elaboration of a design project working in groups, 
students can achieve many abilities, instruments and 
methodologies useful in design processes and in product 
development activities. Moreover, this gives them 
awareness of how different instruments, based on 
computational graphics, are connected into a design 
process, which tends to be always more collaborative. 
Such teaching activity also intends to highlight the real 
connections between different technical subjects that 
students encounter during their courses, and the 
integration of different acquired knowledge. Though a 
specific problem and a real case study, students have to 
test solutions and verify their ideas in accordance with all 
the different subjects and interdisciplinary practice, trying 
their abilities working in groups, arranging and planning 
activities, in order to achieve a common goal. 

At the end of the course period, the final evaluation is 
based on project’s submission at a defined deadline. All 
groups introduce their work to all members of the 
examiner committee and to all the other students. The 
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presentation is followed by a brief discussion in which 
students have to reply and answer to commission 
observations, giving reasons for their choices. Students 
have also to elaborate a short report about their work, 
describing their project and the design methodology used, 
and finally to give the 3D model produced, using a 3D 
surface modeller, and the mesh (file .stl) for the Rapid 
Prototyping application. The exam finishes with an oral 
examination about all program’s subjects (also in another 
exam session). 

In this paper are collected and analyzed the different 
projects presented by the 2008 class.  

2 Project guidelines 
An initial set of guidelines is provided to students.It 

aims to make student capable of applyingthe appropriate 
tools and methods to the first phase of product 
development in a realistic context and in a practical case 
in which they have to create their own project’s prototype. 
Student’s work starts with anidea, which they have to 
develop during a conceptual design phase, and to 
produce an analytical and physical prototype. 

Students are also provided by many instruments to use 
during their activities: particular attention is turned to 
industrial geometrical modelling, from mathematical 
representation of free form curves and surfaces, to their 
usability in surface modeller. Moreover, Reverse 
Engineering and Rapid Prototyping techniques are shown 
and used during the prototypes generation. 

All groups have to focus on a particular product 
typology, exposing it clearly on a mission statement. The 
general productdefinition in which they have to focus their 
new concept is fixed by examiner committee, which 
proposed the “helmet” as common theme. The presence 
of a common product typology helps to evaluate projects, 
giving the possibility to compare achieved results, and to 
better verify student’s ideas and issues. Even if the 
object’s typology that all groups have to design is the 
same, a good project planning can make all projects 
completely different to each other. 

Helmets are a good product example to implement 
tools and methods presented in lectures. Moreover,this 
product isappropriate for a 3 or 4 persons group to 
produce a project with a good precision at a system level. 
More elaborate systems would require more students in 
each group, and this could give groups less homogeneity, 
causing an imbalance of working load between group’s 
components. The time required to complete the project 
work is 9 weeks. 

3 Mission Statement 
In the mission statement, students from each group 

mustdeclare their ideas and what they intend to design, 
specifying a brief description of main object’s features, 
constrains and purposes, identifying also the primary 
market and stakeholders. 

Even if one could expect that the choice of the 
“helmet”, as design object, would lead to similar projects, 
all groups diversify them, taking in exam a lot of helmet’s 
typologies and different application fields in which it is 
used. In the totally of 16 projects, students take in exam 6 
different helmets’ types: for cycling, for car racing, for 
snowboard, for motor racing, for American football and 
the work safety helmet. In particular, in fig. 1 depicts the 
percentage of the markets that students decided to focus 
on. 

 

 
fig. 1 Percentage distribution of chosen markets 

 
Looking at the 16 mission statements, purposes and 

ideas that come out are very different in accordance with 
helmet’s functions, and students try to find innovations 
and issues in existing products, paying attention to market 
competitiveness, throw a clear competitors’ analysis and 
constrains from standard regulations. For example, 
principal features in snowboard helmet consist in 
improving technology and materials in order to make the 
helmet nicer, more customized and with a high protection 
level. Regarding car racing helmet, idea concernproduct 
architecture and usability, in particular there are analyses 
on internal settings (such as removable insides), 
electronics components and their usability, or 
aerodynamics features. 

Regarding the most frequent helmet type, which is the 
motorcycle helmet, several innovations and design 
objectivesare reported in tab.1. 

 
Project Project’s name Main design objective 

Project 
A 

Air plus 
Improve ventilation system, in 
order to improve comfort 
conditions. 

Project 
B 

Full-face sportive 
helmet 

Racing helmet with internal parts 
in shape memory polymer 
materials, in order to maximize 
wearing comfort and absorption 
crashes. 

Project 
C 

Interchangeable 
chin rest helmet 

Motor helmet with an 
interchangeable chin rest, in 
order to be adaptable to all 
climatic conditions, combining 
comfort to safety. 

Project 
D 

Ergonomically 
adaptable helmet 

Guarantee a maximum cohesion 
helmet-face, conformably to 
European rules, improving 
lightness and aerodynamics 
properties. 

Project 
E 

Entry-level full-
face helmet 

Economic helmet, for mass-
production. 

Project 
F 

Motocross 
helmet 

High protection level, in order to 
reduce the presence of hitting 
objects (such as mud or 
powders), which reduce visibility.  

Project 
G 

Racing helmet 

With high protection 
performances, this helmet has a 
safety air bag, maintaining 
weights contained. 

Project 
H 

ICE helmet 
Increase visibility, improving 
aerodynamics and with 
customized interior. 

Project 
I 

City and tourist 
routs 

With an anti-rainy integrated 
system. 

tab. 1 Motorcycling helmet and main design objectives 
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4 Conceptual Design 
Usually, the conceptual design phasestarts with an 

analysis of customer needs, which determine products 
aesthetic and technical features. From each collected 
requirement, students define a target specification that 
correctly satisfies it. In this phase students try to define 
actual needs connected to the type of helmet that they 
intend to design: some groups suppose what issues are 
related to the project they are working on, and from this 
define customer needs. Other groups prepare an 
evaluation questionnaire to be submitted to frequent 
users: a nice example is the experience reported by a 
group that designs a cycling helmet for bicycle-track 
racings. In order to identify latent needs in specific 
markets, they contact a cycling team, proposing them 
some questions in order to define their needs and then 
concentrate their design or key elements that improve 
their product.  

From this customer needs’ analysis, groups can 
establish their project’s target and how to achieve them, 
giving priorities and identifying equivalent measuring 
values. 

During this phase,students should try to deploy needs 
and problems into many components, in order to study all 
possible solutions, combinations and trade offs to each 
sub-problem, and then combine them in the final project, 
being sure to find the best solution to fit all initial 
requirements. Useful instruments, provided to groups 
during theoretical lessons, consist in the Quality Function 
Deployment (QFD) and the concept screening and 
scoring arrays. QFD represents the connection between 
needs and the corresponding measuring value, and all 
the possible associations and influences between them, 
giving the possibility to detect which changes will cause 
variations in other aspects too, and symbols or symbolic 
values identify the connection level. In the final part of this 
table there are target values corresponding to all sizes. 

Concept generation and the final choice phases are 
supported by concept screening and concept scoring 
arrays. The first one is used for a qualitative comparison 
between different alternatives: a concept is chosen as 
reference and the others are evaluated comparing if some 
features improve or not the concept in exam in respect to 
the reference one. This technique is particularly useful for 
a first concept’s selection, identifying what projects are 
interesting to develop in the concept-scoring array. In this 
second array, the previous features are quantitatively 
evaluated in the chosen concepts, using scores and 
weighs for each feature. The concept with the higher 
score will be developed in the design phase. 

Concepts selection is based onselection criteria thatthe 
students identified for their projects and that derive from 
customer requirements and selected project goals: 
students use such selection criteria as key performance 
indicators in concept screening and scoring arrays. In the 
following fig. 2, all indicators are presented in a graph that 
indicates the percentages of projects based on that 
criteria; instead, in fig. 3, the same project’s 
characteristics are presented in function of the importance 
rate that groups give to them. 
 

 
fig. 2 Concept selection criteria represented through the 

percentage of presence in different projects 
 

 
fig. 3 Concept selection criteria represented through the 

importance level group’s give to them 
 

 
fig. 4 Example of application of CFD analysis, as support for 

the choice of further spoiler to apply to the helmet 
 
Some groups verify the choice of the final concept to 

realize also at the basis of aerodynamics analysis: from 
CFD simulation a concept is verified from its external shell 
shape and if the integration of spoiler has or not positive 
effects, an example is proposed in fig. 4. 

The described selection work flow, that almost all 
groups conduced in concept design phase, is performed 
analyzing object functionality, usability and product 
architecture. Many groups approach to concept 
generation analyzing all components and parts that 
compose the helmet, and how this different parts are 
connected together and the interfaces between each 
other. Another approach consists in a study of the 
possible using sequence that a common customer would 
follow in product employ (tab. 2). 
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5 Virtual Prototyping 
Once groups have defined their project’s features and 

morphological attributes through conceptual design, they 
can start the design phase, where they create a helmet 
3D model.  

To perform this complex phase, groups are addressed 
to the use of superficial modelling software: in particular 
Rhinoceros 4.0 is the tool that examining commission 
indicates as adequate for this project and that students 
are urged to learn. This choice is in function of the 
opportunity to use a particularly indicated tool for freeform 
modelling. A surface modeller allows creating NURBS 
curves and surfaces, with no limits on complexity or 
surface degree. Many tutorials and laboratory lectures are 
conduced, in order to give students all necessary notions 
and practices about how modelling with a superficial 
CAD, and about Rhino commands and its use. Parallel to 
Rhino, students can also use parametrical modelling 
software, based on geometrical primitives, such as Solid 
Works: in this case the second tool is used for those 
components not freeform, but with a regular and 
geometrically defined form (such as screws or the lacing 
system). Groups verify then a compatible file format for 
the placement of models in the same virtual environment. 

Since helmets are products with a high possibility of 
customization, not only aesthetic objectives, but also 
through ergonomic considerations are declared in the 
mission statements. For this reason, the model of the 
head of a hypothetic user is provided to students(fig. 5), in 
order to realize a final product of the correct dimensional 
properties and perfectly close-fitting to a single potential 
customer. Students used such head model as a reference 
and from this they begin internal part’s modelling. 

 

 
fig. 5 A reference head is provided to students in order to 
realize a product conformal to a hypothesis of customer 
 
Groups elaborate their projects, generating all 

necessary surfaces to describe it and to realize all chosen 
details. Finally, they provide the model with textures, in 
order to give it an appropriate appearance. Selected final 
results are depicted in fig. 6. 

 

 
fig. 6 Some final rendered projects, provided with textures 

 
This phase of project’s elaboration and modelling lasts 

about 7 weeks, during them many classes and laboratory 
lessons are conduced, also verifying project’s processing 
and student’s work, helping groups to solve their doubts, 
giving them some input and verifying their models. 

The elaboration phase ends with the deliver to 
assessment committee of the final file, which will be used 
in the final examination. The principal evaluation criteria 
consists in the check of the model’s correction: in B-Rep 
modeller, final surfaces have to be closed, connected, 
limited, not self-intersecting and with the same surface’s 
orientation: by these considerations, models have to be 
closed and connected surfaces, without open edges and 
all different components, parts and details that composed 
the final project have to be separate and without crossing 
faces. 

 

tab. 2 Some example of concept breaking down and 
analysis  

Concept breaking down and 
analysis 

Product architecture Usability sequence 

Sequence A 
Taking – carrying – putting 
on – using – taking off – 
carrying – putting back 

Sequence B 
Taking off – removing part 
of the comfort pad – putting 
on 

Cycling helmet ex. 
External shell – internal 
shell – visor – attachments 
(safety airbag / wristband) 

Car racing helmet ex. 
External shell – internal 

shell – visor – attachments 
(safety airbag / wristband) 

Motor cycling helmet ex. 
External shell – protection 
pad – comfort pad – 
ventilation system – 
wristband – visor – safety 
airbag 
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fig. 7 Final check of dimensional features ofan helmet, in 

order to verify agreement with defined constrains and goals 
 

 
fig. 8 Some test in order to verify field of view improve 

though this group’s design process 
 
Another evaluation criteria is the level of model’s detail: 

many projects were provided by a lot of geometrical 
details as proof of a wide and meticulous modelling work. 
At least, another particularly interesting check consists in 
the verification of the compliance between the final model 
and the constrains and goals that groups declared in the 
mission statement. Many helmets’ features are not 
possible to test at this project level (such as comfort, 
usability, material resistances), but many other 
parameters are clearly checkable (fig. 7), giving a surplus 
value to design itself. In this context, between measurable 
features, students verify helmet’s field of view, in order to 
investigate if their model improve or not this important 
value (fig. 8), and from an easy calculus they can 
estimate weights (from model volumes and the density of 
decided materials). 

6 Rapid Prototyping 
Finally, to enhance the work of the students giving 

them back a physical object of their projects, it was 
planned to build a scaled prototype of each designed 
helmet by means of the Rapid Prototyping machine of the 
Lab. The use of this technology in educational programs 
is reported to be very useful to enhance the 
comprehension of features in technical design projects 
[6][7]. 

Therefore, each group was requested to provide a 
specific model suitable for Rapid Prototyping, since it is 
difficult to expect that a model generated for 
representation purpose would properly work as input for 
RP machines. 

Actually, to obtain a physical object by means of RP 
machines, it is important to prepare the digital model 

correctly since a fully closed, water-tight model is required 
for this kind of additive manufacturing process. The digital 
model is first virtually sliced into very thin layers and then 
the physical object is built layer by layer. Usually, CAD 
solid modellers are preferred for providing model data for 
RP processes since are capable of automatically 
producingwater-tight models. On the other hand, CAD 
surface modellers (such as Rhinoceros) usually require 
diagnosing and repairing operations to produce model 
data meeting RP requirements. 

The link between CAD modellers and RP machines is 
the STL format. This file format consists in a list of x, y 
and z coordinate triplets describing a connected set of 
triangular facets with the direction of the normal vector for 
each triangle, which should point outward the model. CAD 
modellers with an STL translator are able to perform an 
automatic surface tessellation obtaining a triangular mesh 
and then save the data to either a binary or ASCII STL 
file. Binary STL format is much smaller in size and usually 
preferred for working with huge data, but ASCII STL 
format permits to view and edit the content of the file so 
that can be chosen for an educational approach. 

Rhinoceros 4.0, in addition to the possibility of 
importing and exporting the STL file format, comprises a 
new suite of tools which allows to manage mesh data, 
repair holes, identify and remove non-legal geometry 
(such as overlapping surfaces, intersecting triangles, 
dangling edges or isolated vertices). When generating an 
STL file for rapid prototyping, the CheckMesh command 
provides detailed information to be used as a checklist for 
repairing the mesh and obtaining the final “closed 
manifold” model suitable for RP machines. 

For each group, the quality of the generated mesh was 
one of the criteria for the evaluation of the whole project. 

The physical models (scale 1:2) of each designed 
helmet were built by means of Stratasys Dimension SST 
(Soluble Support Technology) that is a Rapid Prototyping 
machine based on FDM (Fused Deposition Modelling) 
with layer thickness of 0.254 mm and maximum build size 
of 203 x 203 x 305 mm (height). It deposits ABS plastic 
material (Acrylonitrile Butadiene Styrene) and soluble 
support material to sustain the prototype under 
construction. 

Both filaments (ABS and support) are fed through a 
heating head in a semi-molten state and then extruded 
through a nozzle to be deposited onto the partially 
constructed model. During the cooling process in the 
working room, the semi-molten filaments sticks to the 
preceding layer already deposited. The extrusion 
temperature of ABS is usually 270°C while the envelope 
temperature (the temperature of the air in the working 
room around the model) is 70°C. Finally, an automated 
support removal process for hands-free model completion 
is also provided by an agitation system of hot water and 
soap bath (at 70°C) that automatically wash away the 
support structures. 

The Dimension SST is also provided with pre-
processing software (Catalyst) that makes it possible to 
import the STL file, orient and slice the model, generate 
any needed support structures and calculate the head’s 
path to build up the part. 

This RP machine allows two different fill options: solid 
and sparse. In the first case, each cross-section through 
the model is filled with ABS material. In the second one, 
the interior part of the model is not filled solid. The model 
is built up with thin inner and outer walls while the interior 
part is replaced with a kind of honeycomb structure. Since 
the sparse interior structure results entirely enclosed 
when the model is completed, there is no visible 
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difference in a prototype built with these two different 
options. As a result of these two different approaches, 
solid fills are stronger and heavier while sparse fills are 
weaker and lighter. Moreover, the sparse fill option saves 
on material and therefore speeds up the construction 
process. All the STL models of the helmets were 
processed by Catalyst choosing sparse fill option. 

In fig. 9 and fig. 10 are presented some of the final 
helmet physical models, opportunely scaled, as ending 
output student’s projects.  

 

 
fig. 9 Some physical model of groups’ projects 

 

 
fig. 10 An example of Rapid Prototyping model ofan helmet, 
opportunely scaled, in order to be manufactured in one part 

 

7 Conclusion 
The teaching method described in this paper places 

students in a real case study. Such and educational 
approachprovides students with the ability of analyzing 
the system problem. Very much importance it is also 
given to the ability that students proof working in groups 
and their attitudes in a collaborative approach to the other 
members. 

One of the first notions acquired during this course 
consists in the design project’s methodology and the 
process of develop of the new product. Moreover 
students can test technologies, like Rapid Prototyping, 
that are in support to a common design process. For 
engineering students, the use of different modeling 
software, like surface modellers and solid modellers, the 
choice of which one to use and its integration is an 
important step for their studies. 

Finally, group’s approach to project’s design show an 
appropriate process to solution and arrangement of ideas 
to solve the case study in exam and to find technical 
solutions to defined functional problems. 
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Abstract 

The removal of contents (such as Descriptive Geometry) in the syllabi of graphic expression 
subjects, partially in some cases and totally others, which had proved to develop the spatial 
vision ability, have resulted in our students being lacking in this capacity. 
 
Despite efforts to reduce these gaps, like the introduction of computers in the learning 
process, the authors of this paper believe that researching into tools helping to improve 
students' spatial vision is needed. 
 
That´s why we suggest the use of a learning/educational platform tailored to 
Graphic Engineering, which manages and evaluates the learning process, taking into account 
the development of capacity for spatial vision, from the earliest stages of this development 
and in the most deprived pupils. 
 
As a first step we have designed and developed an interactive open web manager of learning 
in Graphic Engineering focused on developing the capacity for spatial vision for components 
as well as its standard representation. 
 
One aim of this paper is to describe this manager, whose main features are: three profiles of 
access, a database to manage all the information, monitoring and evaluation of learning, 
ability to create and assign exercises and a 3D viewer that allows students to manipulate 3D 
objects and make easier learning. 
 
We also explain how the content and users management system has been designed, being 
adapted to the basic contents of Graphic Engineering as well as an evaluation of the 
monitoring system of student learning. 
 
Finally, the results of a satisfaction survey show that students positively value the manager 
and highlight its 3D viewer as an element of great help in solving exercises.   

1 Object 
The first objective of this paper is to present and describe 
the interactive open content management and web-based 
data, for learning in Graphic Engineering and focused on 
the development of spatial vision capability for parts and 
its standard representation. We have called the manager 
"Interactive Learning Manager for Graphic Engineering: 
Spatial Vision" (ILMAGE_SV). 
  
Another objective is to show a way to integrate 3D virtual 
models in self-assessed exercises given to students. 
These 3D objects allow students to interact with them, 
provides assistance and support in solving the proposed 
exercises.  
 
We also want to point out that the methodology, design 
and structure of the manager can track the learning 
process from the point of view of students and teachers.  

 
Finally, this paper aims to show that the ILMAGE 
manager is open and flexible. By adding slight alterations 
it can be adapted to other contents of the Graphic 
Engineering subjects, such as auxiliary views, sectional 
views, study of mechanisms, etc.  

2 Justification 
The study, development and improvement of spatial 
visualization ability in our students has been a continuing 
focus on research and study of all the teachers in the area 
of Graphics Engineering throughout history. A cursory 
review of publications and presentations in this area 
shows the constant concern to incorporate in curricula the 
development of spatial skills [1]. Our group of educational 
innovation, IDIGRA, has one of its lines of innovation 
focused on the development of spatial skills of students, 
especially for new entrants. In addition to the knowledge 
of the rules and regulations specific to the graphic 
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expression, spatial skills must be developed in order to 
understand the subjects related to graphic engineering.  
 
Several researchers believe that the spatial visualization 
ability is fundamental in the representation of objects [2], 
[3], [4], [5]. They recommend the use of learning 
techniques by working with sketches, real objects, virtual 
objects, axonometric projections. 
 
We think that the creation of test-shaped exercises about 
orthogonal views, isometric drawing, rotation and 
development of 3D objects, among other options, besides 
the inclusion of 3D-models, will develop the capacity for 
spatial vision, at least in the fundamentals of development 
of this skill, as well as in the students with difficulties to 
improve their 3D vision. We hope the results of our 
investigation confirm these words. 
  
Other authors, some of them contradictory, have 
presented the results of their research with CAD-based 
methodologies and tests for the development of spatial 
visualization, e.g. Sorby [6], who states that the computer 
exercises improve the learning in students with the 
greatest learning difficulties. Rafi [7], proves significantly 
that Web3D applications enhance the development of 
spatial skills, and Konuseven [8], compares the teaching 
of graphics engineering between the traditional model and 
a learning model supported on the web with 3D 
interactive objects. In addition, other authors also report 
that 3D vision capability is very important in engineering 
[9], [10].  
 
Several authors have also suggested that contents such 
as descriptive geometry, drawing views, orthogonal 
projection drawings, etc. were recommended to improve 
3D visualization skills [5], [11], [12], [13]. But removing 
this type of content from the syllabi of graphic expression, 
partially sometimes and fully in other, has caused some 
shortcomings in our students in this capacity [14]. 
  
By bringing the computer in the learning process, a 
speed-up in the development of the visualization ability 
was expected and, although some authors showed that 
significant increases occurred in this development, [15], 
the fact is that, despite the efforts to reduce these 
shortcomings, the authors of this paper believe that 
researching into tools to help improve students' spatial 
vision is needed. 
 
Various multimedia web tools to enhance the 
development of capacity for spatial vision have been 
developed thanks to the advent of new technologies, 
showing that great benefits are generated in the learning 
process, allowing you to have virtual labs and more data 
collection, obtaining good results in the development of 
this capacity [16]. 
 
We have had a workshop in our university since 2003, 
created specifically to develop the spatial visualization 
ability. This workshop was developed within an innovative 
educational project funded by the Regional Government 
of Castilla y León in Spain (“Junta de Castilla y León”), 
being housed in the url, http://www2.ubu.es/expgraf/exgrain/ 
visualización3d/, and titled "Innovative learning about 
visualization of pieces with virtual workshop." This free 
available application has been used by our students and 
students from other universities in a satisfactory way. But 
even if the application provides the student outcomes of 
the solution of the exercises, no results or access or 

meeting times, etc are collected in any way. Moreover, it 
was necessary to adapt and update the technology used 
as the HTML and JavaScript programming offered little 
security, update the 3D display, optimize the 3D format 
and increase the number of exercises available as well. 
For these reasons we considered designing and 
developing an application, by using essentially the 
methodology of the former workshop, which also allowed 
to managing the follow-up assessment of learning and 
were updated from the technological point of view. 
 
We think that hosted on the web and free available tools 
are needed and these tools should have open access and 
the ability to receive and send information through a 
database, so that this database allows us to store, search, 
sort and retrieve information efficiently [17]. 
  
So we created an interactive open web manager, of 
content and data, for learning tracking in Graphic 
Engineering, which was also initially focused on the 
development of spatial vision capability for parts and its 
standard representation. 

3 Current situation 
For many years, several applications aimed at developing 
the capacity for spatial vision has long been developed, 
evolving and adapting to the particular situation of the 
curriculum. These changes have taken place at different 
times in each of the countries where these applications 
were developed. But they have also evolved as 
technology gone forward. 
 
One of the pioneer groups in this field, with a long history 
of research is one of the Michigan University, Michigan 
Technological Institute, led by Sheryl Sorby. His early 
research results showed that these applications had a 
positive impact on the spatial abilities of students who 
initially had lower spatial vision. 
 
At present, there are many web applications focus, totally 
or partly, on the development of 3D visualization. Several 
authors have collected ratings for this type of application: 
 
 The collection of web applications by Jorge Martin et 

al. [18] shows a good number of these web 
applications. In this compilation, a preliminary 
classification of the specific tools developed by 
universities and aimed at improving the spatial vision 
is made and secondly, those applications, which are 
accessible through the web, having or not as unique 
objective the improvement of spatial vision, are cited.  

 Melgosa et al. [17] also conducted a study of the 
current state of web applications related to the 
development of spatial ability and focus on those 
applications and improves spatial vision have a 
tracking system of learning.  

 Martin [19] later in the thesis looks at the features of 
web applications, indicating that the categorized 
applications are freely available, they are 
environment friendly and easy to use. 

 
The authors of this paper believe that the basic 
requirements, which should now have software 
applications that support to develop the capacity for 
spatial vision of our students, must be:  
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 Having, as a priority, the development of 3D vision 
skills (DSA).  

 Having text and two-dimensional animations made in 
Flash, Java, Director, etc. (2DA).  

 Having 3D objects that can be operated (3DO).  
 Having videos (V).  
 Being able to calculate and provide results and 

scores of exercises performed (RyS).  

 Being able to be transmitted and followed the 
learning by connecting to databases (TFLDB).  

 Being free and easily accessible (FEA). 
 Having been validated or used in any comparison 

(VoC). 
 
According to this we can establish the classification 
showed in the table 1. 

 

No. Application URL 

D
S

A
 

3D
O

 

V
 

R
yS

 

T
F

L
D

B
 

F
E

A
 

V
o

C
 

1 
2D Mental Rotation (University of Wisconsin, 

Milwaukee) 
https://pantherfile.uwm.edu/johnchay X     X   X X 

2 
3D Interactive Model Web (3DIMW); National 

Kaohsiung Normal University (Taiwan) 
http://140.127.45.25/3d/index.aspx?la

ng=en 
  X X * X * * 

3 
3DWebEPL (3D Web-based learning and training 

in the field of the Enterprise Product Lifecycle) 
http://webd.polito.it/3dwebepl/project.h

tm 
  X 

 
X 

X
  

  *    

4 
Innovative learning about visualization of pieces 

with virtual workshop (Burgos University) 
http://www2.ubu.es/expgraf/expgrain/v

isualizacion3d/ 
X X X X   X X 

5 
Building with blocks (Freudenthal Institute for 

Science and Mathematics Education) 
http://www.fi.uu.nl/dwo/wismaat/mod3/

en/frameset.html 
X X   X   X   

6 CubeTest (Jos van den Oever) http://cubetest.uptodown.com/ X X   X   X   

7 
Course about interpretation of plans (Institute of 

Educational Technology of the Ministry of 
Education and Science in Spain)  

http://www.ite.educacion.es/w3/eos/M
aterialesEducativos/mem2003/planos/

index.swf 
      X   X   

8 
Engineering Graphics Games and Quizzes (Texas 

University) 
http://crown.panam.edu/EG/games/ind

ex.htm 
X   X X   X * 

9 Training in mental rotation (Björn Kechel) http://bjornson.inhb.de/?p=55 x     X * X * 

10 
Interactive tutorial for Spatial Intelligence (Limerick 

university, Ireland) 
http://www.ul.ie/~mearsa/9519211/ X X   X   X   

11 
Isometric Drawing Tool (National Council of 

Teachers of Mathematics) 
http://illuminations.nctm.org/ActivityDe

tail.aspx?ID=125 
  *       X X 

12 
Virtual laboratory for the study of dihedral system 

(Institute of Educational Technology of the Ministry 
of Education and Science of Spain)  

http://ntic.educacion.es/w3//eos/Materi
alesEducativos/mem2008/laboratorio_

virtual_sistema_diedrico/index.html 
* X     X   X 

13 Multi-view drawing (Conolly Maicher) 
http://kellenmaicher.com/portfolio/proj

ects/multiview.html 
      X     X 

14 
Standardization (Institute of Educational 

Technology of the Ministry of Education and 
Science of Spain) 

http://ntic.educacion.es/w3//recursos/b
achillerato/dibujo/tecnico/normalizacio

n/index.htm 
* X     X   X 

15 
Parts (Institute of Educational Technology of the 

Ministry of Education and Science of Spain) 

http://ntic.educacion.es/w3//eos/Materi
alesEducativos/mem2001/108d/index.

html 
  x       X   

16 
Spatial Vision (Institute of Educational Technology 
of the Ministry of Education and Science of Spain) 

http://www.isftic.mepsyd.es/w3/eos/M
aterialesEducativos/mem2001/vision/i

ndex.html 
X X   X   X   

17 
Views. Descriptive Geometry (Institute of 
Educational Technology of the Ministry of 

Education and Science of Spain) 

http://www.ite.educacion.es/w3/eos/M
aterialesEducativos/mem2002/geomet

ria_vistas/index2.htm 
      X   X   

18 
VIZ Visualization Assessment and Training 

(Pensilvania State University) 
http://viz.bd.psu.edu/viz X   X X   X X 

19 
Web based Virtual environment (WbVE); Universiti 

Pendidikan Sultan Idris (UPSI). Malasia 
http://www.upsi.edu.my/~kanuar/luk.ht

m 
X X   X     X 

 Chart Notes: * indicates that it meets half the demand, or is not sure whether it meets the requirement or not 

Table 1 Web tools and requirements that meet 
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Since all the applications we have had access comply 
with the second characteristic (2DA), we will not consider 
it in our classification. 
 
Other tools and applications were not considered in this 
classification because it has not been possible to access 
websites, but there is record of its characteristics through 
various communications and papers. 
 
For example, the Massachusetts University has 
developed several tutorials about visualization and spatial 
reasoning to help students in the representation of parts 
[20]. 
 
In the Department of Graphic Expression in Architecture 
and Engineering, La Laguna University, researchers are 
working on a virtual campus with an application 
developed in PHP language and database connection 
within a virtual platform [21]. 
 
Teachers from the area of Graphic Expression in 
Engineering EUITI Gijón (Oviedo University) are working 
with an application within the virtual campus to meet the 
needs of their students in relation to spatial perception. 
This application is developed in a client/server 
environment, built from Open Source technology, using 
an Apache Web server, MySQL database and PHP as 
script language hosted on HTML [22]. 
 
The project to upgrade the quality of teaching and 
learning by using new technologies produced at the 
University of Alicante, which consist in the design of an 
online platform for teaching and learning of graphic 
expression, and where teachers of the Department of 
Graphic Expression and Mapping of the University of 
Alicante use the database MySQL and the programming 
language Java (J2EE). In this application you can access 
the home screen after registration [23]. 
 
AIMECDT-3D application, developed in the area of 
Graphic Expression in Engineering from the Oviedo 
University, has tools to manage information through a 
database and to display and print statistics; while being 
initially prepared for use at local level, the application may 
allow its use across the network by using an SQL 
database server [24]. 
 
Finally, we have references to the so-called "Vision 
Board", also from the University of Oviedo, which is 
developed in flash, being very motivating and having a 
control system of the student's progress [25].  
 
Looking at the table we can realize that, firstly not all 
applications have 3D objects that can be operated, which 
provide us with interactivity in three dimensions, secondly 
only two of them have data transmission and monitoring 
of learning through database and finally, not all of them 
are free and easily accessible; when we talk about easy 
access, the thing what we mean is to have a good web 
positioning.  
 
We believe that the content manager ILMAGE_SV that 
we describe in this paper gathers all the features we have 
mentioned. 

4  Methodology, design and structure 
One goal of this interactive content manager is that users 
in general, and our students in particular, develop your 

ability to see 3D visions. Moreover, they should achieve it 
in a progressive way, independent or guided, adapting to 
the initial level of each one, and providing information on 
their learning process.  
 
The development methodology of the contents of our 
manager is the same as that used in our visualization 
workshop [26]. We believe it is a good and well-reasoned 
methodology, used and validated by Pérez Carrión [27]. In 
addition to this, we have the domestic recognition of our 
university (through a competitive award received), and 
besides, we have proof of several references to our 
workshop in thesis, journal articles and conference 
papers. For example, the jobs of Contero (2005) [28], 
Font Andreu (2007) [29], Saorin (2009) [9] and Martín 
Gutiérrez (2010) [19]. 
 
This methodology is based on 6 levels: identification or 
recognition (correspondence between surfaces), 
comprehension (correspondence between edges, faces 
and standard views), application (expansions and 
rotations), analysis, synthesis and evaluation. Of these 6 
levels we did not use synthesis and evaluation in our 
manager because they are carried out of the manager, in 
different practices proposed in the classroom.  
 
The contributions made in our interactive manager can be 
summarized as follows: inclusion of a 3D viewer to 
manipulate and interact the object, a previous level test, 
creation of random tests according to levels of knowledge, 
self-assessment, and automatic evaluation as well as 
monitoring learning process.  
 
Furthermore, the structure of the manager is flexible and 
open so that you could easily create more levels and 
different exercises to develop the capacity for spatial 
vision, and this structure also fit in with other topics in 
graphic engineering.  
 
Having defined the methodology, the interactive manager 
is structured as follows. Three access profiles have been 
created to distinguish three different types of users 
(student, teacher,administrator), a database and a 
management system that enables communication 
between the user and the database. Thanks to the 
manager system the user can make both student and 
teacher being able to have information of the learning 
process in a wide-ranging sense, receiving data not only 
about individual marks but also of groups, times, number 
of access, etc..  
 
From the technological point of view, Open Source 
technologies have been used, as well as Apache web 
server, PHP programming language to connect the user 
with the database, and MySQL to manage the database. 
The websites are designed with Adobe Dreamweaver 
CS3 and PhpMyAdmin is used as a tool to edit the 
database.  
 
We must not forget that the content must have been 
previously uploaded to the appropriate server in the 
adequate formats in order to be able to be used by our 
interactive manager. The necessary formats are, JPG for 
images, EPRT and EASM for 3D objects from the 
eDrawings Viewer and AVI for videos. With this aim in 
mind, a procedure manual about contents creation has 
been created to  make easier the work for both the 
teacher and the administrator (also a teacher), who finally 
realizes the composition of the exercises. At this point, it 
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is also worth making a comment and that is, given the 
flexibility of the manager, instead of these, other formats 
of image, video and 3D display could be applied, such as 
gif, png, swf, mpeg, pdf, U3D, 3DXML, etc. 

4.1 Input profiles  

To manage and identify the information in a more efficient 
way, different profiles of access to the application and 
wherefore to the database has been considered. The 
Interactive Learning Manager for Graphic Engineering: 
Spatial Vision (ILMAGE_SV) has three access profiles: 
student profile, teacher profile, manager profile. So, when 
entering and identifying themselves with its profile, the 
possibilities of action within the application are fixed and 
thus, the information received by the database is 
managed differently. In addition to this, among the three 
profiles a hierarchy is set up so that the teacher can see 
information about his students and the administrator can 
register students, teachers, exercises, etc. 

4.1.1 Student Profile  

By accessing to the student profile 
(http://www2.ubu.es/calcubu), the first thing done by the 
manager is to recognize if the necessary plugins, Internet 
Explorer, a video player and the eDrawings viewer are 
installed, fig. 1. 
 

 

Fig.1 Home screen with the student profile. 

As the manager ILMAGE_SV is free available, being 
registered is only required to access with the student 
profile. Registration can be done freely by the user or can 
be made in advance by the administrator. For free 
registration, it is only necessary to click on the "new user" 
option of the home screen and fill out a simple form, see 
fig. 2. 
 
Once being registered, we can see a screen, fig. 3, which 
presents the following options: to change our user data 
(User profile), to see usage statistics of the manager (See 
statistics), to do a pre-test (Perform test), to create a 
random test (Create test) and to log off. 
 
It is recommendable starting by clicking on the "Make 
test" button, thus showing a previous level test that, once 
executed, advises us the level to start with creating our 
random tests (exams), although you can also start by 

clicking on the "Create test "(exam), choosing the desired 
level. 

 

Fig.2 Details on the registration form. 

Tests can be created on our own or may be assigned by 
the administrator, being shaded in yellow the latter, fig. 4.   
 

 

Fig.3 Screen after the registration. 

When the examination has been created by us, by using 
the “create test” button, the manager assigns three 
exercises randomly and without repeating for each level 
and from the chosen starting level, among all the 
exercises available in the database. 
 

 

Fig.4 Detail of the start screen with several outstanding test. 

While having outstanding examinations, we won’t be able 
to create new ones on our own, although they could be 
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assigned by the administrator. When you start a second 
session the screen that appears is that on fig. 4, and the 
screen on the fig. 3 does not appear. 
 
After choosing the test we face all the exercises of this 
test grouped by level and we can start with that we want, 
or check the help menu, the theory and the examples. For 
each exercise the screen is divided into three key areas: 
the 3D display lies in the left side, the statement and the 
attached images in the central area, and the boxes to 
enter the solutions in the right. fig. 5. 
 

 

Fig.5 Layout of the screen and assessment. 

Once pressed the solving exercise button, the score table 
will come out below the 3D viewer. This table shows the 
successes, failures and unanswered questions. The 
estimate formula takes into account the random filling of 
the boxes, but the mark will never be negative. The 
exercises of every examination can be solved as many 
times as we want, but the grade of the exercise that the 
database will take into account will be that obtained the 
first time we solved the exercise. When an examination 
has been entirely made, is removed from the test box and 
it can not be done again.  
 

 

Fig 6 Screen of help, theory and examples. 

For each question, we also have the possibility to check 
the theory, examples and instructions for the use of the 
3D display, fig. 6. 
 

At all times we can see the statistics of our sessions. On 
the statistics screen we can see the results of pending 
tests, exams finished, the tests creator, the level of 
initiation, session times and the number of access, fig. 7. 
 

 

Fig.7 Student statistic. 

4.1.2 Professor Profile  

You can only access with the profile of teacher if the 
administrator has registered you as such. Once 
registered, you can access at the url address 
http://www2.ubu.es/calcubu/profesor/, and the screen 
showed then has the options that we can watch in the 
fig.8. 
 

 

Fig.8 Detail showing teacher options. 

As a teacher you can see statistics on students, 
individually or in groups formed as well as statistics about 
the profile of the students, exercises and connection 
times. Student statistics show us pending tests, those 
done, levels of initiation and results. Clicking on each test 
we can see the results of every test exercise. The group 
statistics, in addition to the previous data of each group 
member, give us the list of members of the group.  
 
It should also be notice among all this options, for 
example, the statistics of time in every session, and within 
these, the weighted date of access, thanks to which you 
can notice how the accesses during the course has been 
made, fig. 9. So, as a simple example, we can detect the 
different learning styles in terms of frequency, quantity, 
time and pace of entries.  
 



845

Carlos Melgosa et al. Designing an interactive web manager applied to the development of spatial abilities 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

 

Fig.9 Detail of statistics of time for every session. 

The statistics by level and by problems collect the grades 
of all exercises depending on bands of punctuation, so 
you can study appropriateness of an exercise and its 
difficulty. According to the results of each exercise we 
should study why. 
 
In order to remember how the problem was, we can click 
on its identification number and by doing this; the exercise 
will be show as the student sees it, fig.10. 
 

 
Fig.10 Detail of statistics of exercises. 

4.1.3 Administrator Profile  

The Administrator Profile has a twofold aspect. Firstly, it is 
an administrator on its sense of management, since it 
allows discharging and expelling students, teachers, 
administrators and student groups. Moreover, the 
administrator becomes teacher when handling to assign 
tasks for students and groups, to perform the composition 
of examples, theories and exercises, and to create tests, 
fig. 11. 
 
In this second facet is necessary to explain how the 
Administrator profile works. Specifically, we will pay 
attention to the composition of examples and exercises, 
and the design and assignment of examinations to the 
students and groups.  
 
The composition of an example or an exercise consists of 
six steps. We must not forget that it is necessary to have 
the files associated with the exercise on the server.  
 

 

Fig.11 Options for Administrator Profile. 

The first step is to fill in the fields of a form in which we 
indicate level of exercise, type, statement and 
instructions. All this information will provide the statement 
of the problem.  
 
The second step is to choose among those available, an 
image that supports the statement, usually showing the 
alternative solution to choose, fig. 12. 
 

 

Fig.12 Detail of the second step about exercises composition. 

 
The third step is, in the case of examples, the choice of 
video among all the available ones. That is about a video 
that shows how to solve the example. The fourth step 
asks to choose the 3D model file, which can be a part 
(EPRT) or an assembly (EASM), fig. 13. 
 

 

Fig. 13 Detail of the fourth step about exercises composition. 
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The fifth step exists to enter the number of alternatives 
that are offered in each problem in order to choose the 
solutions. This variable is required to enter into the 
valuation formula of every exercise, since that formula 
takes into consideration the possibility of getting the 
answers right at random when boxes are filled in at 
random by the student.  
 
The sixth and final step is to introduce the right solutions 
for the exercise. You must enter a letter or a number that 
corresponds with the options of the picture supporting the 
statement of the problem. Leftover boxes are left empty, 
fig. 14. 
 

 

Fig.14 Detail of the sixth step about examples composition.  

 
Another administrator task to highlight in its teaching 
aspect is the design and assignment of tests to students 
individually or to a previously created group. This activity 
takes place in two steps and is the same for both 
individual users and groups. First of all we must name the 
examination, choose from the available exercises those 
that we want to be part of the examination, having the 
possibility of choose the wanted level and the amount of 
exercises at each level, fig. 15. 
 

 

Fig.15 Detail of the first step to follow developing a test. 

 
Then we elect individually the users who we want to 
assign the test to, if dealing with individual users, or the 
group or groups which we want to assign the test to, if 
dealing with groups, fig. 16. 

 

Fig.16 Detail of the second step to follow developing a test. 

5 Experimentation  
During 2008 and part of 2009 small tests with teachers 
and students (17 students) were carried out with the aim 
to detect and resolve performance problems, correct 
programming errors, enhance the appearance and 
navigation, etc., to sum up, leave the content 
management system ready to be used by students and 
teachers the following course.  
 
In October 2009 and 2010, an educational experience 
with 270 first year students of the graphic expression 
subject in industrial engineering degrees from our 
university (in most of the cases from mechanic, electronic 
and organization specialities) was put into effect. Half of 
these students have used the ILMAGE_SV manager and 
the other half made viewing practices traditionally. The 
results of this experiment are currently being processed 
and the data are being analysed. 
 
To assess the quality and content of the manager and 
watch the satisfaction extent of the students who have 
used it, a survey with 55 items, mostly with answers 
according to Likert scale, which ranges between 1 
(strongly disagree ) and 5 (strongly agree) has been done. 
About the results of this survey of which statistical 
treatment has not been completed yet, we can highlight 
the more general and significant items.  
 
The survey was sent to all students in the experimental 
group and 96 responded, with response rates of 70.6%. 
Table 2 shows a summary of the blocks with the main 
items and some of the most representative items. 
 
Block C comprises 25 items, assessing the application in 
the design, structure and also taking into account how 
easy is the use of the application. The average of this 
block was 3.67. Block D, including 15 items, assesses the 
contents of the application; in this case the average is 
higher and reaches a value of 3.81. Both blocks C and D, 
as well as the items shown in table 2 exceed the value of 
indifference (3), which means that we can consider the 
ILMAGE_SV manager gets a positive evaluation by the 
students. 
 
As regards the overall assessment of the application has 
been of 4,03 which means that an average of 67.7% of 
users considered that the application is good, an 18,8% 
very good and 11.5% considered it regular. Other items to 
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note are that an 85.5% would revisit the application to 
improve their capacity for spatial vision and a 97.9% 
would recommend this application to other people 
interested in the subject. Finally, we want to emphasize 

that the item "From the educational point of view, the 
display of 3D objects is useful in this application" yielded a 
mean of 4,31 points according to the Likert scale. 

 

Ítems Mean Standard Deviation 

C. Design, structure, user-friendliness (25 ítems) 3.67 .35 

D. Content rating (15 ítems) 3.81 .40 

Ítem 31 
The application is useful in teaching as a 
complement for self-study aid. 

3.93 .87 

Ítem 32 
The application is useful in teaching as an 
information tool in the study progress. 

3.78 .88 

Ítem 36 
This application is motivating because it promotes 
my participation in the learning process. 

3.83 .87 

Ítem 41 The display of 3D objects is useful in the application. 4.31 .74 
Ítem 53 Overall rating in the application. 4.03 .62 

Table 2 Summary of the evaluation survey for the ILMAGE_SV manager. 

 

6 Conclusions 
 The warm welcome to the ILMAGE_SV manager 

encourages us to continue improving, correcting 
errors and upgrading with new exercises and levels, 
and new graphic engineering topics.  

 
 From the survey and the experimentation, we have 

also inferred that more exercises and different levels 
of difficulty are needed to adapt better to different 
degrees of spatial vision of our students.  

 
 The methodology used allows tackling other areas in 

graphic expression and spatial vision, such as 
auxiliary views, sectional views and the study of 
mechanisms and / or devices.  

 
 Web applications are highly appreciated by the 

students [9], all of which is also showed by the 
results of our survey, therefore, the research and 
development of this kind of applications are more 
than justified.  

 
 This application is one more resource to add to the 

list of those which exist already (pen and paper 
sketches, multi-media Platforms, video games, virtual 
reality, augmented reality, specific software, physical 
materials, etc.) [30], and should be available to 
anyone who is interested in improving their capacity 
for spatial vision. 

 
 ILMAGE_SV manager is very helpful to adapt the 

contents and methodology of graphic engineering to 
the new degrees, under the guidelines of the 
European Higher Education Area. This is achieved 
by using the data management system and 
monitoring of learning, on the part of the teacher, and 
by using continuous evaluation and self-evaluation 
on the part of the student. 

 
 It is necessary to integrate a virtual display that helps 

the development of 3D visualization in such 
applications. At this point we would like to point out 
that a proper choice of this display is also very 
important. 
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Abstract 

The present research analyzes the development of Graphics representation applied to 
chemical engineering through the years. 
This evolution throughout history is not due to the influence of a single discipline, but it was 
due to a variety of them, all in the field of Chemistry. 
This research starts since antiquity, going through the Renaissance, the industrial revolution 
until the new Century, showing the Graphics representation of specific drawings of the 
chemical engineering throughout history until the last progress of CAD systems. 
This research highlights the influence of chemistry in the history through the graphical 
expression in the first prehistoric paintings, through representation  used in Greek alchemy, 
reaching the new Century with the development of new standards in order to reach a fine 
interpretation of complex drawings such as petrochemical structures. 
Chemistry in its development, has been partly linked to the graphical drawing, the compounds 
are represented by graphics symbols, creating an universal language allowing 
Communications regardless of language.  
Now, CAD Systems have improved the design and further development of chemical 
industries, with complexity in the number of components and auxiliary Systems have led to 
the development of more specific CAD Systems that helped the design task of Chemical 
Engineering. 

 
 

1 Introduction 
One way of defining the identity of a discipline is to 

analyze its development throughout history. Rather than 
presenting a detailed development of the evolution of 
graphic representation, I will give a brief overview that will 
help us understand how its relationship with chemical 
engineering has developed with time. 

Graphic representation with geometry has been known 
for centuries. In fact, ancient mathematicians, 
philosophers and geometrists such as Euclid and 
Pythagoras developed a large number of theorems to 
which modern geometry continually refers. 

On the other hand, the term “chemical engineering” is 
much more recent. According to Arthur D. Little (1915), 
due to the growing number and complexity of the 
problems rising with the expansion of chemical industries, 
a new branch of engineering began to be recognized that 
would eventually be called “chemical engineering”, 
separate from mechanical and civil engineering. 

 

1.1 From Antiquity to Renaissance 

The most primitive drawings are from the upper 
Paleolithic (40,000-110,000 years ago). These rock 
paintings reflect man’s ability to obtain pigments (Fig. 1) 
and apply them to different natural materials, even mixing 
them in somewhat more sophisticated processes. Many 
of these drawings still remain. 

The influence of chemistry in the history of humanity 
through graphic representation is manifested by the first 
prehistoric paintings. An example of the contents of the 
paint used by these ancient artists is natural powder 

pigments aggregated with animal fat. The most commonly 
used colors were ochre from iron oxides, purple from 
manganese oxide, and black, mainly from plant carbon.  

Cavemen would be astonished by the modern field of 
chemical engineering and the world of color, which they 
only used as an expression process. 

Figures were drawn with different techniques, 
highlighting continuous linear tracing (serpentine lines). 
They also frequently used the highlights of the rocks or 
other natural formations to accentuate the representation 
of certain figures. Paint and tracing were applied with the 
fingers or by blowing it on the wall with bones. Engravings 
were made with chisels. Other techniques, including 
indentations on soft surfaces such as clay, were also 
used. Rock paintings attest to the intimate relationship 
between graphic representation and chemistry (Fig. 1). 
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Fig. 1 Graphic representation from the Upper Paleolithic. 

Couple stone. Jimena de la Frontera. Cadiz. Symmetry 

application. 

In the Neolithic, between 5,000 and 3,500 B.C., 
ceramic objects were made by warming clay and were 
decorated with geometric shapes as ornaments. This 
process is a clear prehistoric example of chemical activity 
that has developed into its own industry within chemical 
engineering (the ceramics industry). 

However, it is in the following period when graphic 
representations of technical characteristics rise from 
Mesopotamia. The remains of the development of graphic 
techniques have reached us in the form of engravings on 
clay or stone tablets. They reveal basic knowledge of 
plane geometry, such as the division of circumference 
into three hundred and sixty parts, regular polygons and 
measurement of simple shapes. From this period, we 
have the oldest layout plan, which is that of the city of 
Nippur (Fig. 2). 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2   Layout plan of the city of Nippur on a tablet [2]. 

 
In the Egyptian ostraca of the New Empire period, 

drawings on tablets were then reproduced on the crypt 
walls. 

Some of these graphic representations show the 
beginning of the glass industry (Fig. 3), which was 
important in the time of the Egyptians, who were already 
using the cane-blowing technique. 

Later, it was the Greeks who established the scientific 
foundation of what we now know as geometry. However, 
the Greeks thought of geometry in terms of theoretical 
abstractions, and it was the Romans that later applied 
these concepts to their large architectural and 
engineering works. 

During the time of the Greeks, references to practical 
chemistry were scarce, and the attention in this period 
was focused on establishing a general science of matter 
through natural philosophy. 

 

Fig. 3   Mural painting, detail of Iby Thebes tomb. nº36 XXXVI 

664-425 BC. Cane blowing [1]. 

Greek geometry evolved through a series of 
successive schools. Philosophers from the Ionic school, 
specifically Thales of Miletus, the geometrist and 
astronomer, were the first to prove the fundamental 
geometric statements and introduced the general idea of 
the beginning of the universe and of the existence of 
primitive matter. Later, it was Pythagoras and his school 
who established a great number of theorems, presented 
by Euclid in the third century B.C. 

Euclid (300 B.C) is without a doubt the most famous 
mathematician of antiquity. He wrote “Elements”, in which 
he compiled, ordered and argued about the geometric-
mathematical concepts of his time. 

With the school of Alexandria, geometry studies were 
developed, establishing theoretical bases and their 
justification by graphic constructions with a rule and 
compass. 

In regard to Greek alchemy, the most important figure 
is Zosimus, who, at the beginning of the fourth century 
A.D., left the best graphic references of the alchemy of 
this period (Fig. 4). These graphic representations include 
several laboratory techniques, representing the basic 
schemes of simple setups that can be considered as the 
first representations of graphic engineering applied to 
chemistry. Zosimus is also probably responsible for the 
origin of the word “chemistry” (Fig. 5). 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4   Graphic representation of a distillation apparatus 

made by Zosimus and other Greek alchemists. History of 

science and technique. [3]. 
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Fig. 5   Graphic representation of Egyptian craftsmen 

ashing, melting, and weighing gold. 

The fall of the Roman Empire gave rise to the Middle 
Ages, which is usually perceived as a period of scientific 
and technological dearth. However, this stagnation is only 
superficial. For example, let us consider the important 
architectural achievement of the building of cathedrals. To 
achieve these results, the masters and craftsmen of the 
time had to use rules and drawing methods. If those 
writings have not survived to the present day, it is due to 
the professional secrecy that prevailed during the time, in 
which information was only transferred to apprentices or 
within the guilds. 

In regard to the evolution of chemistry during the 
Middle Ages, there were great efforts to know and control 
the material elements that make up the physical world. 
Determining the originating elements that make up all 
things and establishing their characteristics, properties 
and ways of manipulating them are the primordial tasks 
that lead to the effective control of nature. These 
empirical steps progressed slowly but steadily with results 
that were considered magical. The concept of the 
Philosopher’s Stone first appeared during this period. 

Until the eighth century, Aristotle’s theory of the four 
elements (Fig. 6) that constituted matter remained. These 
elements were called Peripatetic Elements and were the 
foundation of theoretical chemistry during this lengthy 
period. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6  Graphic representation of the four elements of 

Empedocles. Cohesion principle [5]. 

 
Greek alchemists extended throughout the East, 

reaching the Arabs, who already possessed many 
techniques and much knowledge that had been obtained 
from China and India. Arab alchemy spread from the 
seventh to the thirteenth centuries. Djabir Ibn Ajan (eight 
century) stands out in this period and is attributed with 
authoring many writings in which he develops important 
techniques used today in chemical engineering describing 
basic laboratory processes, such as distillation, plant-oil 
extraction and alkali washing. 

1.2 The Renaissance. Development of the 
Representation Systems 

In the middle of the fifteenth century, in 1453, historians 
mark the beginning of the Modern Age. During this time, a 

pivotal event in human history and science took place. In 
1450, the printing press was invented, which marked a 
profound revolution in all fields because of all the 
possibilities it opened for broadcasting knowledge through 
printed text. It is during this period that the geometric 
principles of perspective were developed by Giotto (1267-
1337), Filippo Brunelleschi (1377-1446), etc. 

1.2.1 Evolution of Chemistry in the Renaissance 
and its connection to Graphic Representation 

Regarding the development of chemistry, we highlight 
Paracelsus (1493-1541), who was the creator of 
iatrochemistry, which can be summed up in the basic idea 
that “psychologic and pathologic phenomena are based 
on chemical reactions” with a very modern approach that 
is in some sense related to the biochemistry of today. 

Paracelsus embraces the four elements from Aristotle 
and adds three alchemy elements: sulfur, mercury and 
salt. He deemed that these three principles were present 
in the animal, plant and mineral kingdoms, although in 
different proportions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7   Representation in exploded perspective of a sulfur-

sublimation setup. Geber Smith exhibition. Venice 1544 [4]. 

Paracelsus’ iatrochemistry was founded on the idea 
that chemical knowledge could only be achieved through 
inspiration. Andreas Libavius (1540-1616) began to 
change these ideas. Although he picked up many theories 
from Paracelsus, he maintained that chemistry could be 
taught like other disciplines provided that its contents 
were organized, implying three fundamental aspects in 
which Graphic Representation can be involved: 

 
- Classification of the techniques and laboratory 

experiments, including the careful description of 
apparatus, which indirectly implies its graphic 
representation in the majority of cases (Fig. 7). 

- Development of handbooks with simple and clear 
procedures. 

- Creation of a systematic and standardized language 
(STANDARD) of chemical substances so that their 
names are not confusing or wrong and to allow easy 
identification of the substances.  

 

 FIRE 

    AIR WATER 

EARTH  Dry 

Wet 

Cold Hot 
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Fig. 8   Laboratory apparatus drawn by Lemery in his Cours 

de Chimie. 1675 [6]. 

It was Libavius who wrote the first chemistry manual, 
Alchemia (1597), of great transcendence afterward, as a 
didactical discipline. Many other handbooks were written, 
and others were translated to other languages such as 
Latin, such as that written by Frenchman Nicolás Lemery 
(1645-1715), Cours de Chimie (1675), which became the 
traditional manual for teaching chemistry for a long time. It 
shows free perspectives of the drawings that were 
featured in the manuals of that time (Fig. 8-9) 

Jean Baptiste van Helmont (1577-1644) marked the 
start of a new experimental methodology that favored 
meticulous control of operations and the performance of 
quantitative measurements in chemistry laboratories, thus 
requiring standardized apparatus design. 

Robert Boyle (1627-1691) and Isaac Newton (1642- 
1727) stand out at the end of this period because of their 
corpuscular theory, acid-base theory, and the study of the 
gases. The development of these ideas can be attributed 
to their great critical skills, attention to detail and the care 
applied in all of their experiments. 

Newton made important contributions to chemistry; 
however, his capital contribution corresponds to his work 
as a physicist and mathematician. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9   Graphic representation of the laboratory and 

furnaces. Joannis Conradi Barchusen. 1698. [7]

 

1.3 The Industrial Revolution 

 
After the Renaissance, the Industrial Revolution began 

with the invention of the steam engine in 1769. As a 
consequence, greater specialization led to the complete 
separation of technical and artistic drawing. 

The notable advances in graphic-representation 
methods in the sixteenth century were momentarily 
stopped in the seventeenth century and a large part of the 
eighteenth century. It was not until the second half of the 
eighteenth century that the true enlightenment of 
descriptive geometry was developed with abstract 
mathematics. 

1.3.1 The Industrial Revolution. Influence on the 
Evolution of chemistry 

With the Industrial Revolution came great chemical 
discoveries and studies that required representation and 
transfer, especially with respect to their design. It is here 
that graphic representation gained great importance. 

Graphic representations became more evolved in other 
industrial and construction activities, while that in 
chemistry lagged behind. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10   Graphic representation of the apparatus used by 

Hales to recover gases. 

 
 
Lavoisier is considered to be the father of modern 

chemistry. His first works were on the distillation of water, 
which highlight apparatus for the measurement of gases 
(Fig. 10). 

He also carried out works on metal, air and water 
composition. In 1789, he started a journal focused on 
chemistry, called “Annales de Chimie”, where the latest 
chemical advances would be recorded. Lavoisier 
disproved phlogiston theory and replaced it with oxidation 
theory. This turn of traditional ideas in chemistry created a 
need a nomenclature revision. 

Similar to other sciences, greater research and 
evolution in chemistry required the creation of a 
standardization that allowed understanding between 
technical specialists. Therefore, graphic representations 
of the elements arose (Fig. 11).
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Fig. 11 Chemical graphic symbols of ancient Greek 

manuscripts from the tenth century. 

Linnaeus systematized the terminology of biology, 
especially botany and zoology, but not chemistry, and 
thus a substance could have different names depending 
on its origin, leading to a complicated, confusing and 
particularistic language. Therefore, Lavoisier and some of 
his collaborators systematized the chemical 
nomenclature. Years later, in 1794, Dalton, the father of 
modern atomic theory, introduced great changes in the 
new nomenclature, aiming to simplify the expression of a 
chemical reaction to allow its rapid visualization. 
However, it was not until 1869 that elements were named 
and classified in Mendeleev’s Periodic Table, the basis of 
the current periodic table. 

Chemistry has been partially linked to graphic 
representation in its development. Compounds are 
represented with graphic symbols, creating a universal 
language that allows communication independent of the 
language of each researcher (Fig. 12-13-14). 

It is at the end of this period when the differentiation 
between organic, inorganic, analytical and physical 
chemistry began.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 12 Chemical graphic symbols proposed in Méthode de 

nomenclature chimique, designed by Jean Henri 

Hassenfratz. 

Fig.13  Graphic-representation models in different systems 

of crystallization and the industrial preparation of alum [8]. 

 

 

 

 

 

 

 

 
 
 
 
 

Fig. 14  Graphic representation of the industrial facilities for 

the preparation of ammonia. Nineteenth century [8]. 

 
With respect to its evolution in relation to graphic 

representation, chemistry has followed an exponential 
curve. With the increase in the size of industries, chemical 
engineers must relate to these installations through 
graphic documents and make new designs and translate 
them into technical layout plans and other graphic 
technical documents that facilitate the work. As has been 
observed in a sample of different figures in this chapter, 
graphic representation has been strongly linked to 
chemistry as a way of showing apparatus, processes or 
industries with which matter was transformed. Initially, like 
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in other engineering fields, the designs were not subject 
to specific representation rules. However, with the 
development of the discipline, criteria have been unified. 

CAD systems have improved and facilitated the design 
and development of industrial chemical facilities that, 
given the complexity in the number of elements and 
auxiliary systems, have fostered the development of 
much more specific CAD systems that make the chemical 
engineer’s design task easier. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 15 Representation of the materials used in Lavoisier’s 

decantation experiments, 1798. [9] 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 16 Current representation of laboratory glassware from 

the Ace Glass company, 2001. [10] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 17 Representation of different types of stills in 

Macquer’s work, 1788 [11]. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

. 

 

 

 

 

 

Fig. 18 Graphic representation of current distillation 

glassware from the Ace Glass company, 2001 [10]. 

Figures 15-18 show the representation inertia and the 
lack of rules to which we referred. 

It should be noted that the images shown in this part of 
the work have a great pictorial character, evidence of the 
current state of graphic representation in chemical 
engineering. 

 

1.4 Current State of Graphic Representation 

1.4.1 Standardization 

As indicated previously, another fundamental pillar of 
graphic representation has been standardization. The 
influence of standardization in drawing was established 
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when the conventions to simplify tracing and to give 
universal value to interpretation were set to make it easier 
to read layout plans and to minimize misinterpretation by 
those reading them, independent of the drawer. 

In 1926, the ISA (International Standardizing 
Association) was created with the participation of the 
national committees of Germany, France, England, 
Belgium and the U.S.A. This association disappeared 
during the Second World War, resurfacing in 1946 as the 
ISO (International Standardizing Organization). 

 

 

Fig. 19  Typical symbols of valves and tubing used in flux 

diagrams. Vilbrandt and Dryden. Chemical Engineering of 

Industrial Plant Design. 1963. [12] 

In regard to graphical representation, the trend was to 
simplify and classify by creating and using symbols. The 
symbols, which are used more and more frequently, are a 
step in the direction of the trend to simplify with pictures 
because of their high level of abstraction. Their 
usefulness and necessity began with the advent of 
electricity, and it is clear that they became massively 
developed with the proliferation of electronics. Today, the 
use of pictures extends to all types of engineering 
systems. 

Another aspect of the evolution of the rules of 
graphical representation is the constant increase in the 
number of rules about the application of computer graphic 
systems. The design of the information that the computer 
must store is the object of standardization, along with the 
way in which the information must be stored to allow 
universal communication between and within these 
computers across different applications. 

Finally, and as a direct consequence of the use of 
computers, the standardization of symbols is of concern, 
including their size and shape. This standardization has 
the goal of establishing and using blocks and libraries of 
symbols. Lately, the use of CAD software with chemical-
engineering applications has increased, e.g., 
CADworxpipe, CADPipe-3D. 

2 Conclusions 
The development of chemical engineering has been 

partially linked to graphic representation. Chemical 
compounds have been represented with graphic symbols, 
creating a universal language that allows communication 
independent of language. Graphic representation is 
strongly linked to chemistry as a way of showing 
equipment, processes or industries with which matter is 
transformed. Initially, as in other engineering fields, the 
designs were not subject to the specific rules of 
representation. However, as the field develops, criteria 
are being unified. 

CAD systems have improved and eased the design 
and development of industrial chemical installations, 
which, given their complexity in the number of elements 
and auxiliary systems, have fostered the development of 
much more specific CAD systems that ease the chemical 
engineer’s designing task. 
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Abstract 

As Product Lifecycle Management (PLM) strategies are getting more and more 
common worldwide, developing countries have the increasing industrial need of 
engineers trained on these technologies. This is motivating academic institutions to 
tackle this issue by integrating PLM in their curriculums. This paper describes a 
pilot implementation of a PLM strategy in a Product Design Project Course at 
EAFIT University. The PLM strategy is used to support the development of the 
design process and teamwork performed by students. During two consecutive 
academic periods the course was analyzed, a PLM strategy was prepared and 
executed, and monitoring was carried out to obtain comparative data on the 
success of the implementation. An evaluation was performed on the role this 
implementations can have in improving drawbacks that usually arise during the 
development of collaborative design projects amongst students. Open-Source PLM 
Software was employed to facilitate future application of these tools by the 
students themselves in their future employments. 

1 Introduction 
Product Lifecycle Management (PLM) is nowadays a 

common industrial philosophy to manage product 
information and collaborative design. It started on 
aeronautics and automotive industries but it is spreading 
around the world to other industries and countries. This is 
why developing countries have been faced with adopting 
this way of working. Universities have started to prepare 
engineers with a strong basis on collaborative work 
combined with information technologies. In Colombia, 
PLM strategy is barely known in the industry, but it is a 
reality that will arrive in the near future. PLM systems are 
then a challenging approach that has to be mastered by 
today’s world class engineers. According to Bordogna et 
al. [1] within university communities, in particular, we must 
create an intellectual environment where students can 
develop an awareness of the impact of emerging 
technologies, an appreciation of engineering as an 
integral process of societal change, and an acceptance of 
responsibility for civilization’s progress. 

EAFIT University fosters the idea of project-based 
learning and teamwork. Yuliang Li et al. [2] claim that 
intelligent collaborative product design is needed in the 
product design process. To an increasing degree, design 
is being recognized and taught as a team process with 
multiple socio-technological dimensions [3]. Both 
cornerstone and capstone project-based courses are 
seen as opportunities to improve students’ ability to work 
in teams, as well as their communication skills [4]. 
Bucciarelli [5] defined “design as a social process” in 
which teams define and negotiate decisions. Minneman 
[6] also argued that those views shift the focus of group 
design support onto communication systems and that 
“design education should be refocused on teaching 
designers to better function in group situations.” 

Teamwork is an essential part of the product design 
process and its proper development is critical for a 
project’s success. In a survey performed to 151 Product 
Design Engineering students at EAFIT, most of them 
(68%) answered they have a positive attitude towards 
teamwork and identify it as important for their learning and 
professional development [7]. Collaboration, however, is 
not as natural and automatic as one might think, 
according to Santoro et al. [8] a collaborative attitude is a 
cultural matter. Torres and Tomovic [9] mention that the 
lack of formal preparation and the involvement of many 
stakeholders in decision-making arise numerous problems 
at every stage of the collaborative engineering design 
process. In EAFIT University’s experience, many 
difficulties have been identified in the collaborative design 
process that the students perform, amongst these; in the 
management of information, task planning and control, 
workload distribution amongst team members, 
compliance, workload distribution throughout the course 
duration, etc.  

According to Santoro et al. [8] the key aspect behind 
effective collaboration is the process. Process planning 
demands collaborative work, information sharing, and the 
exchange of ideas among multiple parties in different 
locations. Of these, perhaps sharing and managing 
information is the most recurrent problem that arises 
during the development of collaborative projects. As 
Finger et al. [10] points out, without a central repository for 
both physical and electronic artefacts, the necessary co-
construction of knowledge is lost during the project cycle. 
Team members lose the opportunity to build on each 
other’s work and, more importantly, to learn from one 
another. 
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These are some of the issues that PLM, as a strategy 
and IT innovation, was designed to tackle in the industry. 
It helps to have control of a product’s information during 
its whole lifecycle. Its use helps to manage a project in an 
organized manner and have access to all the information 
and resources necessary to execute it. According to 
Cummings [11],  the implementation of a new Product 
Lifecycle Management (PLM) system results in cultural 
changes that affect how people involved in the system 
locate and manage their data. EAFIT University aims to 
translate PLM into its educative environment and evaluate 
the student’s appropriation of the new work strategy as 
well as its results and impact on the development of their 
project and overall teamwork performance.  

Previous uses of PLM in education have been 
documented. Humann et al. [12] describe the application 
of PLM to Micro-Electro-Mechanical Systems (MEMS) 
devices in education. Vila, C., et al. [13] describe a 
collaborative product development experience in a senior 
Integrated manufacturing course using Product Lifecycle 
Management tools. The same author compares, in a 
different paper, two different approaches for Project-
Based Collaborative Engineering Design and 
Manufacturing engineering education with PLM Tools 
[14]. Vaidyanathan, V. et al. [15] discuss the introduction 
of Product Lifecycle Management (PLM) concepts in a 
graduate instrumentation course. Chang and Miller [16] 
describe the implementation of PLM concepts in an 
industry-sponsored project to teach manufacturing 
simulation in a multidisciplinary environment. Likewise, a 
great number of PLM courses are taught worldwide and 
some of these have been documented in scientific 
literature. Torres and Tomovic [9] proposed in 2007 a 
possible curriculum plan for a PLM course, stressing the 
necessity of teaching PLM to students and employees. 
Wittenborn, D. et al. [17], Moon, Y.B. [18], Kakehi, M et al. 
[19], amongst others, have also provided literature about 
PLM courses. 

While PLM education in many developed countries 
focuses on generating a PLM literate workforce to adapt 
to the new technological advances already found in the 
industry, EAFIT seeks to become an active promoter of 
these technologies that are hardly known in Colombia, as 
well as many other developing countries. There is 
currently not much demand from the industry in Colombia 
for employees that are literate in PLM, but the focus of the 
University is to graduate students that have the 
knowledge and the tools to propose these strategies 
themselves once they graduate. To facilitate this 
permeation of PLM in the local industry, costs of 
implementation need to be reduced. In this scenario, 
Open-Source PLM software has enormous strategic 
benefits. 

Additionally, scarce literature has been found on the 
benefits that an implementation of PLM brings for the 
development and outcome of University projects 
themselves. Aside from the pedagogic value of University 
projects, the outcome is also important in the sense that 
the product designed has to reach a quality that could 
potentially, and in fact occasionally does; compete in the 
real market. The process and methods employed are also 
evaluated with these criteria. One of the reasons for this 
is that several of EAFIT’s projects, included the one 
analyzed on this paper, are industry sponsored and the 
companies involved always expect real solutions to be 
generated and not exclusively pedagogic exercises.  

This paper therefore discusses the direct impact that 
the implementation of PLM tools had on a specific course 
from the Product Design Engineering bachelor program. 

The course is offered after 8th semester and is called 
“Project-8” (abbreviated as “P8”). It makes part of a series 
of project courses taught during the first eight semesters 
of the program where students have to develop a design 
project under a predefined topic (for P8 it is “Electric 
Mobility”). The course’s objective is to apply the 
knowledge acquired by the students during their formation 
in the design and development of a product for a company 
during the whole semester duration in teams of six 
students. The design process goes from the “need 
analysis” to a “functional prototype construction”. One 
team was followed on the period of P8 prior to the 
implementation of PLM (2009-2)1 and two pilot teams 
were chosen for the pilot Implementation in the following 
period (2010-1)2. The results of these three teams are 
compared to achieve quantitative data. The 
implementation is evaluated according to this data 
analysis, observations and student feedback. 

2 Preparation prior to implement PLM 
Before implementing any new academic strategy, an 

observation phase has to be performed in order to 
determine the actual state of the course as well as to 
identify and gather relevant details to be measured. 
Consequently, the first step towards implementing PLM in 
Project-8 was studying the design process followed by 
students. During one academic period the course and its 
documentation was studied. As mentioned earlier, one 
particular team of six students was chosen for a close 
study of their process and methods in order to make a 
comparison after adopting PLM. 

Students are handed at the beginning of the course a 
guide booklet created by teachers and faculty members 
with the basic guidelines of the course. The booklet 
(called project-guide) includes the methodology, grading 
methods, formats and a basic working plan with 
deliverables and their corresponding due dates. Under a 
BPM (Business Process Modelling) approach, all of this 
information was synthesized in an “AS-IS” process model 
that was complemented by the use of direct information 
provided by the students, observation and surveys made 
to students and teachers. Some of the main issues 
discovered in this model where: 
- Faculty members have identified a lack of process 

planning in the students. Project deliverables often 
evidence that results are reached without having 
followed a previous well planned procedure; 

- Workloads amongst team members are not equal 
and many times teachers are unable to trace this;  

- Roles are helpful for distribution of work activities, but 
the interactions between them must be planned 
carefully; 

- On most cases, physical team meetings are hard to 
plan and carry out and many times they are 
unproductive and inefficient;  

- Many students are unaware of the sequential nature 
of some design processes and don’t realize that 
delays or faults in certain tasks have direct 
implications in subsequent tasks;  

- Project-8 guide booklet is too generic and students 
do not identify tasks and activities rather than generic 
stages asked in the booklet;  

                                                
1 Second semester of the academic year 2009, starting on July 
and ending on November. 
2 First semester of the academic year 2010, starting on January 
and ending on June. 
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- Relationships between tasks, information (used and 
generated), tools and human resources is not 
correctly defined. 

This information was used, together with teachers’ 
recommendations and the literature review, to generate a 
new proposal, or “TO-BE” process model, to be 
implemented in the course to improve PLM benefits. This 
process was fully documented and modelled using ARIS3 
Event-driven Process Chain (EPC) notation for Business 
Process Modelling (BPM). It includes all the activities4 
done in the process and for each function a set of tools, 
events, deliverables and assignees are established. Fig. 1 
shows a part of the methodology modelled in ARIS 
Express software, representing the “Conceptualization 
Phase” of the design process. All this process 
documentation is crucial for any PLM implementation and 
it sets the basis for effective and organized collaboration. 

 One of the main dilemmas in process planning is the 
level of detail that the process plan should reach. How in 
depth the project is defined depends on the project 
manager. The more detailed the project plan is, the more 
control he/she has over it, but also the more restrictive it 
might become for the project executers. In the case of P8, 
these decisions were taken by the course’s teachers 
according to the educational purpose the course has. The 
teachers clearly wanted to gain more control and 
supervision of the project’s process and development but 
still leave enough freedom for students to program their 
project themselves and learn to plan ahead. Providing 
students with a very detailed project plan at the beginning 
of the course could avoid learning project planning by 
having everything already mapped out for them. As 
Bordogna et al. [1] state, the student should be a willing—
preferably an eager—participant in the process of 
learning and should be a satisfied customer of the 
process.  On the other hand, giving them a very general 
project plan, like the AS-IS process model, had already 
proven to be unsuccessful to track project progress and 
teamwork. 

A compromise was reached by generating a plan that 
had outlined the main activities within each phase of the 
design process, but left the specific tasks within each of 
these activities to be planned out by students. Four main 
phases were established for the design process: 
- Design Requirements 
- Conceptualization 
- Detailed Design 
- Product Launch 

The main activities that made part of each phase are 
also specified in this methodology, which was developed 
in parallel to this implementation project and is currently 
still under work. 

3 Configuration of the PLM Strategy 
Product Lifecycle Management is much more than 

software; it’s a concept, a strategy, a system, a 
philosophy. Despite this broad understanding of PLM, its 
successful implementation is subject to proper 
configuration and implementation with a software tool, 
through which the whole concept takes shape and 
actually comes in action. 

There are many companies that supply software to 
support the PLM process. The largest commercial 

                                                
3Product of IDS Scheer, a company that develops, markets, and 
supports Business Process Management software. 
4 known as “functions” in BPM notation. 

vendors are Dassault Systèmes5, Siemens6, PTC7, Agile8 
and SofTech9. These companies provide the most 
complete software packages, but are considered 
expensive for emerging markets or Small and Medium 
Enterprises. There is one company that offers an open 
source PLM software solution, called Aras Corp10. The 
fact that Aras Innovator® is Open-Source, presented a 
huge advantage to choose it as the software to be 
implemented on Project-8 course. It has possibly a 
greater expansion potential in the Colombian market, at 
least in the near future. Nevertheless, other criteria were 
also analyzed, such as: 
- ease of use, 
- speed of deployment, 
- fit user requirements,  
- customization/ flexibility,  
- overall functionality breadth,  
- support for distributed teams,  
- open integration capabilities,  
- workflow capabilities. 

Aras Innovator® was favorable on the cost criteria, but 
it also ranked well on others like ease of use, 
customization/flexibility, user requirements and support for 
distributed teams (it’s a web based application). Its 
weakness lied on the fact that there is no support in 
Colombia and had no free integration or automation with 
the main CAD software. Nevertheless, with a relatively low 
investment, a set of “connectors” may be purchased to 
enable direct connection with main CAD systems. 

As ARAS is a web based system, it can be accessed 
by a web navigator with a username and password. The 
system can be configured and managed by the system 
administrator account “Innovator admin”, being able to 
configure users, group identities, permissions, forms, etc. 
Add-ons were also installed and customized, specially 
one called “Meeting Manager” which was used to record 
the weekly meetings that took place during the course’s 
schedule. Modules for uploading documents and CAD 
files were also configured. In general terms, all the 
necessary elements required to control and manage the 
project were available in Innovator and the flexibility of this 
software was adequate to adapt it to the course’s 
requirements. 

Aras Innovator® enables not only document 
management but also the management and control of 
projects. Project-8’s TO-BE Process Model was created to 
be configured into the system and controlled by students, 
teachers and the system administrator. Aras Innovator® 
has two different ways of controlling a process; 
“Workflows” and “Gantt Charts”.   

Workflow diagrams have activities which have to be 
completed according to embedded procedural rules in 
order to complete the process.  It’s commonly used for 
short business processes that may run many times. Since 
this is not the case of P8, workflows were not used in this 
implementation. 

                                                
5 www.3ds.com 
6 www.plm.automation.siemens.com 
7 www.ptc.com 
8 www.oracle.com/agile 
9 www.softech.com 
10 www.aras.com 
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Figure 1: Conceptualization Phase of TO-BE Model with ARIS Event-driven Process Chain (EPC) Notation 

“Gantt Charts” work with a Work Breakdown Structure 
(WBS), which allows users to deploy the project into 
manageable pieces or phases. Each activity in the WBS 
has a distinct deliverable, start and due date, assignee, 
and role. The order in which activities are completed is 
managed by defining predecessors and by the start and 
due dates given to each activity. This is a flexible way of 
controlling the process, since each activity can be marked 
as required or not, and activities can be completed 
outside of their start and due dates. 

When project plans are usually repeated over time, like 
in the case of a project methodology that is repeatedly 
followed, Aras Innovator® has a tool called “Project 
Templates” to create templates that can be instantiated 
every time a new project is created. Templates help to 
standardize processes, as well as to provide a reusable 
structure for similar projects. A project template was 
created for each phase of the TO-BE process model. 
These templates are loaded by students to create four 
sub-projects, each one for each phase of Project-8. They 
will be standard (as proposed in the template) but groups 
can edit and customize them when they create their own 
projects, except for some activities that will be marked as 
“required”. The activities assigned through projects 
appear at each assignee’s inbox and the rest of the 
group, teachers, etc. can check when the activity is 
completed. A coloured dashboard with Green, Yellow and 
Red alerts appear on the project plan depending on the 
punctuality to complete these activities. This helps to 
keep track of and control the project’s progress and time 
line. 

4 Execution of the PLM Strategy 
The weeks previous to implementation kickoff in the 

course a lot of planning was done on how selected 
students, that would enter the course, would be 
introduced to PLM and prepared to assume this new 
methodology and novel way of working. This represented 
a huge challenge because these students had been 
working with the same manner for more than 3 years. 
Some of them with the same team partners and none of 
them had any idea of PLM before this experience. They 
had only been briefed in some previous courses on 
concurrent engineering or collaborative design but never 

formally taught on this matter. It was predictable that 
some concepts would result hard to comprehend for them, 
and adopting them could be equally challenging.  

The first week of classes, students formed in groups of 
six. Two of these groups were chosen by teachers to be 
the pilot groups to work with PLM; groups #3 and #5 (out 
of a total of nine groups). The time to implement PLM in 
Project-8 was two weeks; the course calendar starts from 
the first week of classes and by the fourth week they must 
deliver the first two phases of the new methodology. In 
this schedule, quickness to get students ready to work 
with Aras Innovator®, plan their project and upload 
documents was imperative.  

The introduction was planned on the basis of three 
tutorial sessions (fig. 2), two tutorial documents, five 
tutorial videos and a new Project-8 booklet guide. The 
tutorial sessions consisted in one for PLM fundamentals 
and Collaborative Design and two sessions on the 
software. These sessions were backed-up by supporting 
documents and videos covering the following topics: 
1) Getting Started: Log-in window, username and 

password, working directory, workspace, TOC, Inbox. 
2) Project Management: Project Templates, Work 

Breakdown Structure, How to create projects, Roles, 
Tasks, Assignees, Predecessors, Deliverables. 

3) Documents: How to create new, Numbering and 
nomenclature, Information to be included, Files 
(Loading new, Check-out, Check-in, and Get-Copy). 

4) Parts: How to manually upload CAD files and create 
the Bill of Materials (BOM). 

5) Meeting Manager: How to fill out a meeting log, 
participants and action items (meeting activities). 

6) Completing Activities: Viewing activity descriptions, 
completing meeting activities, status and colour 
indicators, completing project activities. 

 

 
 

Figure 2: Aras Innovator® tutorial session 
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Every software implementation requires monitoring by 
the system administrator to the initial activities and the 
user’s adaptation to the system. In this project monitoring 
was planned to take place during the first three phases of 
the project, up until the delivery of the Detailed Design 
phase on the 11th week of classes (leaving the last 
phase, which was mainly focused to the physical 
prototype construction). This time was calculated to be 
sufficient to accompany students during their learning 
process and solve any doubts or issues that arose. This 
in turn would provide a good feedback of how successful 
the implementation was. 

Although at the first weeks students presented a lot of 
technical issues and problems related to the use of the 
software, by the end of the first month of use students 
rarely asked questions and very few problems were 
notified to the system administrator. The role of 
monitoring became less active in problem solving and 
more active in observation and process analysis. 

As each team generated a project plan for each of the 
four phases, students should execute these plans and 
follow their milestones in Aras Innovator® by completing 
activities and uploading deliverables on time. Fig. 3 
shows the System’s operational WBS for one of the 
teams, clearly identifying deliverables, dates, uploaded 
files, assignees and roles.  
 

 

Figure 3: WBS in PLM software for project traceability. 

5 Results and Discussion 

5.1 Quantitative analysis 

Both teams uploaded 100% of the deliverables marked 
as “required” in all of the three phases. Additionally, 
Group 3 uploaded eleven extra documents and Group 5 
uploaded four. Despite some few exceptions, documents 
were uploaded with all the required information and in an 
organized way. Those that initially weren’t, were later 
corrected. The proposed nomenclature was very helpful 
to keep documents ordered and made browsing and 
searching files easier.  

Obtained results show that in comparison to the group 
analyzed in P8 2009-2 (semester before implementing 
PLM), both groups in P8 2010-1 performed more activities 
(fig. 4). They also delivered a few more Required 
Deliverables (fig. 5Figure 5), but most importantly, these 
results show that deliverables were reached after 
following a more structured process. 

 

Figure 4: Amount of Activities performed by pilot groups. 

 
Figure 5: Amount of Required Deliverables Generated 

Despite not having automatic connectors to CAD 
software, Group 5 managed to upload their CAD model to 
the system properly with the manual method. An example 
of the Bill of Materials (Model tree) uploaded by one of the 
teams is shown in fig. 6.  

 

Figure 6: Model Tree with uploaded CAD files. 
 
All of the parts, sub-assemblies and assemblies 

necessary for the correct reconstruction of the CAD model 
were made available. This CAD Model was also given in 
Innovator all the relations between parts and assemblies 
to create the Bill of Materials (BOM)11. Group 3 failed to 
upload their CAD model properly. They uploaded the sub-
assemblies and defined BOM relations but didn’t upload 
all the necessary parts to fully reconstruct the model after 
downloading it. These could be avoided in the future by 
purchasing automatic CAD connectors. 

                                                
11 This was tested by downloading the CAD model from Innovator 



861

Sanin and Mejia-Gutierrez  Use of an Open-Source PLM solution to improve teamwork performance in product design courses 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

One of the key benefits of Aras Innovator® is that 
students, teachers, clients and all other users of a 
database have access to all data generated throughout 
the project. This is a great advance compared to previous 
Project-8 courses. The analyzed group previous to the 
PLM implementation had created a common mail account 
to share files. However, only 54% of the documents they 
generated ended up being uploaded in this account. 
Several of those aren’t definitive versions, meaning that 
the information on them is incomplete or outdated. Every 
definitive document was printed and put in a binder, but 
this binder was only retained by one of the team members 
after the project ended. The other documents are spread 
on different personal computers that belong to the team’s 
members. Essential files, such as the CAD assembly 
model and pictures of the prototype, were only retained 
by half of the team or less. In comparison, students that 
used PLM in P8 2010-1 now have a permanent backup of 
data they uploaded to the system (fig. 7). It’s evident that 
PLM Software contributes to the preservation and 
availability of valuable information. 

 

Figure 7: Pie Percentage of documents kept by team 

members 

Students presented very different results when their 
punctuality to complete activities in Aras Innovator® was 
evaluated. This proves that, despite the standardization 
and control that Innovator provides, punctuality still 
remains a personal trait that students must acquire 
individually to avoid project delays. Nevertheless, thanks 
to the implementation of PLM this could be traced 
individually to each student for a more individualized 
assessment.  

One of the objectives of making students plan their 
projects was to reach a better work distribution throughout 

the semester. PLM seeks to have more control over this 
work distribution, not only through project planning, but 
mainly through permanent monitoring. Project managers 
can check the project progress at any moment through 
PLM software like Aras Innovator®, and do the pertinent 
actions if something is going wrong.  Work efforts usually 
fluctuate; increasing prior to delivery dates and then 
decreasing after having delivered. Consequently, students 
in P8 were doing most of their work in the days previous 
to each of the four deliveries. There was a very 
unbalanced work distribution throughout the semester, 
having weeks where almost no progress was made and 
then, on the week prior to each delivery, students making 
up for lost time with late night work and lots of stress. 

Despite the increase in controls and monitoring through 
Innovator, deliveries to teachers continued to be priority 
for students, since they were only graded then. Students 
continued leaving more work for the week previous to 
these deliveries than other weeks. However, controls did 
produce an effect in work distribution, which was more 
balanced in general than on the prior project course. 
Controls were made on weekly meetings previous to 
delivery dates and work effort increased before each of 
these controls, decreasing pressure and effort on the 
week prior to each delivery and augmenting results’ 
quality. Fig. 8 depicts an approximate graphical 
representation of intended, expected and actual work 
distribution after PLM implementation. 

 

Figure 8: Work distribution after PLM implementation  

5.2 Qualitative analysis 

Quantifying students’ attitude towards work, their social 
skills and self-discipline wasn’t the objective of this 
research. However, some qualitative observations can be 
made based on the observation of the teams that were 
involved: 
- In general, workloads distribution among students 

has been improved.  During P8 2009-2 many 
complaints were heard between the team members, 
about others being late or not participating enough in 
the team’s work. In both groups of Project-8 2010-1 
commentaries like these were seldom heard, and 
students in general were all involved with their 
projects. A reason for this might be the fact that 
traceability of student participation is possible in Aras 
Innovator®.  

- Punctuality improved. Despite the delays already 
mentioned, they were less than on previous periods. 
Part of this was the cause for the work distribution 
throughout the semester being so unbalanced. 

- The general harmony between team members in the 
two groups supervised in 2010-1 was better than that 
of the previous semester. Grudges arose between 
team members in 2009-2 because they had unequal 
workloads and also because roles were not assigned 
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by a group consensus but were rather informally 
established as the work advanced. Some members 
resented having been assigned tasks (without having 
agreed to them) by a member of the group who auto-
established himself as team leader without some of 
the team member’s consent. These problems didn’t 
occur in Project-8 2010-1 because the activity 
assignation was done by consensus, with all the 
members’ participation and the team leaders were 
chosen unanimously by all team members at the 
beginning of the semester. 

5.3 Student Feedback 

One of the most important sources to review the 
outcome of the PLM implementation in Project-8 was the 
users themselves. They were asked to give feedback on 
the adaptation and use of the methodology and software 
after the first and second deliveries. 

Some of their positive comments were the following: 
- “The software is easy and handy to use; checking 

activities and uploading deliverables is easy”.  
- “The real benefit I see is at the end of the project 

where all of the group will have access to the 
information and documents generated” 

- “PLM has permitted delegating and distributing work 
better and controlling times for delivery”. 

- “This methodology should be slowly introduced in 
previous Project courses, to integrate this knowledge 
into the formation of students, and to turn this into a 
differentiating competence of Product Design 
Engineers”. 

Most of the negative comments were in regards to 
technical difficulties with the software, mostly due to 
problems accessing the servers, browser compatibility 
and connection slowness. Nevertheless, there were also 
some comments made in regards to the implementation 
itself: 
- “With regards to the PLM methodology the problems 

have been changing the way of doing things; we 
aren’t used to this and I often forget to check the 
activities I’ve been assigned”. 

- “More work needs to be done to increase the 
student’s awareness and appropriation of PLM 
philosophy”. 

6 Conclusion 
This work has proved that the implementation of this 

PLM strategy is beneficial to the education of Product 
Design Engineering students, amongst other reasons 
because: 
- It stimulated students to collaborate and increased 

the awareness of their interdependency and 
commitment to their work; 

- It provided them with a tool to address the most 
recurrent issues in the development of collaborative 
design projects; sharing and managing information, 
and planning and having control of the design 
process in all of its stages; 

- It will prepare and qualify them for industrial changes 
brought by this new technology.   

PLM can be as complex and complete as each 
implementation demands. It can support the design and 
development of the world’s most advanced airplanes or 
help a small group of students to improve an academic 
project development. With the introduction and advances 
of Open Source PLM tools, more people have gained 

access to these formerly unreachable technologies and 
new applications have been created. For developing 
countries it is imperative to keep up to date with world 
class technologies and methods for design and 
manufacturing. This work contributes in this aspect and 
overcomes the limitations that arise in a pedagogical 
environment to demonstrate another feasible use for PLM. 
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Abstract 

 Purpose: 
Visual perception is a phenomenological interpretation but it is unable to return exactly the 
essence of reality, the sight returns some apparent and exterior qualities of things as shape 
and chromatic features, the only way to bend the space and to create views of apparent 
worlds is to know the intimate truth of perception.  
system.  

Method: 
The conscious utilization of geometric optics is a valuable tool to disseminate the scientific 
and intellectual aspects of the building art, but it is essential to confront not only geometric 
theory but also practical examples, possibly following the most distinguished architects. 

Result: 
snatching space deformation process and taking a further step towards self-interpretation and 
design. 

Discussion & Conclusion: 
student training to the comprehension of the space and its geometric rules; the space control 
can generate an illusory, but not for this reason less realistic, landscape. 

1 Introduction 
The Vision is an interpretation of the world unable to 
return exactly the accuracy of the real things, this 
happens because the sight gives back only the external 
and apparent features, such as shapes and colours. 
It is known that the Greek philosophers wondered about 
the power of the view, so much so that Plato in the 
Timaeus, after dealing with physical and cosmological 
issues, devotes thoroughly its third chapter to the 
eschatological problems, defining true philosophers only 
those who love the Truth (Aletheia) and do not follow the 
Opinion (Doxa)1. 
But then, what is this truth that is true knowledge and that 
is opposed to the general opinion, seen as misleading 
interpretation of the sensitive phenomena? 
The starting point of all knowledge, willy-nilly, remains the 
sensible world, a set of entities located in time and space, 
so that world, we experience, is an image of the resulting 
complex physical, physiological and psychological 
processes, which can also produce misinterpretations.  
In the search of the truth, man can only rely on the tools 
of thought such as reason, logic, mathematics and 
geometry; in fact, the German idealist philosopher Hegel, 
centuries after Plato, in an attempt to summarize the 
process that leads to knowledge, put this action this way: 
“Thinking in the abstract does not mean to put aside the 
sensitive matter, instead it takes to the substitution and 
reduction of the appearance on behalf of essence, which 
shows itself in the same idea”2. 

                                                 
1  Platone, Timaeus, 45 B, 45 D, 67 C 4. 
2 G.W.F. Hegel, Weissenschaft der Logik, vol II, 1916, p. 225. 

Therefore, the main way that the mind has to understand 
the truth remains the abstraction, a real stripping process 
of sensible phenomena, capable of highlighting the 
essence of things; once it has reached a deep 
understanding of rules, Plato's Aletheia, it is possible to 
conquer and manipulate the Doxa. Transposing these 
words to our specific case, it could been stated that if the 
designer is able to steer the scientific and geometric 
processes of the space, he will be able to generate an 
architectural landscape, certainly fantastic, but not, for this 
reason, less realistic. 
The procedure that deals with ad hoc deformations of the 
space, anticipating the optical processes of vision, is 
called solid perspective, a space design that underlies 
sophisticated geometrical knowledge, which can not be 
ignored if the architect wants to get a proper optical 
coherence.  
if we look in the history of architecture, it is possible to find 
many examples, the most famous are: the Bramante's 
Santa Maria presso San Satiro in Milan, Palladio's Teatro 
Olimpico in Vicenza and Borromini's Galleria di Palazzo 
Spada in Rome. 
In this short essay it has been reported the results of a 
study conducted on the original scenes designed by 
Vincenzo Scamozzi for the Olympic Theatre in 
Sabbioneta3, now lost. The aim is to demonstrate how 
through the analysis of a concrete example we can reach 
the rules of the space and, from this starting point,  

                                                 
3 In this essay it has been reported the drawings produced by 
Paolo Ruggero e published with the title: La scena assente. 
Ricostruzione delle scenografie scamozziane per il Teatro 
Olimpico di Sabbioneta. In G. D'Acunto, Geometrie Segrete, Il 
Poligrafo, Padova 2004. pp. 277-294. 



865

Monteleone Teaching the rules of the space: the Olympic Theater in Sabbioneta  

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

improve, through education, the design knowledge of the 
space to build. 

2 Method and Result 
Sabbioneta is a Renaissance city which could be 
considered as a open-air theatre because its  street were 
conceived to constitute the background for the daily 
pièces de théâtre of the Duke Regent, Vespasiano 
Gonzaga Colonna (1531-1591). The Duke intentionally 
replaced the spontaneous development of his town with 
an attempt of design, based on an ideal geometric order4 
(fig. 1); he also commissioned the execution of the 
theatre, asking to the architect Vincenzo Scamozzi from 
Vicenza to design and built it, its location has a mediating 
role between the ducal palace and the private residence. 

 

Fig. 1 J. Chafrion, Plan of Sabbioneta, print. Milan 1687. 

The interior of theatre shows the architect's deep ability to 
manipulate the space, which manifests itself as a 
seamless continuum between the open gallery, the 
cavea, the orchestra and the scene; the path starts from a 
porch (a semicircular peristyle), passes through two views 
of Rome (two frescos on the side walls) and arrives to the 
scene, which is a typical ideal square of the fifteenth 
century. Further, Scamozzi accentuates the spacial 
continuity, thanks to the use of a false ceiling, that 
simulates the blue sky, creating a sort of connection 
between different parts and functions of the space, rightly 
the Ricci insists on this point:  
“Scamozzi does not treat the scene like an old theatre 
because it would be a hindrance to the architect's idea of 
the urban space, he broke with tradition and exalted the 
continuity between stage, auditorium and illusion”5. 

                                                 
4 G. Ricci, Teatro. Dalle origini all'Ottocento, Milano 1971, p. 98. 
5 G. Ricci, op. cit., p. 102. 

The fixed scene, who accompanied the performances 
until the eighteenth century, when it was replaced, is even 
mentioned in the treatise published in Venice in 1615 by 
the architect: “the perspective of buildings represents a 
large square, with a noble road in the middle, and then, 
here and there, other many and different buildings made 
with colourful wood to mimic the actual houses”6. 
Scamozzi, therefore, created a conventional solid 
perspective of a portion of an ideal city, planning and 
projecting oblique elements, following the model of 
“square and road” set by Baldassarre Peruzzi and later 
codified by Sebastiano Serlio in his teatrise7. Therefore, 
the design of the theatrical environment goes beyond the 
function of the building itself to fit in a wider and complex 
context, namely that of a real and material urban  
 

 

Fig. 2 V. Scamozzi, The Theater in Sabbioneta. Drawing 

191A, GDSU, Florence, 1588. 

reworking. An attempt that is well integrated in the cultural 
context by Magagnato, in fact, he observes that during the 
Italian Renaissance some parties became an excuse to 
model a new and ideal cities8. So the Scamozzi's 
archtecture, created for the stage, threw the spectators 
into a further noble fantastic town iside another ideal city, 
the second one was a fruit of the plan carried by the 
prince Vespasiano Gonzaga, instead the first was an 
utopian dream of the architect from Vicenza. 

                                                 
6 V. Scamozzi, L'idea di architettura universale, Venezia 1615. 
7 A. Paolucci, U. Maffizzoli, Sabbioneta, il teatro all'antica, 
Firenze 1993, p. 45. 
8 L. Magagnato, L'idea di città nel teatro del Cinquecento, 
“Bollettino del centro studi Andrea Palladio”, 0, 1967, p. 325. 
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Fig. 3 Rectification of the oblique left scene taken from the 191A drawing by V. Scamozzi. Drawings by P. Ruggero. 

The drawing signed by Scamozzi, dating to 1588 and kept 
in the Cabinet of Prints and Drawings of the Uffizi in 
Florence (fig. 2), reproduces the layout of the stage and 
the scenic view of the left side, so this drawing is a good 
reference, as starting point, to re-create what has been 
lost. But as this drawing is not sufficient to complete the 
reconstruction of the whole scene, other graphic records 
were consulted: the drawing named 198A and served as 
well at the Uffizi, some depictions of the Garden Palace in 
Sabbioneta and some paintings of sacred 
representations, hunging in the private chapel of the 
Duke.  
Following the instructions of the architect, set out in the 
treaty L'Idea dell'Architettura Universale, the 191A 
drawing could be considered as an “invention in poor and 
little shape” and then as part of a design phase of the 
scene; so the drawing is probably just as a provisional 
note that had to be brought before the Duke. But the 
document is not for this reason less precious in terms of 
graphics, in fact, it is accompanied by explanatory notes 
and measures that have allowed to complete the more 
likely reconstruction of the left front of the scene. The 
analysis operation, based on the rules of the projective 
geometry, had led to the privileged position of the viewer 
(certainly the Duke Vespasiano Gonzaga), setted about 
5.80 m away from the proscenium, and to the main solid 
point, which is considered as the physical place of 
convergence of the different architectural elements; in this 
way it has been highlighted the inherent deception of the 

scene, which, through ad hoc deformations of the 
architectural elements, anticipates the physiological 
processes of the vision. Another step was made 
legitimately assuming that the pavement of the noble road 
was made up of harnesses, that can be considered solid 
images of square tiles. Once that the architectures 
created with the solid perspective have been isolated, the 
elevations of the urban façades, in their ideal forms, have 
been obtained through a reverse projection of the three-
dimensional scene on the real space, still three-
dimensional but not deformed (fig. 3). 
The consideration relating the apparatus on the right 
scene are more interpretative, because it has found 
inspiration from another drawing by Scamozzi, named 
198A (fig. 4). From a comparison of the two sheets some 
correspondences emerge between the right side of the 
plan prepared for the Olympic Theatre in Sabbioneta and 
the buildings designed in the 198A drawing, as well as 
stylistic similarities can be picked between the third 
building of the design sheet and the house on the 198A 
drawing in the same position. However, beyond the 
ambiguities (the most significant inconsistency concerns 
the poor match of the principal solid point (this is why it 
was necessary to use a double orthogonal projection); by 
the way the latter sheet constitutes the most valid tool to 
reconstruct the scene on the right. A monumental arch 
completes the philological reconstruction, which allows to 
the viewer to see far beyond the illusory urban limits. The 
reconstruction of this element, which takes place in the 
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background, was inspired by a careful reading of the 
191A document and by a comparison with a fresco of 
Palazzo Giardino and a contemporary iconographic 
source, the painting by Bresciani, dating back to 1599, 
that represents a triumphal arch very similar to the end of 
the stage , which Scamozzi had drawn on the 191A 
drawing (fig. 5). 
 

 

Fig. 4 V. Scamozzi, Scenes from the Olympic Theater in 

Vicenza. Drawing 198°, GDSU, Florence, 1584-1585.  

Reconstructing, step by step, every single part of this 
scene produced finally an image to the modern viewer; it 
should be very close to the original theatrical front, to be 
more clear it represents what the Duke and his Court 
should have enjoyed during the theatrical performances 
(fig. 5). The Scamozzi's geometric skills were manifested 
not only for the design of the theatre in Sabbioneta, but 
also for urban houses, as proof that every known tools 
can be used for design purposes; an example of this 
transposition between city and theatre is the rear 
elevation of the Palazzo Priuli in Padova9. 
The building is located in a historically crucial position for 
the city, along Altinate street, the road that linked, since 
the Roman times, Padova to the lagoon; the deformed 
elevation faced a small canal, now covered, along the line 
generated by the fortheenth century walls. A deep study 
of the solid perspective of this building has not yet 
conducted, but the intention of the artist is enough clear, 
Scamozzi wanted to carry on any activity design starting 
from his knowledge and experiences, instilling, thus, an 
intellectual value to architecture ,in which all the skills 
take part, for the geometric control of the space to build.  

                                                 
9 G. Bresciani Alvarez, Architettura a Padova, Il Poligrafo, 
Padova 1999, p.518. 

 

Fig. 5 G. Bresciani. Saint Lucia. Santa Maria dell’Assunta’s 

Church, Sabbioneta, 1599.  

 

Fig. 5 Rectification of the oblique left scene taken from the 

198A drawing by V. Scamozzi. Drawings by P. Ruggero.
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3 Conclusion 
In this case, the study of the most distinguished 
architects' works was based on the analysis of the 
deformation processes of the space. This methodological 
approach that takes inspiration from the past as tool to 
address the present and the future is well summarized by 
a sentence of Philibert de L'Orme:  
“The good architect is different from the bad one because 
he has three eyes: the first eye is turned to the future, the 
second to the past and the third looks at the present”10.  
The euclidean space has three dimensions and is 
governed by fixed and irrefutable rules. The knowledge of 
these rules is the only way, that the man has got, to bend 
and shape his space; but it can not refer only to the 
phenomenological aspects, if the Plato's Episteme is the 
real object of a scientific and cultural research, then it 
must go further and extend the interest in the intimate 
truth of Nature. The geometry can be considered a good 
tool as complement to the architectural design, not only to 
control the compositional and formal aspects of a project, 
but also under an aesthetics and optical point of view, as 
well as in conveying ideas and thoughts, especially if one 
considers that the ultimate goal of architecture is to 
"improve" the space in which a man lives. To address 
these problems, the architect or the engineer can not 
solve his problems just referring to the modern 
technology, because the digital programs are only tools at 
the service of ideas and, if one is not able to control and 
to envisage the space and the geometric rules, which 
make it possible, never an architectural design can be 
defined as a true intellectual act. It is known that part of 
contemporary architecture in recent years has watched 
with interest in intentional sculptural effects, subjecting 
the act of design to complex geometric processes, 
between them it is possible to count designers such as 
Zaha Hadid and Frank o 'Gary. Of course, this design 
makes use of advanced digital tools, but their use is 
aimed at virtual testing of reality and at accelerating the 
representation and communication of the ideas, in fact, 
even in these extreme cases, the architect conceptually 
prefigures in his minds and support his "wonder buildings" 
with formal considerations, that tie the geometric space to 
the continuity of the fluid paths and shapes. The 
conscious use of geometric optics by the architect is thus 
a valuable tool and an useful act to infuse scientific and 
intellectual support to the art of building. For this reason it 
is especially desirable in the training phase of a designer 
to deal successfully with both theory and practical 
examples, possibly walking in the footsteps of the great 
architects, first to snatch the secrets and processes of 
space control, second to take a step towards an 
independent interpretation and design. 
 
 
 
 
 
 
 
 
 
 
 

                                                 
10 P. De L'Orme, Architecture, Tomo I, Morel, Parigi 1567. 
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Fig. 6 Rectification of the oblique left scene taken from the 191A drawing by V. Scamozzi. Drawings by P. Ruggero. 
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Abstract 

On the occasion of the restoration of Insigne Collegiate in Gandia and continuing the 
research work carried out by Sanchez Piris  reconstruction of the original front door of the 
Apostles of the Collegiate, begins a second phase of research that has aim to generate a 
virtual image of what could have been the door of the Apostles dating from the XVI century. 
Although the door did not have images or historical references or recorded, it does have data 
on the architectural style and the time it was built. It is believed that the author could have 
been Pere Comte or any member of his school, who is credited with the Valencia 
Marketplace, a World Heritage listed. Since there is no historical reference to what might 
have been the original facade, with the supervision of the architect responsible for the 
restoration of the Collegiate Dr. D. Architect Peñin Alberto Ibáñez, we proceed to conduct a 
research study that aims to make a virtual projection on the door of the Apostles in a non-
invasive technique that simulates what might have been the main gate of the Collegiate.  

1 Introduction 

The Collegiate Church of Our Lady of the 
Assumption located in the Plaza of the Constitution was 
built on the ruins of an ancient mosque and was once the 
parish of Santa Maria. It was erected in college by papal 
bull of Pope Alexander VI, and was awarded the title of 
Collegiate October 26, 1499. 

 The header is considered Gothic, dating from the 
late s. XIV or early s. XV, and the rest from the early s. 
XVI, is a reconstruction due to Maria Enriquez, first 
Duchess of Gandía.  

 
 
Of a single ship and smooth walls, is an important 

example of late valencian Gothic.  
Outside, the south gate style corresponds to the earliest 
of the building, and the Door of the Apostles with 
sculptures is attributed to Forment and children 
workshops.  

Inside there are nine chapels on each side, round 
windows and roof with carefully worked keys. The choir is 
from late s. XV and is decorated with the coats of the 
Borgia family. 

 
  

The Collegiate was declared as historic monument in 
1931. During the years of the Spanish civil war famous  

 

artistic treasures were lost, the file disappeared and it was 
destroyed the square head that was later replaced by a 
neo-Gothic polygonal head. From the forties began the 
restoration of Gandía’s Collegiate. 
 
 
        The virtual image is recreated according to the study 
of research and development undertaken by M ª José 
Sánchez Piris [5], which makes a detailed study by the 
architecture of Pere Compte [1], either the author or the 
school that is credited with the construction of this door.  

Fig. 1 architecture of Pere Compte [5] 

 

Spanish architect Pere Compte most important work is the 
Lonja de Valencia (1483-1498). Participated in the 
construction of the Torres de Quart Valencia city as well 
as the Cathedral of Valencia and the Palau de la 
Generalitat Valenciana. It also broke ground for 
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construction of the Consulate of Mar. He died July 25, 
1506 in the city of Valencia. 

 
 

 

 

 

 

 

 

Fig. 2 State before restoration Source: “Patrimonio 

Monumental:  Intervenciones recientes” A. Peñín Ibañez [4] 

1.1           Initial image generation starting 

 
The study by Sánchez Piris [5], extracts a collection of 
Valencian Gothic art and especially of the works 
attributed to Pere Comte and his school who is believed 
to be the author of the Gate. With all the information 
gathered from the previous study, it generates a report 
that is sent to Heritage for approval of non-invasive 
simulation on the door of the Collegiate. 
 

 

      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 State after restoration and simulation study 
Source:A. Peñin [4] 

 
 
 

 

       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 Proposed virtual image restoration 
Source: M. Sánchez Piris [5]  

 
Virtual simulation system 

For the choice of equipment is taken into account the 
technical assumptions described later. We were also 
looking for functionality in the equipment to properly 
develop the purpose and future use. 
To study the most important factor for the projection, tests 
were done to determine what would be the best option. 
Raised the following premises: 

1. The first is that it should be a device which is in 
the open, so it should be resistant to inclement 
weather. 
 
2. It must also be a standalone device with automatic 
programming. 
 
3. It should also be a device that could remotely turn 
to pay if necessary. 
 
4. The device must have a high tolerance for failure. 

This system would consist of a projector with the 
production of images and ignition control device and 
wireless device for remote operation. 
It proposed a technical solution for the installation was 
easy to use. In choosing the systems are combined 
different brands, to always keep the right performance at 
the highest possible level and always leave open the 
possibility for future expansion and / or changing times 
and circumstances were suing. 
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 We conducted two field tests in systems that were 
considerably more optimistic as the projection through a 
"gobo" and the projection by a video projection system. 

 

 

 

Fig. 5 GOBO VARISCAN 6 tests on the front and the NEC 
3000 lumen projector no light on the facade support 

Of the existing projection technology is chosen as 
DLP is not susceptible to burns and one should not worry 
about static images can become permanently marked as 
LCD systems. Has been estimated minimum need 5000 
lumens projection. 

It determines the point of projection in an area 
accessible from a balcony on the facade of the building 
opposite the Gate of the Apostles, as central as possible 
to minimize the aberrations and distortions in the image. 

 

Fig. 6 Type projection lens and vertical position on the 

Door 

To project the image raises a number of previous 
difficulties such as lack of linearity of the projection zone 
with respect to the door to project, having two types of 
deviation of horizontal and vertical linearity as shown. 
 
Storage and issue of the image to be projected is 
selected SingEdge device that incorporates a system with 
an integrated hard disk player is a digital signal to 
AVC/H.264, MPEG 2, JPEG files to execute decoding HD 
IP traffic. 

 

 

 

 

 

 

 

 
 
 
 

Fig. 7 System programming screens. 

 To protect the system is designed as a box to 
support the range of temperature and moisture needed to 
resist climate change outside the Collegiate where stands 
the Gate of the Apostles of Gandia, the box is made of 
stainless steel with forced ventilation air into the bottom 
with 3 fans planes with a particulate filter and out through 
the top campaign mode so that rain can not penetrate into 
the case at all. 

 
 

 
 

Fig. 8 Final installation 
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For final verification tests are performed robustness 
against possible failures are tested for system failure due 
to lack of power, power surges, accidental shutdown, 
deprogrammers 

1.2 Virtual simulation 

The recreation of the image to be projected comes 
from the research work previously done by Sánchez Piris. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9 Planning Projection 

 

Fig. 10 Real Location Projection 

 
To project the image raises a number of previous 

difficulties such as lack of linearity of the projection zone 
with respect to the door to project, having two types of 
deviation of horizontal and vertical linearity as shown. 
Below is the view of the door of the Apostles of the 
Collegiate Gandía and projection. 

 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Fig. 11 Planning Projection 

 
 

To correct the deviations that result in 
aberrations to the time of projecting the image on the 
Door of the Apostles, using a photo retouching tool for 
adjusting the image to go to the door manually correcting 
all the aberrations caused the lack of linearity of position 
due to the geometry of the square of the Apostles and the 
need to choose a site accessible to locate the projection. 

 

2 Conclusion 

 
The implementation covered the initial 

expectations raised under the supervision of the architect 
responsible for the restoration of the Collegiate D. Peñin 
Alberto Ibañez. The adaptation of the image that has been 
totally manual, which has been necessary to adapt each 
part of the image so that the result is a reconstruction that 
simulate reality with a sense of relief and giving an effect 
of total integration despite being projected onto a flat 
surface. 

The final system's open architecture, allows in the 
future should there be documentation describing how it 
could have been the original gate could adapt the new 
design without changing the system. 
It has been a research project which had to pose many 
challenges, with a final implementation of robust and high 
quality. 

The main objective initially proposed was the final 
implementation as well as the intermediate process of 
system design and redesign of the image for a virtual 
projection system that would reproduce in the most real 
possible as it might have been the door of the Apostles 
the Collegiate Church of Santa Maria Insigne de Gandía. 
The goal has been met and the system is now 
operational. 
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Fig.12 Current state with the virtual simulation night 

Fig.13 Current state with the virtual simulation night 
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Abstract 

Purpose: 
It is proposed a methodology to get landform of an area by using GIS techniques and a 

verification afterwards by photographs taken from several highways and motorways. 

Method: 
Within the catalog of geographic features that serve to define a specific landscape of an 

area, this paper proposes the study of the landform. It is about mapping by using Geographic 
Information Systems, specifically the ArcGIS 9.3 (ArcMap and ArcCatalog). To do this, it is 
necessary to use both raster and feature formats. 

The methodology using of various coverage of the Alicante province, extending from the 
contour, vertices surveying, dimensional points, administrative boundaries of the province to 
rivers and reservoirs. All this information has been provided by the National Center for 
Geographic Information. In this manner, we obtain a Digital Terrain Model corrected 
hydrogeologically to 1:25000. 

Starting off of this digital terrain model - which has been calculated through the actions 
explained above- we used several tools of ArcGIS 9.3, including: neighborhood focal 
statistcs, reclassify, slope, clip, intersect, dissolve, etc. in order to calculate relative relief, 
slope and neighbourhood analysis radius. With these parameters we obtain a Landform 
Classification of Alicante province (Spain).   

Afterward, we contrast the landform result with a pictures taking from several highways and 
motorways in Alicante in order to identify if this classification is correspond with the reality. 

Result: 
As a result, we obtain an Automatic Landform Classification of Alicante in 1:25000, and 

properly methodology to do this delimitation because it has been contracted with the real 
landform by pictures.  

Discussion & Conclusion: 
After the verification with the reality, the result map is be able to extrapolate the methodology 
applied to others places with similar or different superficies and also with another type of 
topography. It is only necessary to adapt some parameters depending of the project scale. 

 

1 Introduction 
It is well known to use Geographic Information Systems 

to study different environment areas, such as landform. 
Currently, there are several publications concerning this 
topic, some of those considered most relevant are [1-8].  

Although some GIS applications can get a very realist 
landform, this paper presents a mixed study by 
geographic information systems and knowledge of the 
real relief. In order to have enough documentation from 
real orography, we have taken photographs along various 
roads.  
To carry out this proposal, we performed a practical study 
in the province of Alicante (Spain), taking the highways 
and motorways in this province such as observation areas 
which belong to Abertis and Iridium companies that 
participate in OASIS project. These line infrastructures 
are distributed throughout the province, so that both the 
coast and the interior have been photographed, and 
inventorying a variety of relief, from plains at sea level to 
mountains in the interior.  

To study the landform through the photos, it is 
necessary to select which are representatives of the relief.  
 

2 Materials and Method 

2.1 Material 

As indicated in the abstract, for carry out this work is 
started from several coverages: contours, vertices 
surveying, dimensional points, administrative boundaries, 
rivers and reservoirs and orthophotos, which are obtained 
from download center of National Center for Geographic 
Information. These layers are used as a tool for 
Geographic Information Systems, specially the ArcGIS 9.3 
program, working in both raster and feature systems, by 
using several applications, such as: neighbourhood, 
intersect, clip, dissolve, etc. in order to obtain a landform 
classification map of the province. 

Afterwards this office phase, we have made several 
field trips in order to have  photographic documentation of  
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various areas of the province, with the purpose of 
verifying  the resulting coverage with the reality. For this 
reason, we took panoramic photographs of 360º from 
some highways and motorway. At the same time than 
taking pictures from the car, we took position data using a 
GPS to georeference all the pictures and place them in 
the GIS. 
 

2.2 Methodology 

The methodology applied is started with several 
features coverages: the contour, the vertices surveying, 
the dimensional points and the administrative boundaries 
to a 1:25.000 scale, while rivers, reservoirs and roads 
were vectorially digitized a smaller scale from the 
orthophotos to avoid errors in this process. All these 
coverages are used to obtain Digital Terrain Model (DTM) 
corrected hydrogeologically, in order to be as accurate as 
possible to avoid possible accumulation of errors because 
the rest of methodology starts from this coverage. 

For verification of the result landform coverage, were 
selected some highways, which are: 

- A7 motorway between Elche and Crevillente  

- Alicante ring road 

- A31 highway from the port of Alicante to Albacete 
boundary 

- AP7 motorway from Alicante ring road to Valencia 
boundary 

 

 
 

Fig. 1 Digital Terrain Model of the province of Alicante with 
the roads photographed. 

 

The main phase of the methodology is the use of GIS 
to obtain a landform map of Alicante province. To do this, 
we based primarily on the methodology used by Brabyn 
(2005) [4] in the Classification of the Landscape of New 
Zealand. Some modifications have been made due to the 
difference of surface and relief. 

As Brabyn, the methodology is mainly based on three 
parameters: the slope, the relative relief and the profile 
index. Each parameter is used to identify and classify 
some specific factors. In the case of the slope is intended 
to identify from plain to sloping areas; with the relative 
relief is estimated the relief with respect to a particular 
area, being able to identify the reliefs different heights; 

and the index profile is studied elevations from an area to 
surrounding areas. 

 

 
 

Fig. 2 Methodology using by GIS 

 

From DTM, by implementing Spatial Analyst is 
calculated the slope, in %, of the province of Alicante. It 
obtained a slope range from 0 to 85.64%, with the aim of 
using this parameter for the landform reclassification is 
divided into two ranges by Geometrical interval, slope < 
3.84% and slope > 3.84%.  
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Fig. 3 Slope of the province of Alicante with roads 
photographed. 
 

 
 
Fig. 4 Slope reclassification (slope < 3.84% or slope > 3.84%) 
of the province of Alicante with roads photographed. 

 

The next parameter to consider is the relative relief, to 
get this coverage is also started from the DTM that by 
applying focal statistics Neighborhood, it obtained a range 
between 0 to 1408. For better processing of information, 
the relative relief is reclassified into four groups (relative 
relief<150, 150>relative relief<300, 300>relative 
relief<900 and relative relief> 900). 

 
 
Fig. 5 Relative relief of Alicante province with roads 
photography. 
 

 
 
Fig. 6 Relative relief reclassification of Alicante province with 
roads photographed. 
 

The last parameter is Profile Index (PI), which requires 
to calculate before the maximum elevation of study area 
by applying focal neighborhood statistics, and in 
conjunction with the DTM, is used the following equation 
(eq.1) to get the Profile Index: 

 

PI%=[(maxelev-DTM)/maxelev]x100                      (1) 

 

Finally, the map obtained is reclassified into two groups: 
Upland = pi% <50% and Lowland = pi% > 50%. 
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Fig. 7 Maximum elevation of the province of Alicante with 
roads photographed. 

 
 

Fig. 8 Profile Index of the province of Alicante with roads 
photographed. 

 
 

Fig. 9 Profile Index reclassification of the province of 
Alicante with roads photographed. 

 

By means of combinations of the three previous 
parameters, we obtain a classification of eight types of 
landform: plain, low altitude hill, hill, high altitude hill, 
mountain, low altitude plateau, plateau and high altitude 
plateau. 

Once the photos are taken from field trips, and their 
coordinates are inserted in the metadata of the images, 
for later positioning in the GIS, for which it is made an 
Excel document with the numbering of the photographs 
and their coordinates, in the WGS84 system. By applying 
AddXY is created new point coverage, which is 
hyperlinked to the pictures taken. This coverage is used to 
verify the result coverage. 

The photos are taken each 200m, so there are a huge 
number of them, for this reason is necessary to select the 
representative photos of the landform of the area. To do 
this, we made two selections: 

- The first is through viewshed from motorways and 
highways studies. It selected the areas from where 
it appreciates the relief, according to the MDT, in 
order to select those that have a wide field of view 
of the area. 

- In the second is ruled out the images where the 
presences of human elements and / or with 
abundant vegetation, in close-ups, are 
predominated because they do not allow the 
perception of the field. 

Once selected the photographs that represent the 
topography of the area, are coded by the eight types of 
relief obtained in the phase of GIS, to verify if the landform 
coverage is adjusted to reality. 

 
 

Fig. 10 Viewshed of Alicante province from motorways and 
highways 
 



879

A. P. Merina et al. Landform of Alicante province by using GIS 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

 

Fig. 11 Viewshed from motorways and highways with points 
from which photographs were taken 
 

3 Result 
As a result of the interaction of all the coverages and 

their subsequent verification with field trips to photograph 
and know in detail the study area, we get a landform map 
of Alicante, which may be used for future work of the 
province such as environmental applications using GIS or 
study of the area. The map obtained is show in fig.12.  

 

 
 
Fig. 12 Landform classification of Alicante province 
 

Landform Area (km2) Area (%) 

Plain 1214.8868 20.8473352 

Low Altitude Hill 54.4024 0.93353971 

Hill 219.9693 3.77465105 

High Altitude Hill 2202.3986 37.7929384 

Mountain 428.7322 7.35700141 

Low Altitude 
Plateau 

955.497 16.3962324 

Plateau 725.1807 12.4440278 

High Altitude 
Plateau 

26.473 0.45427402 

 
Tab.1 Landform classification of Alicante province 

Through this study, we know the percentage of each 
type of landform in Alicante. The dominate landform is 
high altitude hills with a 37.79% of the province, followed 
by plains with a 20.84% and low altitude plateau with a 
16.39%. Being low altitude hills, hills and mountains least 
prevalent, as shown in the table and chart (fig. 13) below. 

 

 
 

Fig. 13 Surface and percentage of each type of Landform 

  

4 Conclusion 
In conclusion we find that the methodology used to 

obtain relief of Alicante is appropriate, because of the 
result coverage obtained by using GIS techniques 
matches with the reality of photos taken from the roads. 

This system of relief representation can be extrapolated 
to others areas, within the limitations of the program, 
regardless of relief type or surface to be studied. 

This tool is considered useful for further studies such as 
construction projects and environmental. 
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Abstract 

Purpose: 
This work is framed within a reuse project of traditional underground cellars. Underground 
wine cellars are singular elements of the architectonic and cultural Spanish heritage. The goal 
is to have for the reuse and intervention analysis valid documents which represent the reality 
of the object being studied as closely as possible, understanding the level of abstraction of 
the graphic representation. 

Method: 
To establish the proposed reuse and intervention measures the mapping of the cellars is 
necessary. First of all it was necessary to clean and recondition the cellars. Then a 
topographical survey of the cellars was carried out. Given the irregular geometry and 
characteristics of the constructions under study, the conducted survey data have required a 
graphic interpretation, completing these data with the information obtained in subsequent 
visits to the cellars. 

Result: 
The result plans are as complete as possible to understand the shape, interior volume and 
state of the cellars: location, framework, details and singular points, pathologies, cross 
sections, longitudinal sections, images, necessary intervention measures and reuse proposal.  

Discussion & Conclusion: 
We propose a methodology for conducting the mapping of underground constructions, 
through a topographic survey and graphic interpretation of the results. The result plans offers 
a geometric definition of the wine cellars, being the support for the analysis and diagnosis of 
the conservation state. The plans are instrument to know with acceptable error the real 
surface, geometry and length of the cellars. This methodology based on total stations could 
be a reference for similar studies. 

1 Introduction 
 
Underground wine cellars are singular elements of the 

architectonic and cultural heritage of Spain.  
They are usually small underground constructions 

excavated by hand under the surface. The door leads to 
an entrance tunnel usually measuring less than 2 m high 
and 1 m wide with varying gradients and length (fig. 1). 
This tunnel leads to a maturing cave where the wine is 
traditionally stored for fermentation and maturing. 

Its geometry is the result of traditional methods 
employed in its excavation. Its labyrinthine growth is a 
clear indication of anarchic underground activity 
depending on the needs of the moment, taking the 
direction that suited in each case or perhaps it was easier 
to dig (fig. 2 and fig. 3).  

Are common detected cases of galleries that are 
interrupted because their path cross with existing ones or 
tunnels that lead nowhere perhaps because of difficulty in 
the excavation process (trial and error). 

Are also common ventilation chimneys between 
different galleries, allowing the existence of air currents in 
the underground level. The presence of ventilation 
chimneys greatly influences indoor conditions [1].  

A more detailed description of the properties and types 
of traditional wine cellars can be found in Fuentes Pardo 

and Cañas Guerrero [2]. Also, the ambience indoor and 
seasonal behaviour of these constructions have been 
described in recent studies [3] and [4]. 

 

 

Fig. 1 Access tunnel to the cellar. 
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Fig. 2 Detail of the cellar galleries. 

 

 

Fig. 3 Detail of the cave ramifications. 

 

This work is framed within a reuse project of traditional 
underground cellars funded by the city council of 
Fuentelcesped. The main objective is to promote their 
reuse in the context of cultural and enology tourism. 

There are few previous studies about the mapping of 
underground constructions. A report of the International 
Tunnelling Association [5] compares practices in nine 
countries concerning the planning and mapping of 
underground space, but provides no information on the 
mapping methodology.  

Some studies [6] and [7] have used 3D scanner for 
mapping in mines. The main drawback of 3D methods is 
the cost of the equipment. There are other less common 
methods such as a gravimetric survey to help locate the 
holes and to better define the bounds of a mine [8]. 

We propose a low cost alternative methodology for 
conducting the mapping of underground constructions,  
through a topographic survey and graphic interpretation of 
the results. The starting point is the knowledge of the 
reality studied. To establish the proposed reuse and 
intervention measures the survey of the cellars is 
necessary. Given the irregular geometry and 
characteristics of the constructions under study, the 
conducted survey data have required a graphic 
interpretation, completing the information with subsequent 
visits to the cellars. 

 
 
 

2 Methodology 
 
The goal is to have a valid document which represents 

the reality of the object being studied as closely as 
possible, understanding the level of abstraction of the 
graphic representation. This document will be essential in 
both the study and analysis of their current status and in 
the proposals for reuse.  

To do this the first step was the preparation of the 
cellars to carry out further work. Once conditioned the 
cellars a topographic survey was conducted. 

It would be naive to think that in a construction of such 
geometric complexity a simple capture of points serve to 
define the geometry of the element studied, even though 
this data collection is, as has been rigorous. 

Therefore, the resulting plans (floor, longitudinal and 
cross sections) are based on survey data (fully trusted by 
the rigor with which they have been taken) and with the 
observations made on posterior visits to the cellars. 

2.1 Cellars state and preparation for later work 

 
The wine cellars studied are in Spain, in a village in the 

province of Burgos called Fuentelcesped. Currently the 
cellars are in disuse, estimated that remain in this state for 
40 years. Therefore, their level of abandonment is 
considerable.  

Thus, before carrying out the survey of the cellars, it 
has been necessary to carry out a cleansing of the 
unusable material accumulated during the long period of 
neglect. 

It has also been required to drain one of the cellars, 
partly flooded by water leaks. As a result they have 
problems of collapse of the galleries that have not been 
fully explored by the obvious risk of structural instability. 

The walls are often the result of the direct excavation 
and, therefore, have concave section. However, there are 
some rooms and corridors reinforced with stone masonry 
walls and brick buttresses. 

The floor of the cellar is the result of excavating the 
ground and usually has a cross section that allows the 
water evacuation into the ends. 

Given the particular configuration and popular 
architecture status, underground wine cellars are not 
illuminated. So to be able to carry out the survey and data 
acquisition, it has been necessary to install a temporary 
lighting system. 

2.2 Topographic survey 

 
The purpose of the survey conducted was to obtain 

accurate data from which to develop a mapping that 
reflects as closely as possible the current state of the 
cellars studied. 

The radiation method was applied. The first step was to 
place a base system with arbitrary origin by assigning 
coordinates X = 1000, Y = 1000, Z = 700. Then, the 
successive bases used in the polygonals have been 
placed by the Bessel method. Subsequently the absolute 
coordinates of all points have been calculated from the 
observations. 

Due to the small size of the area, we used a planar 
coordinate system, uncorrected by anamorphosis, and 
positioning the survey to the Geographic North. 
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A total station GTS-4B TOPCON has been used, with 
angular appreciation of 10s (centesimal) and distance 
accuracy of 5mm + 5ppm (mm / km.). 

Also for data management the DATA v50 software with 
PSION collector has been used. 

2.3 Plans representation 

 
From the data obtained in the survey the cellars 

current state plans have been drawn in two phases. 
First, as an approach to the geometry of the cellars, a 

polygonal that connects the points taken in the survey has 
been establish. This polygonal is a first approximation to 
the geometry studied and served to advance the 
knowledge of the cellars. 

The second phase was the interpretation of survey 
data through direct observation of the existing reality 
being represented. Thus, the polygonal obtained by the 
fixed points taken in situ has become a perimeter line that 
tries to take account of real accidents found in the cellars. 

In general the state of conservation of its walls and 
vaults is appropriate, although there are areas with 
shallow landslides, usually in the lower parts of the walls 
due to humidity problems. We have noted on the 
pathology map both shallow landslides areas as those 
where landslides are of greater depth and should be 
considered for consolidation and structural reinforcement 
for future interventions in the cellars. 

Given the particular geometric configuration of the 
underground cellars analyzed, it was judged appropriate 
to developed, as well as the plan representation, a 
collection of transverse and longitudinal sections to better 
understand the real situation. For the purpose of 
establishing the potential for reuse, these representations 
are especially important in designing the possible routes 
of tourist visits. 

To develop cross sections, data were taken from each 
of the rooms, as well as each of the passages. In 
addition, sections were taken in singular places and 
where there is a marked change of geometry in the 
galleries section. For this, necessary measures were 
taken using a range finder and a device developed to 
indicate the position and angles of measurements (Fig. 
4), completing the graphic information with photographs. 

Thus, floor and section plans are the result of a 
rigorous data collection and the interpretation of the 
resulting plans by crossing them with the data observed in 
the cellars.  

 

  

Fig. 4 Sections measures. 

 

3 Results 
 
The result plans are as complete as possible to 

understand the shape, interior volume and state of the 
cellars: location, framework, details and singular points, 
pathologies, cross sections, longitudinal sections, images, 
necessary intervention measures and reuse proposal. The 
contents and graphic information of these plans are 
described below. 

 
a) Location of the study area (Fig. 5): location of the 

study area at different scales, from country to town scales. 
 
b) Location of the cellars (Fig. 6): presents the location 

of the cellars in the town, superimposing the underground 
network and the surface buildings. To do this, besides 
positioning the cellars in the updated orthophoto, a 
schematic representation of the buildings and streets of 
the town that facilitates and simplifies their location has 
developed. This information is essential for carrying out 
new works or constructions in the area.  

 Fig. 5 Location of the study area at different scales. 

 Fig. 6 Location of the wine cellars studied. 

c) Wine cellars framework (Fig. 7): plant of the cellars 
studied, representing each of the cellars with different 
colors, including access information. The most relevant 
information on the surface (outlines of the buildings, 
roads, etc.) is superimposed with the cellars 
framework. 
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 Fig. 7 Representation of the wine cellars studied. 

 

d) Current status of the cellar (Fig. 8). Detailed 
representation of the cellars, describing in words all the 
singular points and remarkable interior details to 
understand the current state of the cellar. These 
details and singular points include vents, walls of stone 
masonry and brick, end galleries, stairs and slopes, 
deposits or other interior elements, etc. 

 

Fig. 8 Details and singular points of one of the cellars 

 

e) Pathologies (Fig. 9): the existing pathologies in the 
wine cellar are grouped into 6 types (disintegration, 
detachment of surface layer, perforation of the walls, 
cracks and fissures, stone masonry and brick 
reinforcement), being represented by different symbols, 
adjusting the length and thickness to the intensity of the 
pathology). 

 
f) Cross sections location (Fig. 10): Represents the 

location of the cross sections: each of the rooms, each of 
the passages and singular places where there is a 
marked change of geometry in the galleries section.  

 
g) Cross sections (Fig. 11): sections developed allow 

us to know basic information for the rehabilitation and 
design of visitors routes, such as height and width, the 
uniformity of the floor, obstacles, etc. 

 
 
 

 

Fig. 9 Pathology plan of one of the cellars 

 

 

Fig. 10 Location of the cross sections. 

 

 

Fig. 11 Examples of cave cross sections. 

 

h) Longitudinal sections location (Fig. 12): Plan 
distribution of the longitudinal sections developed, adding 
the elevation information (referenced with respect to the 
height of the entrance) at the start of each gallery or when 
there is change of slope, which allows to know the slope 
change along the entire wine cellar. 
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Fig. 12 Location of the longitudinal sections. 

i) Cross sections (Fig. 13): each developed axis 
represents a cross section. At the beginning of the 
galleries and at special points, values for the following 
parameters are included at the bottom: height over the 
entrance floor, entrance distance, distance to the origin of 
the gallery and distance from the last section. 

 

Fig. 13 Example of cave longitudinal sections. 

j) Images (Fig. 14): photographs of representative 
points, identifying the position and direction in which 
these photographs were made. Each photograph 
presents a brief description. 

 

Fig. 14 Images plan. 

 

From the previous plans the necessary intervention 
measures for their rehabilitation (fig. 15) and proposals for 
their reuse in the wine tourism context (fig. 16) can be 
establish.  

 

k) The intervention measures are represented by 
symbols when are repeated in different areas of the cellar, 
with the corresponding description at the bottom, or by 
words when they are exclusively to one location. 

 

Fig. 15 Necessary intervention measures in one of the 

cellars. 

l) In the reuse proposed the route for visitors inside the 
wine cellar has been represented, differing in color 
exhibition areas, the room used for tasting and areas 
closed to visitors. 

 

 

Fig. 16 Reuse proposal for one of the cellars. 

 
 

4 Conclusion 
 
This paper describes the low-cost methodology 

followed to perform the mapping of underground 
constructions, presenting the resulting plans and graphic 
information. 

Underground wine cellars are singular elements of the 
architectonic and cultural Spanish heritage. For the 
purpose of analyzing its possible recover and reuse as 
touristic elements, it is necessary to develop floor and 
sections plans which represent the reality of the object 
being studied as closely as possible, understanding the 
level of abstraction of the graphic representation.   

Given the irregular geometry and characteristics of the 
constructions under study, the conducted survey data 
have required a graphic interpretation. In order to do this, 
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it has been necessary to collect information by visiting the 
cellars under study, adjusting the perimeter line, making a 
collection of cross and longitudinal sections, identifying 
pathologies, etc. Thus, plans are the result of a rigorous 
data collection and the interpretation of the information by 
means of the data observed in the cellars.  

The resulting plans provide a geometric definition of 
the cellars, support for analysis and diagnosis of the state 
of conservation. The plans developed are instrument to 
know with acceptable error the real surface, geometry 
and length of the cellars. The ultimate objective pursued 
is to be a graphic support to analyze the capacity of 
underground cellars for rehabilitation and reuse as 
elements visited. 

The proposed low cost methodology based on total 
stations could be a reference for similar studies. 
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Abstract 

Purpose: 
Traditional underground cellars are singular elements of Architectonic and Cultural Heritage 
of Spain. Branched plan, irregular sections and rough surfaces complicate the survey and 
geometry analysis of these constructions. The purpose of this research is to set a data 
capture technique that documents efficiently and accurately the underground Architectonic 
Heritage. 

Method: 
We propose a methodology based on 3D scanner to study and analyze the traditional 
underground constructions. This methodology offers the possibility of a large data acquisition 
in a short period of time, obtaining a detailed study of the volume of this type of traditional 
construction, and their distribution in space. 

Result: 
The 3D scanner shows the structure and the details concerning underground construction, 
capturing roughness or small shape changes in the walls. 3D scanner accurately 
distinguishes the texture of walls and elements of the cellar. Also different materials can be 
identified. The approximate time needed in each shot is 4 minutes for scanning and 10 
minutes for image capture. 

Discussion & Conclusion: 
We can conclude that the 3D scanner technique efficiently and accurately characterize and 
represent underground constructions. 3D images have high quality and clarity, enabling to 
analyze visual elements (texture, color, lighting and shape).   

1 Introduction 
 

1.1 Real object and object representation 

 
In its epistemological process man, through 

abstraction, reaches the idea of a real object. The 
drawing and representation allow, as the word, identify 
and communicate those concepts. In fact, his adaptation 
to reality is what makes them authentic, real. 

His interest is not limited in themselves but what they 
have reference to the concept or reality. In architecture, 
for example, the geometry of structural elements 
becomes a vehicle or tool of communication. The 
knowledge of the classical world comes from the drawing 
of the proportions and architecture is created as the 
embodiment of the proportions in the drawing. 

Early Renaissance writers understood that the plans 
and the intersections are things necessary. We still teach 
the artist to stick with his hands what he has learned with 
his mind” [1]. The ultimate goal of representation is not 
itself but the reference to reality, either as existing object 
or object that is created. 

 
1.2 Nature and architecture 

 
Today everyone talks about bioclimatic or ecological 

architecture but ... What does this mean? Unfortunately 
on many occasions this term is more than just a false 
label.  

”If we wish to know the truth concerning anything, we 
will find it in the nature of that thing” [2]. Our study looks at 
the architecture by analogy with nature: how we know the 
geometry or abstract from nature, geometry, not merely in 
metric but with all its accidents: color, texture, inertia, 
temperature, lighting, mechanical strength, etc. 

We are interested in an object of study in which 
architecture and nature are related and where the 
relationship between parameters of the site and its 
function is accurate. We have focused the study in the 
cave with the use of wine cellar. 

 
1.3 Underground construction 

 
Humans have exploited, since the first civilization, the 

existing underground space or excavated caves in order 
to inhabit and store agricultural products [3]. The thermal 
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inertia of the soil surrounding the underground 
construction provides thermal stability, which together 
with the lack of light, sounds and vibrations, promotes the 
conservation of food.  

Since the energy crisis in 1973, developed countries 
are looking for systems to reduce energy consumption. In 
the construction sector, architects and engineers have 
been working to achieve efficient designs that save 
energy. One of these design strategies is to reduce the 
thermal wave from the outside and get a stable 
environment is the construction of buildings with high 
thermal inertia [4,5]. One of the materials use to achieve 
thermal stability is the terrain, only the most superficial 
layers of soil are affected by weather. In small depths of 
land the temperature conserve its temperature regardless 
of the daily fluctuations, leading to stabilize before the 
seasonal variations at greater depth. The stabilization of 
ground temperature with depth has been considered by 
several researchers as passive heating and cooling of 
buildings [6,7,8]. 

In addition to energy saving in air conditioning, 
underground construction has a number of advantages 
such as: the maintenance of natural surface, efficient use 
of land, reducing noise and vibration, lower energy costs 
through minimization of losses of heat and exploitation of 
its potential for cooling, reducing the daily temperature 
fluctuations, reducing maintenance costs and protection 
against natural disasters and extreme temperatures [9]. 

Among the above solutions, the underground cellars 
have been one of the best options in areas with 
continental climate and soil characteristics suitable, as 
they provide suitable conditions for the aging of wine at 
no cost and without energy management practices. Now 
more than ever, due to the rising cost of fuel and energy, 
bioclimatic buildings that reduce energy consumption are 
needed. 
1.4 Underground wine cellars 

 
The construction characteristics of underground cellars 

vary slightly depending on the characteristics of the area 
where they are situated, especially the orography.  

 

Fig. 1 Access tunnel to the cellar 

They are usually underground constructions excavated 
by hand under the surface. The door leads to an entrance 
tunnel with varying gradients and length (fig. 1). This 
tunnel leads to a maturing cave where the wine was 
traditionally stored for fermentation and maturing (fig. 2). 

They were dug out by hand using tools such as picks 
and shovels. The materials were removed by baskets or 
sacks through the entrance of the cellar or by pulleys 
through the ventilation chimneys (fig. 3). 

 

 

Fig. 2 Detail of the cellar cave 

 

 

Fig. 3 Detail of the entrance and the ventilation chimney 

 
 

Fig. 4 New underground cellar excavated by TBM. 
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In the excavation of new underground cellars the 
traditional method has been replaced by tunnel boring 
machines (TBMs) which excavate large caves or tunnels 
(fig. 4).  

 

1.5 Location  

The geographic area chosen was La Mancha, Spain, a 
location where geological conditions promote the 
formation of numerous natural or dug caves. 

2 Methodology 
 

2.1 Graphic representation 

 
Visual language is the base for the design creation. It 

is based on principles or concepts. The following 
methodology describes the concepts needed to obtain the 
spatial representation of the traditional underground 
constructions. The elements that define the 
representation of traditional construction are the elements 
of architectural design and are based on two main 
concepts (visual and conceptual). 

The conceptual elements are: points, lines, planes and 
volumes. They compose the overall geometry and are not 
visible but have physical existence. The point is the 
smallest unit of visual expression which indicates a 
position. It does not have length, width or an area, but is 
the beginning and end of a line. Visuals elements are the 
most important part of the design, because they make the 
conceptual elements visible through the shape, the 
measurement, the color and the texture. 

 
 

2.2 Scanning 

 
The 3D scanner is a technique for carrying on the 

survey of geometries. The demand for 3D models of 
historical monuments is continuously increasing in the 
field of archaeological and architectural applications [10], 
[11], [12]. 

There is no record of any prior study that applies 3D 
scanner in underground wine cellars. Therefore, we 
applied an innovative work methodology. 

The material used to carry out the scanning and data 
processing is: 3D scanning system with laser technology 
“Faro Photon 80” (tab.1); Scanning Software “Scene”; 
Camera "Nikon D200" with fish-eye and fastening 
devices; Software for geometry processing “Rapidform”; 
Laptop. 

 

Range Resolution 
Measurement 

speed 
Distance 
error 

0,6m-
76m 

0.6mm-
17bit range 

120,000 
points/sec 

±2 mm at 
25 m 

Tab. 1 Characteristics of the 3D Scanner. 

 
The 3D Scanner is a device that scans an object or the 

physical environment to collect shape data and 
occasionally collects its color. In the analysis of an object 
or the physical environment itself, the 3D Scanner creates 
a cloud of points representing the shape analyzed. 

Optionally, after the scan, the camera incorporated in 
the 3D scanner can take color pictures with the aim of 
providing color to the cloud of points (fig. 5).  

 

 

Fig. 5 3D scanner and camara. 

Previously to data collection using the 3D scanner, it is 
necessary to study the construction characteristics, the 
typology and the wanted objective. It is necessary to 
estimate the number of samples for scanning based on 
the geometry and distribution of the cellar.  

The paper compares two methodology of work used 
during the scanning/digitization of wine cave. Each 
methodology obtains a 3D model (in the form of clouds of 
points) of the scenario; the difference between each of 
them is the accuracy and the distance between the 
digitizing shots.  

 

Characteristics 
Method. 1 
(with color) 

Method. 1 
(without color) 

Method 2 
(without color) 

Resolution 1/5 1/5 1/16 
Size ≈ 160 MB ≈ 85 MB ≈ 8 MB 

Number scan 
points 

≈ 6.5 Mill. ≈ 6.5 Mill. ≈ 2.5 Mill. 

Scan time 00:08:30 00:04:30 00:00:30 

Tab. 2 Scan characteristics associated with each 
methodology 

The characteristics of each particular scan associated 
with each methodology are detailed in table 2. 

Both methodologies were used for the same scenario, 
the winery cave Peinado (Tomelloso, Spain). The 
characteristics of each method applied to the winery cave 
are detailed in table 3. 

  

Characteristics 
Metod. 1 

(with color) 

Metod. 1 
(without 
color) 

Metod 2 
(without color) 

Number of shots 13 13 103 
Field work 8 h 4 h 4 h 

Laboratory work 2 h 4 h 8 h 
Disk memory 2.11 GB 1.08 GB 743 MB 
Number scan 

points 
34.6 Mill 34.6 Mill 70.9 Mill 

Distance between 
scans 

≈ 8m ≈ 8m ≈ 1m 

Observations 
Scans to 2 meters from the 

ground 

Scans at two 
different 

heights above 
ground: 0.5 to 

2.5 meters 

Tab. 3 Characteristics of the methodology applied in 
"Peinado" 
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It is necessary to determine the quality of the point 
cloud that is needed to obtain adequate results. 

With these assumptions, the most important settings 
which will affect the final visual quality results in 
underground construction are: the positioning of the 
scanner, the precision and the number of shots. 

3 Results 
 

3.1 Shape 

The shape of the cellar defines its appearance through 
the points cloud (Fig. 6). The density of the points 
determines the shape of the object, being needed 
different shots with the scanner that acts as an observer. 

Figure 7 shows a section of the wine cave and it can 
be appreciated the precision of the scanner to produce 
sections and plans. 

 

 

Fig. 6 3D scanning result. Section view 

 

 

Fig. 7 3D scanning result. External view 

The 3D scanner shows the primary structure and the 
details concerning underground construction, capturing 
roughness or small shape changes in the walls.  
 
3.2 Texture 

 
Texture usually refers to visual features represented 

on the surface of an object that provides character and 
identity to the object in its representation. Usually are 
small visual features that define the relationship between 
the real object and the object represented. 

 

 

Fig. 8 3D scanning result. Planar view 

3D scanner accurately distinguishes the texture of 
walls and elements of the cellar. Also different materials 
can be identified. Texture is integrated into the overall 
picture, providing an environmental sensation, more 
clarity and information.   

When color is added to the image, unnoticed textures 
in the objects are appreciated (fig. 8).  

 
3.3 Illumination and color 

 
Although the scanner does not need light to scan the 

geometry, it is necessary to determine the elements of 
texture and color using a digital camera which makes 
pictures (fig. 9 and 10).  

The illumination homogeneity in an environment is 
essential to avoid errors in the digitization process. 

 

 
Fig. 9 3D scanning result. External view 

 

 
 

Fig. 10 3D scanning result. Internal view. 
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3.4 Comparative methodologies 

 
This section shows the results obtained when the two 

methodologies employed in the winery cave are 
compared. The analyses have been made in a particular 
of the underground wine cellar. 

 The study is based on the number of points obtained 
in each of them (Tab. 4). 

  
Characteristics Methodology 1 Methodology 2 

Number of shots 5 46 
  

 
Average distance 
between points 

5,784 mm 5,288 mm 

Number origin points 29.232.602 57.912.698 
Number meshing 

points 
13.983.504 30.030.191 

Number meshing 
faces 

27.730.817 59.588.796 

Meshing area 581,620 m2 799,955 m2 

Number meshing 
holes 

1.389 5.960 

  
 

Average distance 
between points 

10 mm 10 mm 

Number origin points 5.986.844 10.016.683 
Number meshing 

points 
4.087.334 6.716.323 

Number meshing 
faces 

8.109.317 13.320.635 

Meshing area 578,807 m2 790,395 m2 

Number meshing 
holes 

419 985 

  
 

Average distance 
between points 

15 mm 15 mm 

Number origin points 2.389.087 3.834.539 
Number meshing 

points 
1.619.895 2.599.932 

Number meshing 
faces 

3.193.687 5.137.264 

Meshing area 561,939 m2 777,039 m2 

Number meshing 
holes 

236 358 

  
 

Average distance 
between points 

20 mm 20 mm 

Number origin points 1.296.922 2.013.082 
Number meshing 

points 
895.262 1.355.189 

Number meshing 
faces 

1.760.276 2.661.249 

Meshing area 563.563 m2 753.308 m2 

Number meshing 
holes 

130 254 

Tab. 4 Characteristics of each methodology in terms of 
number of points 

 

 
 

Fig. 11 Meshing detail with average distance of ≈ 5 mm. 

4 Conclusion 
 
We can conclude that the 3D scanner technique 

efficiently and accurately characterize and represent 
underground constructions.  

3D images have high quality and clarity, enabling to 
analyze visual elements (texture, color, lighting and 
shape). To do that, highest resolutions are not required, 
reducing execution time. 

Color image superposition provides information about 
the texture and lighting of the underground construction; 
dampness, fungi in walls, etc. can be observed. 

Prior to placing the scanner, it is important to analyze 
the geometry of the construction. For this purpose, the 
characteristic sections must be located, which will provide 
the necessary information to build a complete point cloud 
that covers all the geometry studied. 

 Regarding the accuracy of the scan when using a high 
resolution, data points obtained can be redundant and 
unnecessary. When the resolution is reduced, the number 
of shots may be increased 10 times during the same 
period (13 shots versus 103 shots), reducing the distance 
between scans and increasing the total number of 
scanned points.   

 
 
 
 
 

a) Meshing methodology 1 

b) Meshing methodology 2 

c) Meshing a) and b) overlap 
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Abstract 

The Infantado Duke´s Palace was considered one of the best Gothic palaces of Spain. Its 
owners, the diverse Infantado Dukes, devoted themselves for centuries to enriching it, 
adapting it to the needs and likings of the moment, including panelworks in all the rooms, 
mural paintings, ceramic paintings, tapestries collections of confectioners and of weapons, 
carpets, etc. The beginning of the XXth century sees the start of a long period of decay and 
its closure when it stopped being the private residence of the Dukes while keeping intact all 
its real estate. Finally it was in the XXth century, that a fire produced by the fall of a bomb 
destroyed it almost completely. 
 
This article shows how magnificent the ceiling panelwork that convered the Hunters' Lounge 
of the Palace was, returning to the historical documentary sources and to the remaining 
fragmentary pieces that still survive in building´s cellar, which were classified and catalogued 
and which according to the room dimensions,  allowed us to trace their development and, 
with the help of current graphical tools, enabled us to take one more step and recreate an 
image of what these spaces might have looked like.

1 Introduction 
 
The Infantado Duke´s Palace was considered 

one of the best Gothic palaces of Spain. Its owners, the 
diverse Infantado Dukes, devoted themselves for 
centuries to enriching it, adapting it to the needs and 
likings of the moment, including panelworks in all the 
rooms, mural paintings, ceramic paintings, tapestries 
collections of confectioners and of weapons, carpets, etc. 
The beginning of the XXth century sees the start of a long 
period of decay and its closure when it stopped being the 
private residence of the Dukes while keeping intact all its 
real estate. Finally it was in the XXth century, that a fire 
produced by the fall of a bomb destroyed it almost 
completely. 

 
This article shows how magnificent the ceiling 

panelwork that convered the Hunters' Lounge of the 
Palace was, returning to the historical documentary 
sources and to the remaining fragmentary pieces that still 
survive in building´s cellar, which were classified and 
catalogued and which according to the room dimensions,  
allowed us to trace their development and, with the help 
of current graphical tools, enabled us to take one more 
step and recreate an image of what these spaces might 
have looked like. 

 
This work which we present here forms parte of 

a project that seeks to explores how the building was 
conceived from its creation up to its destruction en 1936, 
(according to card  number 12-of the Catalogue of the 
Building with Historical Artistic, Cultural, Architectural or 

Environmental Interest). Due to the current position of the 
Infantado Palace it is possible to realize any type of work 
because there is currently no special protection of any of 
its elements, nor the building interiors, so that it would be 
possible to actually rebuild this reconstruction of the 
Hunters' Lounge panelwork if so desired. 

 
Before describing the panelwork, it is necessary 

to fit it historically and physically in the building that is 
occupies. 

2 THE PALACE OF THE INFANTADO 
 
In 1480, don Iñigo López of Mendoza, the 

second Infantado duke, ordered the construction of his 
residence palace in the nort part of Guadalajara, Spain,. 
The project and direction of the construction was 
entrusted to the architect Juan Guas, who took part in 
works as the monastery of San Juan of the Kings in 
Toledo, the castle of Real de Manzanares or the Royal 
Hostelry in Guadalupe. His interventions were chiefly 
made between 1480 and 1483, when the main 
architectural work had been finished, including the façade 
and the court. In that period he collaborated on the latter 
with the interior decorator and sculptor Egas Cueman who 
was Dutch by birth. 

 
 The Palace is a cubic building, square in plan ,  

with two floors, centred around a great court (the Lion 
Court). All the lounges, the galleries and the principal 
stairs are covered with big and rich panelworks. The 
façade is flat, lengthened horizontally, in the Gothic way of 
the time typically employed for civil buildings, but its walls, 
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almost without openings, even the most principal of them, 
are strikingly reminissent of military buildings. 

 
When Juan Guas finishes his work in the Palace, 

Lorenzo de Trillo took charge of the woks that still 
remained. He had been born in La Alcarria and was 
master builder of the Palace between 1484 and 1497; 
playing the role also of contractor and executor of the 
works of masonry, designer and sculptor of the friezes, as 
well as of diverse constructions attached to the principal 
building, such as the stable, and being the joiner of 
panelworks.  

 
The descendants of the Duke devote themselves 

to increasing the ornamental interior wealth up until the 
fifth duke, don Iñigo Lopez de Mendoza, when the 
increase of his retinue needing to reside in the Palace, 
makes him replan the building inetrior in the building in 
order to be able to accommodate them all, employing  
Acacio de Orejón to oversee the woks.   

 
These works begin in 1570, and consisted in the 

increase of the number of rooms, but without extending 
the volume of the building, reducing instead the size of 
the existing rooms and dividing horizontally the ground 
floor in two. In the process it becomes necessary to 
dismount panelworks, to reform others, to open new 
windows in the façades to allow for lighting and to reduce 
the height of the court. In conclusion, the Gotic-Mudejar 
image that it has was altered in this period because it 
became mixed the “herreriano-liking” of the epoch. 

 
Once the functional program of the building was 

solved, the Duke devoted himself to enriching the whole 
Palace, calling upon Pedro de Rivera, juan Salba, pedro 
de Medinilla, Juan Sánches and Juan Ballesteros for the 
stone works, Cristobal de la plaza for the accomplishment 
of the ironworls and Gaspar de Yebes, Alonso de 
Bustares, Sebastián Díaz and Juan del Arco for the works 
in wood. The new chimneys of the lower rooms belong to 
the Italian artists Juan Bautista of Genoa and Domingo 
Milanés´work, marble teachers and the decoration of the 
new rooms of ground floor was due to the Rómulo 
Cincinato´pictorial intervention. 

 
After the end of the XVIIth century, when the 

Infantado Dukes decide to move their residence to the 
Court in Madrid, the Palace remains uninhabited. 

 
In 1878, the duke of Osuna and Infantado, don 

Mariano Téllez-Girón y Beaufort, suggested that the 
building to be sold to the War Ministry, but he maintaines 
a stake on the principle that one day the Ministry would 
not longer want it.  

Other parts were paid for and occupied by the 
Town hall of the city of Guadalajara and the Council of the 
Orphans.  

In the XXth century, it is further remodelled to be 
adapted to the new uses of the Orphans' college requiried 
by War, these works beings directed by the architect 
Ricardo Velázquez Bosco, who modifies neither the 
existing panelworks nor the rest of property.  

 
During the Spanish Civil war, the city of 

Guadalajara was bombed on December 6, 1936, several 
bombs falling on the Palace which set the roof alight. The 
fire could not be extinguished and during three days 
following the bombardment it kept burning, leaving only 

the walls and the parts of stone. All the panelworks the 
Palace contained was lost. 

 
As the building was destroyed, the property of 

the palace was transferred back to the Infantado Duke 
and to the Guadalajara Town hall, bacause the Army 
Ministry saw no further use for it as an Orphans' College. 
The above mentioned holders donated finally the Palace 
remains to the the Department of National Education, in 
exchange for a few rights that, for the Duke, are the 
utilization of a few rooms of the ground floor, and for the 
Town hall, the celebration of cultural municipal acts. 

 
Since 1961, the Spanish State, at the expense of 

its Education and Science Ministry, and of the 
Headquarters of Files and Libraries and of Fine Arts, has 
restored the Infantado Palace which was destined to 
become the House of Culture, with Archives, Library, acts 
Lounge, Exhibitions rooms and Museum, the 
reconstruction and restoration being under direction of the 
architect Jose Manuel Gonzalez Varcárcel, with Félix del 
Rey as manager of woks ans the main stone-cutters being 
José del Sol, Francisco Antoral and Pedro Ruiz. 
Nowadays it used as Provincial Fine Arts Museum. 

2.1 The Palace panelworks 

 
Until 1936 only the following panelwoks survived: 
   
- That of the Savages' Lounge, placed in the 

southwest corner of the Palace in the first floor. Square in 
plant, it was provided with an octogonal panelwork based 
on Mudejar ornamentation, golden and colored. 

 
- The former called Room of Mocárabes or of 

Shields and then Councils Lounge. It was also square in 
plant, and adorned with hanging mocárabes and gilded in 
the shape of pine cones. The panelwork placed in this 
room, according to many historians´hypotheses, was  
made for the major chapel of Lupiana's Conventual 
Church, being acquired by the second duke and brought 
to the palace to be mounted in 1502, to which later the 
duke gave the orders to add a frieze. 

 
- That of the Lounge of Lineages. It was the most 

exuberant of the whole building located in the west wing 
of the first floor. Formed by a net of hanging mocárabes 
and golden.  

 
- That of the Anteroom of the Lineages Lounge. It 

was a flat panelwork, also called “alfarje” formed by 
hangmen or involved moldings that were delimiting 
“casetones” with golden flowers. It was realized in the 
time of the second duke and it was pointing already at the 
Renaissance style, without altogether losing its Gothic 
character. 

- That of the Hunters' Lounge, also called of the 
Visits, which is in the first floor, in the south wing. The 
biggest after that of Lineages 

 

2.2 The craftsmen who made the Panelworks 

 
We have records of the people who work en the 

panelworks in the epoch of the second Duke though with 
not very clear references, due to the great work of 
remodeling the building under the fifth Duke. We know 
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that the majority of them were Moorish, the most 
oustanding being: Mohamad Sillero, who connects in 
some low rooms panelworks brought from other places 
and places new others, all of them of Mudejar style; 
Bartolomé Cherino, who placed and extended the 
wooden cover of the west galleries and reformed 
panelworks of other lounges, like Lorenzo de Trillo, who 
was helped by Jorge of Cordova and Alfonso Díaz de 
Berlanga, both “alcarreños” and Miguel Sánchez and 
Bartolomé García, from Toledo, who realized the friezes 
of some already missing panelworks and designed and 
executed others. We know that the works realized by the 
above mentioned were richly  painted and gilded by the 
painters Luis de Rivera, Diego de Rivera, Pedro de 
Zamora, Sancho de Zamora and Juan de Segovia, 
resident all of them in Guadalajara. 

 
One of the carpenters who were employed at the 

palace was Mohamad Sillero, craftsman resident in 
Guadalajara. The apparel, the panelwork of “mocárabes” 
in the stair in 1493 and that of the Lantern Room in 1494 
were brought of San Agustín's Convent in Toledo by the 
second duke. 

 
Another “alcarreño” craftsman who was employed at 

the palace was Alfonso Díaz de Berlanga, who took 
charge of the frieze or “alicer” of the Lantern Room in 
1495, but because of the complicated ceiling, Lorenzo de 
Trillo, another “alcarreño” craftsman, later took charge. 
Alfonso Díaz de Berlanga made de panelled ceiling of  
the anteroom of the Lineages Lounge, that Lorenzo de 
Trillo decorated. 

 
In 1495 Michael Sánchez and Bartolomé García, his 

father-in-law, both  “entalladores” of Toledo, were in 
charge of constructing the magnificent frieze of the 
Lineages Lounge, according to the desingn and drawings 
of Lorenzo de Trillo. Also in 1495, the second duke 
entrusted to Bartolomé Cherino de Trijueque with the 
accomplishment of the panelwork of the garden gallery, 
before the construction of the gallery. Bartolomé Cherino 
is also the author of the panelwork of the Santiago´s 
Chamber. 

 
Jorge de Cordoba mades the frieze of Duke´s 

bedroom in 149, making in the same year, under the 
supervision and project of Lorenzo de Trillo, the “alicer” of 
the Savages' Room. 

 
Referring to the Hunters' Lounge, it is possible that 417 

flowers made according to a sample provided by the 
second duke and the 140 “chillas” according to Lorenzo 
de Trillo's drawing  were all made by Alfonso Díaz de 
Berlanga in 1496, and were used in the decoration of the 
above mentioned Lounge. 

Independent of the carpenters and sculptors who 
worked in the palace, the painters who decorated of rich 
polychromies and gilded the pnelworks. These painters 
are Juan Rodríguez de Segovia, who decorated the 
“alfarje”of of the court galleries; Luis de Rivera, to whom 
we owe the decoration of the Santiago´s Chamber; 
Antonio García, Diego de Rivera, Pedro de Zamora and 
the golden beater Luis de Acevedo. 

 
This information has been extracted from files of the 

Historical National File, Osuna's House, where the 
contracts between the craftsman and the Duke survive, 
describing the works that are going to be realized. These 

files were published in the book that Layna wrote on the of  
Infantado Palace. 

3 THE HUNTERS' LOUNGE 
PANELWORK 

 
The the Hunters' lounge panelwork, in the shape of 

reversed carved ceiling panel, is in the shape of an 
inverted hipped roof, formed by the “gualderas”, in the 
major dimension of the room and for the “testeros”, in the 
minor. It is necessary to indicate that the structure of this 
ceiling was independent, being of a tightened “par y 
nudillo”, placed in a top level. 

 
The panelwork, as a work of ornamentation, 

independently of its showiness, was primitive. The 
structure of the panelwork was not constructed using the 
“lazo” and “ataujerada” system a more modern form 
construction. Instead his panelwork used an “apeinazada” 
system, wherein the knuckes and the couples wereunited 
by means of “peinazos” (pieces perpendicular to knuckles 
(“nudillos”) and couples(“pares”), which form retícula), 
teling us that the ornamentation is formed in one 
structure. 

 
The structure of “par y nudillo”, allowed the formation of 

the “almizate” or “harnerulo”, horizontal report of the 
panelwork, which was finished with the “peinazos”. Also it 
is necessary to outline the basic typology of the interior 
decoration of the panelwork and the configuration of its 
slopes, it is of a type generally termed “moamares”, that is 
to say, that the meeting between slopes is solved by two 
pieces, each one belonging to one of the planes, allowing 
the whole ceiling to be constructec on the foor and lifted 
into place. As well as being a structure of coupled pieces 
(“pares”), no “mangueta” or “péndola” coincides with the 
“partoral” of the front (“testero”) (line that joins the center 
of the base of the triangle base that the front o “testero” 
forms with the ridge or “cumbrera”). 

 
Another important characteristic of the panelwork, is 

the relationship betwen “street” and “string”;  each of the 
coupled pieces or “alfardas” (streets) of the structure are 
separated by a distance equal to the double of its 
thickness (string). The woden studdings that are not ruled 
by this rule (2 strings = 1 street). This structure of 
ornamentation allows the pattern to be modified to fit room 
size by  simple alteration dimension of the string. 

 
In our case, the dimension of the string is 8,5 cm., for 

what the street measures 17cm. and the pieces thickness 
is 12 cm. This information has been obtained by 
measuring a structural piece preserved, classified with the 
name of EI-01/02 in the cards of preserved pieces.   

As it has been previously said, the panelwork is a work 
of ornamentation, but differently from any other one of is 
type. In its outward appearance it is loaded with 
decoration, as much in the hollows left by the “alfardas” 
and “peinazos”, as on the wood itself,so much so that 
some is actually invisible to the. The ornamentation on the 
wood is the labor of “entrecruzamiento” of carved lines in 
the surface of the logs, in our case four lines, alternative 
overhead and below forming geometric tracings. When 
looking at the pieces preserved of the original panelwork 
which have been preserved, we realized that abundant 
decoration of “pinjantes”, flowers and moldings, all of 
them gilded, were concealing a cmpletely different set of 
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ornamentation, composed of carved lines. In addition, 
under the decoration, on the couples and the “peinazos”, 
polychromies red and ochers tones can be seen, hidden 
also by the later decoration, which has ensured its 
conservation in good condition. This leads us to think that 
when the panelwork was originally designed and 
constructed this ornamentation was visible and that the 
later addition of decoration in the form of moldings and 
“pinjantes” gilded placed on top cam about with a later 
change in taste. 
 

The work of ornamentation in the “almizate” is based 
on squared “crucetas”, where hollows are made in the 
shape of regular stars of eight tops, making a table, in 
which a “pinjante” goes in, formed in this case from a 
cluster of leaves. The “crucetas” of ornamentation are 
hidden by a few pieces of decoration in the shape of arm, 
in which a small pine cone in placed in the inersection. 
The whole pattern is finished off along its edge by a 
molding in the form of a rope. 

 
In the slopes, the sets previously described alternated 

with rectangular hollows resulting from the interlacing of 
the logs. These hollows are of two types, some have 
narrow rectangular sides in the shape of the top of an 
arrow pointing out and others with the top of an arrow 
inwards, alternately. These hollows are decorated with 
“pinjantes” formed by a central pine surrounded by 
leaves. 

 
Decorating the center of the “almizate” and placed in 

the hollow that would occupy the nine “crucetas” of a bow, 
described previously, there was a piece of octogonal 
engraving inscribed in a square, composed for 
“mocárabes” forming a concavity. 

 
Separating all the pieces of decoration and covering 

the logs that form the structure but which were not 
covered with decoration, moldings are fixed that hide 
everything, so that the panelwork as a whole appears to 
be a great carved ceiling panel, polychrome in ochres and 
red tones and enriched by gilding. 

 
Finally, it is necessary to describe the frieze or 

“arrocabe”, which support the couples in the wall and is 
composed along its top part of one board decorated wih 
fixed “mocárabes”, that is like a carved girder and below, 
a rich trimming or impost decorated with serpentine 
“cardinas” and between which are pine cones and other 
vegetable motives, finished off with an involved molding 
with a Gothic inscription, which reminds us of those who 
are decorating the panelwork, finally finished off with 
another involved molding. In addition, interrupting the 
frieze at intervals, there were heraldic shields which 
belonged to the Luna and of the Mendoza families, 
crowned by helmets with a faucet or a lion for cimera, and 
all this, polychrome in ocres and red tones alternating 
with the gilding.  

3.1 The Hunters' Lounge Today 

 
Today, the area of Lounge has increased, having 

incorporated into it a space known as the Investigators' 
Room. The distribution of windows conform to those set 
out in 1950 and have been covered by a flat wooden roof 
installed during the 1973 refurbishment 

3.2 Working Methodology 

 
The working methodology consisted in obtaining the 

historical information about the building that was 
described its evolution, the remodelings and interventions 
it had had, as well as well as its insertion into the city as a 
whole. 

 
Having cheecked al the archives and compiled all the 

information, a special emphasis was placed on 
examination of the documentation referring to the 
panelworks, the object of our work, and their relation with 
others realized in the same epochs, parallels elsewhere in 
type, form and construction. 

 
Acritical review of all the information, both graphical 

and written, of the panelwork of the hunters' lounge was 
undertaken. The photographs were studied, as  visual 
evidence of the form of the panelwork before the fire as 
important as examination of what survived. Plans of the 
building were drawn paying particular attention to the 
detail, of Hunter´s lounge. 

 
The pieces that survived fire and that were stored in 

the building´cellar, were moved to a room on an upper 
floor, examined piece by piece, analyzed and catalogued, 
leading to the discovery that there were pieces of two 
different panelwork preserved, one the Hunters' lounge 
and one which was moved to the Palace in the XXth 
century (and about which nothing is presently known). 

 
From the existing pieces and the obtained 

documentation, we began our work of reconstruction, 
defining each of the pieces that form part of the 
panelwork, and determining its assembly process. To 
finish this work, we decided to model everything in three 
dimensions, in order to create a visual tour, obtaining in 
this way an image of how it was the panelwork was and 
how it related to the surrounding space. 

3.3 The virtual reconstruction 

 
The pieces of the model were done in AutoCad and 

exported to 3d Studio where they were connected and 
joined to form the 3d model and in which the materials 
were assigned, with their technical characteristics of color, 
texture (including the grain of the wood), reflectivity, etc., 
in order to create a video simulating a walk across 
through the spaces experiencing the room and panelwork 
much as its former inhabitants would have. 
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Fig. 1 Long shots of the building in the XIXth century, drawn 

by pupils of the High school of Architecture. Recorded by E. 

Stiller and published in sheets by the Promotion Ministry in 

1879.   

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 .West side of  the Hunters' Lounge, photograph by 

Canosa  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.  State of the Hunters Lounge and its panelwork after  

the fire in 1936. In the photo we see how a great part of the 

panelwork remained, although today we do not know what 

has happened to it.  
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 Fig. 4.    Current long shots.  

 

 

 

Fig. 5.   Panelwork proposed reconstruction. Plans 

                   

 

Fig. 6.    Panelwork proposed reconstrution. Transverse 

section  

             

 

Fig. 7. Panelwork proposed reconstrution. Longitudinal 

section  
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Fig. 8.   Example of card for the cataloguing and 

classification of the original pieces of the panelwork Fifty-

eight different pieces were stored, which have allowed us to 

reconstruct the panelwork here..  

 

Fig. 9.    Panelwork 

 

Fig. 10.    Panelwork. Knuckles, resistant studding and plan 

of the ornamentation.  

  

 

Fig. 11. Panelwork. Process of the assemblyof the pieces.     
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Fig. 12. Virtual sight of the artesonado 

 

Fig. 13. Virtual sight of the artesonado 
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Abstract 

In this work a study of feasibility is illustrated  to design and build a mobile robot for inspection 
and analysis of historical sites of architectonic interest. This novel application for robotic 
systems can be considered of great interest because nowadays the need of more and more 
accurate and efficient survey activity requires enhancement and even development of 
procedures with more reliable, innovative, and advanced characteristics. Within this 
expectation robots and robotic systems seem to be suitable solutions even with the purposes 
of: operating in environments that cannot be reached by human operators. The study of 
feasibility concerns with the analysis and simulation of a robotic system that can be used for 
operating in historical sites. Basic features of such mobile robots, either legged or wheeled, 
are well known, but specific requirements should be considered for the proposed applications 
in archaeological/architectural sites, which can be considered as a novelty in the field of 
Robotics. Basic features of the proposed robotic system can be summarized as follows: the 
robot should be able to move inside the archaeological and/or architectural sites by carrying 
surveying devices and by avoiding damage of the surface and other parts of the site. 
In Cassino preliminary design considerations have been developed and  a suitable simulation 
has been carried out in order to test a designed robotic system acting on a simulated 
pavement, for several operating conditions. The simulation process is of basic importance, 
since it is not possible to test in advance the robot on site and there are not precise 
information about the preservation of pavement under-study. A simulation has been carried 
out with different conditions and it has been also useful to test the operation of the design of a 
robotic system with hexapod structure. At this moment, the  research in Cassino is in a final 
phase concerning with first applications of a robot prototype. However, a continuous review of 
the design work is undergoing to formulate a general problem in which the design of a 
suitable low-cost easy-operation robotic system is properly defined also for not expert users 
in the field of robotics. The prototype activity is performed with the aim to design a specific 
test-bed through which verifies the identified design requirements and feasible solutions even 
for the operation of the system. 

 

1 Introduction1 
The work being presented is the result of collaboration 

between the DART (Laboratory for the Documentation, 
Analysis & Surveying of Land and Architecture) and the 
LARM (Robotics and Mechatronics Laboratory). Despite 
their seemingly diverse spheres of research, these two 
institutes have a long history of opportunities to discuss 
and share their knowledge, and to research issues on 
which to base practical, fruitful collaborations2.   

Our aim is to study characteristics and issues 
concerning the analysis and conservation of built heritage 

                                                 
1 A  first version of the paper, by M. Cigola and M. Ceccarelli has 
been presented to XI International Seminar Forum Unesco - 
University and Heritage, Florence 11-16 September 2006.  
2 The research team is composed by investigators from DART 
Laboratory for the Documentation, Analysis & Surveying of Land 
and Architecture, and LARM Laboratory of Robotics and 
Mechatronics. In particular at DART the following are involved: 
Michela Cigola, architect with expertise in Restoration of 
Monuments, full professor ICAR/17, director of DART; Assunta 
Pelliccio, architect, assistant professor.  At LARM the following 
are involved: Marco Ceccarelli, engineer, full professor ING-
IND/13, director of LARM, Giuseppe Carbone, engineer, 
assistant professor. 

from the innovative standpoint of robotic systems. The 
design requirements and special features of the 
operations of an extremely wide variety of robotised 
systems have been fully outlined, and are now entirely 
familiar. However, in a specific application related to a 
topic such as built heritage, apparently so far removed 
from the more general fields of robotics and mechatronics, 
there are not many precedents.  

The sample study presented here, i.e. the pre-
Cosmatesque pavement of the basilica of Montecassino3, 
is a good example not only of the flexibility of the field of 
mechanics, but also of the possibilities for interaction with 
architecture in general, and the field of surveying in 
particular. A study of this type focuses specifically on 
applying robotised systems to the research and surveying 
of historic pavements, although the broader aim is to 
study and explore robotic systems and automated 
procedures to develop the work and the results, not only 

                                                 
3 Cosmatesque style started at the beginning of XII-th century 
and it was used mainly in Rome and Lazio region up to the end of 
XIV-th century. Its main characteristics can be considered the 
assembling aspect with square or rectangular panels that are 
composed of marbles parts and porphyry disks. The first 
Cosmatesque pavement is that one in the Basilica of 
Montecassino Abbey that was inspired by oriental sources and 
ancient Roman [1].  
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during the analysis stage but also for the protection and 
conservation of historical buildings.  

The use of robots in difficult situations is becoming 
increasingly common, as in the case of inspections of the 
innermost layers of atomic plants, space voyages and 
explorations of inaccessible areas of land such as the 
craters of volcanoes. There is good reason to suppose 
that a new, original example could be the study and 
protection of historical buildings by using self-propelled 
robots to carry out extremely complex tasks on various 
types of surface, under the supervision of a human 
operator. 

Our idea is to develop a link between robotics and 
architecture, with a mechanical design that has been 
specially developed for architectural analysis and 
restoration, in an extremely innovative application in the 
field of robotics. It is an attempt to make a robot perform 
many of the operations required in architectural surveying 
via automations which can improve procedures and 
results in terms of speed, accuracy and execution.  

2 Architectural pavement surveys 
Surveying is intended to mean a complex series of 

operations such as the collection, evaluation and 
interpretation of all possible information, not only 
concerning the geometrical and spatial elements of the 
building, but also the construction, structural and historical 
data. 

Surveying is used most often in the fields of historical 
and critical analysis of architecture and restoration. There 
is no doubt that in order to carry out an accurate historical 
study of a building, accurate measurements are essential. 
The survey of a building is not a document on which we 
can work in hindsight, but it is an integral part of the 
process of gathering historical and critical knowledge.  

A survey carried out with a view to possible restoration 
works must give a global picture of the building in 
question, which is exhaustive in terms of dimensional, 
structural and construction details. It must provide a 
snapshot of the building's state of health, its conditions of 
decay and static conditions. This means it must perform a 
historical and technical diagnosis, helping to clarify the 
design intentions, including the sizing and measurement 
aspects, orienting historical research through illustrative, 
bibliographical and archive sources.   

The survey issues concerning protection therefore 
require measurements taken accurately, and graphic 
renderings that pinpoint the characteristics of the building 
and all its peculiarities, often using scales of 
representation larger than those normally used in the 
preliminary survey [2].  

As far as the methods and techniques for documenting 
Cosmatesque pavements are concerned, we must point 
out that surveys of works of this type require special 
measurement and representation procedures, with an 
emphasis on the type of material and the size of the 
pieces used, the level and type of surface finishing, the 
thickness and treatment of the joints and laying surface.  

Further, if the survey is carried out well, each part of 
the pavement should be surveyed individually and also in 
relation to the surface as a whole, with special emphasis 
on any elements which are repeated or form a series. 
This is because any anomalies found in these repetitions 
sometimes characterise the laying of the pavement.  

Also, great care must be taken when measuring the 
irregularities of the surface as a whole (sudden changes 
in level, hollows, etc.) and identifying any gaps or 
additions made over time (fig. 1).  

The overall process of measurement and the resulting 
graphic rendering of a Cosmatesque mosaic pavement 
can therefore be summarised as a series of operations, 
each of which must lead to a different scale of 
representation: survey of the entire laying of the 
pavement, represented as part of its architectural 
environment (1:100 - 1:50); a survey of its main elements 
(1:50 - 1:10); a detailed survey of the geometrical patterns 
used in the inserts which make up the largest percentage 
of the mosaic pavement (1:10 – 1:1) [3].  

In the field of surveying historical pavements, our idea 
is to test this interaction between robotics and 
architecture, developed at the University of Cassino, in a 
in a project specially designed for architectural analysis 
and restoration, in an extremely innovative application in 
the field of robotics. It is an attempt to make a robot 
perform many of the operations related to the analysis 
and monitoring of historic buildings via automations which 
can improve procedures and results in terms of speed, 
accuracy and execution. To obtain this result, we need a 
robot with the ability to move in various directions, with 
“vision capacity” as it is known in the world of robotics, 
and obviously a high degree of versatility in order to adapt 
to the various sites in which it can be used. 

3 A case study: the pre-cosmatesque 
pavement of Montecassino 

The specific case study is the pre-Cosmatesque 
pavement of the basilica at the abbey of Montecassino, 
with the aim of testing the possibilities for applying robotic 
systems and automated procedures to architectural 
surveying. 

This pavement, (there is good reason to believe it is the 
first example of a Cosmatesque pavement in Italy), was 
built by Byzantine craftsmen on the orders of the abbot 
Desiderius (who later became Pope Victor III) between 
1066 and 1071. During the 18th century, it was replaced 
by another pavement with marble inlays, and for a long 
time was thought to have been lost.   

After the monastery was totally destroyed during the 
Second World War, a large part of the pavement dating 
from Desiderius’ time, thought to have been lost, was 
rediscovered among the rubble. It was photographed and 
carefully surveyed before being consigned to oblivion 
once more in a cavity under the new basilica, rebuilt 
between 1948 and 1952 [4]. 

Fig.2 shows the survey of the entire pavement as it 
was found immediately after the basilica was destroyed in 
the 18th century. In particular, fig. 3, taken during the 
excavation and surveys carried out before rebuilding 
works began, clearly shows the difference in height of 
about a metre between the Desiderian pavement and the 
current surface. For any inspection or other work to the 
Cosmatesque mosaic, there is only a very low cavity, 
which is unlit and airless and therefore unsuitable for 
human intervention. 

This is why, since the new basilica was rebuilt, the 
pavement has never been inspected in order to study its 
state of repair, or to make a stylistic analysis of the 
decoration. 

This case study demonstrates the impossibility of using 
human operators, and is therefore well-suited to the 
experimentation of robots in this branch of studying and 
conservation of architectural heritage in general, and 
historical pavements in particular. 

The interaction between the staff at DART, experts in 
architectural surveying, provides the main elements of the 
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operations that the planned robot will have to perform 
when working inside the Cosmatesque pavement of 
Montecassino. These indications will be developed and 
made possible by the team at LARM, experts in robotised 
systems. 

 These operations can be summarised as follows: 
firstly, the robot will have to be able to move around 
inside the zone in question, carrying filming devices in 
order to carry out an initial study of the pavement: 
cameras and video cameras. These filming devices will 
then have to be replaced by more sophisticated 
instruments which can provide more precise information, 
such as thermo graphic machines and laser measurers.  

At the same time, since the pavement of the cavity is 
extremely uneven, due to the presence of architectural 
remains from the same period and even pre-dating the 
pavement, the robot will not only have to move around 
correctly, but also ensure that the filming devices remain 
parallel to the pavement.  

Apart from these factors, since the knowledge of the 
pavement in its current state is extremely important for 
the purposes of analysis and conservation, as it moves 
forward the robot must be able to memorise and transmit 
to an external unit any changes in the length of its legs 
along the way, to provide, in real time, the changes in the 
x-coordinate that will also give a section of the pavement 
as well as the route [5].  

In order to begin testing the validity of the proposed 
ideas, experiments are being conducted in a virtual 
environment, with a simulation of the cavity and the 
pavement. Both can be recreated since photos and 
precise surveys were carried out during reconstruction of 
the monastery (fig. 4). 

This type of evaluation, carried out in a three-
dimensional virtual environment recreated on the 
computer, is proving to be extremely useful as it reduces 
not only the time, but also the cost of the design stage, 
since it is possible to assess and test the model in depth, 
right from the early design phase, working within an 
environment which provides an excellent simulation of the 
area in which the robot will be working. It allows 
modifications, fine-tuning and changes that would be 
expensive and difficult even if carried out only on the 
prototype.  

4 Preliminary prototypes and 
laboratory tests 

A historical pavement can be seen as a difficult terrain 
that includes features that could cause robot entrapment 
or loss of stability. Indeed, the architecture analysis for 
restoration of ancient pavements should be performed by 
a robotic system that is capable to overcome obstacles 
and move easily on flat surfaces with high stability.  

The task can be recognized in the acquisition of 
measurements along the ancient pavement. Basic survey 
measurements that can be carried out are based on 
panoramic images of the site, which can be taken by a 
camera installed on the robot, and local pavement slope 
through servo-inclinometers. These operation can require 
a mobile robot with an inertial system to locate the robot 
in a world fixed frame, and proximity sensors to avoid 
collisions.  

A good robotic solution can be based on the use of 
anthropomorphic legs with wheels such as the one that is 
shown in fig. 5. In fact, one can use the wheels for fast 
movements on flat surfaces and the legs for walking in an 

anthropomorphic manner to avoid or climb over obstacles 
and steps.  

An hexapod robot is a feasible solution with a large 
platform for carrying equipment for inspection but 
operations of restoration.  The hexapod robot has 
capability of keeping horizontal posture of the platform 
during the walking, as shown in the simulation of fig. 4.  
The number of legs is higher than three in order to 
guarantee stability. The use of six legs can be seen as a 
good compromise between flexibility and complexity of the 
system. In fact, hexapod robots have been already 
successfully used for example in space exploration, in-
pipe inspection, mine detection, service robotics .  

The robot’s six-leg structure was chosen by taking into 
account the considerable irregularities in the pavement, 
with holes of a size that make wheeled robotic vehicles 
unsuitable, as they are generally more suited to 
interaction with contact. For this purpose, an initial 
prototype of an articulated leg and foot has been built, 
created by means of an actuated wheel in order to control 
the force in contact with the ground, in order to limit the 
possibility of causing further damage to the pavement. 

The robotic system was designed with six legs in order 
to allow movements that, if programmed and adjusted 
correctly, ensure that three legs will remain in contact with 
the ground at the same time, to give the required 
mechanical stability and precision needed to direct the 
body onto which the architectural survey devices are 
installed. 

In particular, the design has been created to give 
remarkable availability of space on the body of the six-leg 
robot, even on the surface facing the ground. Another 
special feature being dealt with at the prototype stage 
concerns the management and planning of strategies for 
moving the robot. With an adequate and relatively simple 
control system, this can give agility and flexibility of action, 
even to those without great experience in robotics [6]. 

5 Conclusions 
We are currently finalising the design and the 

construction of the robot (fig. 6), which is being developed 
by the two laboratories LARM and DART, and are 
constantly reviewing the requirements deriving from the 
architectural application and inspections carried out in the 
field of mechanics and mechatronics. 

Our aim is to test the possibilities of designing robots 
and/or robotic systems which are specifically dedicated to 
the field of Built Heritage, and to historical buildings in 
particular, and therefore to work in a completely new field 
for this kind of application.  

At the same time, we cannot ignore the objectives 
regarding the medieval pavement of Montecassino. This 
not only requires more detailed study to improve the 
knowledge of this type of work, as yet not widely studied, 
but there is also the aspect of studying the techniques of 
documentation, analysis, and therefore protection and 
conservation, of stone surfaces in general and in 
particular the pavement of the historic abbey at 
Montecassino, which lies hidden and unexplored beneath 
the current basilica.  
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Fig. 1 Rome, cosmatesque pavement of St. Crisogono 
(1146/1150) 

 
 

 

Fig. 1 Montecassino, ancient pavement of basilica 
(1066/1071) beneath current in a survey of 1951-52 [7] 

 
 

 

Fig. 2 Left side of the antique pavement before the 
reconstruction of the closed space in 1952 [8]. 

 

 

 

Fig. 3  A simulation example of operation of a hexapod robot 
on historical pavement of Montecassino.   
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Fig. 4  Built prototype of an anthropomorphic wheeled leg  
as developed at LARM,  

 

 

  
Fig. 5  Prototype of robot developed at LARM,  
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Abstract 

Hydrologic moment of the watershed area is defined as the static moment with respect to the 
outlet of the watershed. In this paper we show two different ways to get the hydrologic 
moment through GIS tools: by dividing the watershed into sub-watersheds from the drainage 
network, or by dividing the watershed into areas related to the distance to the watershed’s 

outlet. The Reservoir Geomorphological Instantaneous Unit Hydrograph is determined for 
each value of hydrologic moment previously obtained, and these hydrographs are applied to 
two watershed events. The results are analysed in order to show an appropriate and accurate 
way to determine the hydrologic moment. 

1 Introduction 
In recent years, there has been a major effort to 

characterize the average response of a watershed based 
on geomorphological properties using the unit hydrograph 
technique [1]. The first to introduce the concept of 
Geomorphological Instantaneous Unit Hydrograph were 
Rodriguez-Iturbe and Valdes [2], who determined it from 
the probability distribution function of surface water’s 
travel time along the watershed. Another way of looking at 
the geomorphology of the watershed is to express the 
parameters of the Instantaneous Unit Hydrograph of Nash 
[3] on the basis of morphological indices of Horton’s 
watershed [4], as did Rosso [5]. Another is making the 
Geomorphological Instantaneous Unit Hydrograph 
depend on the function of width of the watershed [6]. 
Karlinger and Troutman [7] studied different approaches 
to the unit hydrograph under the consideration of a 
random topological model of the drainage channel 
network. 

On the other hand, applying the linear reservoir model 
has been and still is very frequent in determining the Unit 
Hydrograph of a watershed. Singh [8] gives a detailed 
collection of models using this theory. The Reservoir 
Geomorphological Unit Hydrograph [9-10] conceptualizes 
the watershed as a cascade of linear storage reservoirs 
with two variants: one in which each reservoir represents 
the area of land that sheds a channel of the drainage 
network, also called sub-watershed, and one in which 
each reservoir represents the area of land between iso-
distances to the drainage point or watershed outlet. In 
both cases, the geomorphology of the watershed itself is 
introduced into the formulation of the model, coming to an 
expression that only depends on an uncertain parameter. 
With the development of Geographical Information 
System (GIS) tools, it is now possible to determine 
hydrological and watershed geomorphological parameters 
using Digital Elevation Models (DEMs) [11-13]. In this 
paper we analyze the different ways to characterize the 
geomorphology through the hydrologic moment and 

subsequently define the sensitivity of the single parameter 
associated with the Reservoir Geomorphological Unit 
Hydrograph. This requires the use of geographic 
information systems to obtain both sub-watersheds and 
for the layout of the iso-distances. 

2 Hydrologic moment and hydrograph 
unit of a watershed 

In this communication hydrologic moment is defined as 
the static moment of the area of a watershed in respect to 
its outlet. Its mathematical expression may be noted as 
follows 

                  [ ] [ ]
1 1

n n

i i

i i

iA Aa
= =

=å å                   (1) 

Where 
i
A  represents the area of an element that the 

watershed has been divided into. 
To analyse the geomorphology of a study watershed 

and determine the hydrologic moment, this paper 
presents different possibilities: 
— Partition the watershed into sub-watersheds from 
the permanent drainage system represented in the 
mapping. 

— Structuring the watershed from the drainage 
network drawn based on values of the Critical Source 
Area (CSA). 

— Partition the watershed in orders through areas 
between two consecutive iso-distances depending on the 
distance to the outlet. 

In addition to determining the area 
i
A  with the three 

previous procedures, you may present other divisions of 
the watershed to obtain the hydrologic moment. 

The hydrologic model called Reservoir 
Geomorphological Instantaneous Unit Hydrograph, 
RGIUH, has the following expression [9-10]: 
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The geomorphologic value a  represents the 
hydrologic moment of the watershed area. The only 
uncertain parameter t  represents the centre of gravity of 
the hydrograph. To obtain the direct runoff hydrograph 
simulated from the Instantaneous Unit Hydrograph we 
implement the convolution equation [14] to each of the 
effective rainfall hyetographs. 

3 Description of the watersheds and 
events 

The application and analysis of the Instantaneous Unit 
Hydrograph, IUH, have been carried out in two 
watersheds, Oiartzun and Aixola [15], located in northern 
Spain in the province of Gipuzkoa (fig. 1). Both 
watersheds have a gauging station as part of the hydro-
meteorological network of Gipuzkoa Provincial Council 
which records the flow of the river every ten minutes. The 
precipitation data are also recorded every ten minutes by 
a rain-gauge located at the gauging station in Aixola’s 
watershed and by three distributed throughout the 
watershed in Oiartzun. Aixola’s watershed, located on the 
western boundary of the province of Gipuzkoa and of 
mostly forest use (> 85% area) has an area of 4.70 km ², 
with extreme levels of 315 and 740 metres, an average 
slope of 44.25 % and an annual average rainfall of 1600 
mm. Oiartzun’s watershed located in the north-east of the 
province, which is larger than Aixola, has an area of 56.07 
km ², extreme levels of 11 and 831 meters, an average 
slope of 43.11% and an average annual rainfall between 
1700 mm in the lower part of the watershed to 2100 mm 
in the highest part of the watershed. In fig. 1 the location 
of both study watersheds is shown in Gipuzkoa province 
and in Spain. 

From the data recorded in each of the stations we have 
selected a series of twenty events in the watershed of 
Aixola and twelve in the watershed of Oiartzun which can 
be adapted to the implementation hypothesis of the Unit 
Hydrograph method. The base flow has been extracted 
from each of these events and the effective rainfall 
hyetograph has been obtained. The base flow extraction 
was performed using a recursive filter, namely the one 
proposed by Eckhardt [16] of two parameters. After 
removing the base flow the effective rainfall hyetograph 

has been obtained using the curve number method 
developed by the Soil Conservation Service [17] adjusting 
the observed direct runoff volume and the beginning of 
the observed direct runoff hydrograph. The main features 
of each of these selected events are in the doctoral thesis 
entitled "Development of a rainfall-runoff simulation model 
in humid areas. Implementation and evaluation in 
headwater catchments located in Gipuzkoa"[15]. 

4 Hydrologic moment and study 
watershed’s unit hydrograph 

We present different ways to get the hydrologic moment 
through GIS tools for the two study watersheds, Oiartzun 
and Aixola, described in paragraph 2. First divide the 
watershed into sub-watersheds from the permanent 
drainage network represented on maps of 1:5000 and 
CSA values of 10%, 5%, 2% and 1% of total watershed 
area. Then in orders between consecutive iso-distances. 
The order numbers   used for this second analysis of the 
geomorphology of the watershed have been 3, 6, 9, 12 y 
15. From the hydrologic moment you can determine the 
Reservoir Geomorphological Instantaneous Unit 
Hydrograph. The dimensionless hydrograph is one that 
expresses the flow and time depending on response time 
and is achieved when defining the instantaneous unit 
hydrograph for 1t = . 

 
Fig. 1 Location of Aixola and Oiartzun watershed 
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In fig. 2 the generated divisions are represented as 
their related areas in Aixola’s watershed, we show the 
value of the hydrologic moment a  and the dimensionless 
Reservoir Geomorphological Instantaneous Unit 
Hydrograph. These representations are made when using 
in sub-watershed partitions as in the case of using iso-
distances. 

 
 
 
 
 
 
 

 
Fig. 2 Hydrologic moment and unit hydrograph in Aixola’s watershed 
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In fig. 3 the generated divisions are represented as 
their related areas in the Oiartzun’s watershed, we show 
the value of the hydrologic moment a  and the 
dimensionless Reservoir Geomorphological 
Instantaneous Unit Hydrograph. 

 

 
 
 
 
 
 

 

Fig. 3 Hydrologic moment and unit hydrograph of Oiartzun’s watershed 
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It is observed in the different dimensionless calculated 
RGIUH that the largest peak flow is reached with the 
geomorphology represented by sub-watersheds. The 
differences in the magnitude of peak flow are significant, 
being the minimum up to 18% and 19% lower than the 
peak in the watersheds of Aixola and Oiartzun 
respectively. With regard to the form, in the case of the 
iso-distances, the increase in division degree results in a 
delay in the peak time and an increase in peak flow. 
However in the case of the sub-watersheds there is no 
clear trend. 

5 Influence of the divisions in the 
determination of the hydrologic 
moment 

Once generated the instantaneous unit hydrographs 
have been applied to twenty and twelve events of the 
watersheds of Aixola and Oiartzun respectively. The 
kindness of the adjustment in the application of the 
simulated hydrographs, derived from the hydrologic 
moments obtained in the previous section, has been 
performed in respect to the efficiency defined by Nash 
and Sutcliffe [18] whose expression is: 

[ ]
22

, , ,

1 1

1
m m

ob j sij ob j ob

j j

E Q Q Q Q

= =

= - - -é ùë ûå å    (3) 

where: 
,ob j

Q  is the flow is observed at the time j, 
,si j

Q  

is the flow simulated at the time j and 
ob

Q  is the 

average flow observed. 
In each of the events parameter t  is optimised. In fig. 

4 we represent the distribution bars with the percentiles 
10, 25, 50, 75 and 90 of the highest efficiency for each of 
the geomorphologies. 

 

 
Fig. 4 Efficiency of the geomorphologies of Aixola and 

Oiartzun’s watersheds 

In general the performance of the simulated 
hydrographs is satisfactory and achieves high efficiencies. 
In Aixola’s watershed the best performances are those of 
the geomorphology obtained by sub-watersheds with 2% 
CSA followed by topographic channels and 1% CSA. In 
Oiartzun’s watershed, however, the geomorphology 

defined by iso-distances of order 3n=  presents the best 
efficiencies and lower dispersions, followed by the iso-
distance order 6n=  and sub-watersheds with 2% CSA. 

In fig. 5 distribution bars of parameter   are represented 
for each of the studied geomorphologies. 

 

 
Fig. 5 Optimal parameter t  values for the geomorphologies 

of Aixola and Oiartzun’s watersheds 
 
In the case of parameter t  the two watersheds show 

clearly a different average value, being higher in 
Oiartzun’s watershed in accordance with its higher 
response time. Yet the dispersion in the value within one 
watershed is large, with the variability of time response 
within one watershed becoming apparent. As for the 
differences due to the geomorphology, the obtained 
parameter t  average values are very similar, although it 
is observed that the average value of the parameter 
increases as the value of peak time decreases. The 
differences in dispersion do not seem significant, showing 
higher dispersions those geomorphologies with higher t  
average value. 
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Fig. 6 shows the distribution bars of the peak times for 

optimum unit hydrographs for each geomorphology. 

 

 
Fig. 6 Optimum values of 

p
t  for the geomorphologies of 

Aixola and Oiartzun’s watersheds 
 

It is observed that unlike parameter t  peak time 
P

t  is 

not constant in different geomorphologies. From this 
observation we can conclude that using the first order 
time to characterize the response time of a watershed is 
more appropriate than using the peak time. 

6 Conclusions 
We performed a study of the influence of the watershed 

geomorphology in determining the hydrologic moment 
and the Reservoir Geomorphological Instantaneous Unit 
Hydrograph. For this we have obtained the areas that 
define the watershed structure by sub-watersheds and 
iso-distances with different division degrees. We have 
implemented and optimized the various RGIUH obtained 
by analysing the geomorphology of twenty direct runoff 
events in Aixola’s watershed and twelve in Oiartzun’s 

watershed. We have presented the efficiency values, E , 

parameter t  and peak time, 
p

t , optimum in each case. 

This study concludes that: The Reservoir 
Geomorphological Instantaneous Unit Hydrograph 
associated to the hydrologic moment of a single 
parameter works properly for modelling the direct runoff. 

 
Although there are no major differences between the 

ways of looking at the geomorphology, in the case of 
Aixola the geomorphology representation with sub-
watersheds with CSA (critical source area) of 2% has 
been the most appropriate. In the case of Oiartzun the 
watershed’s iso-distances with an order of three divisions 
has been the most suitable. A sub-watershed structure 
generated with a 2% CSA is considered a satisfactory 
way to obtain the hydrologic moment values that 
determine the Reservoir Geomorphological Instantaneous 
Unit Hydrograph. Analysing both parameter t  and peak 

time 
p

t , it is concluded that the response time of a unit 

hydrograph is better characterised with the first, as it is 
maintained regardless the shape. 
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Abstract 

Purpose: 
The study intends to develop a digital procedure to ‘automatically’ create cycle paths compatible 
with regional requirements 

Method: 
To achieve this goal a GIS will be used as a graphic tool to identify and assess the routes 

Result: 
The results validate the proposed digital approach, highlighting the substantial overlapping 
between the design route and the automatically generated route 

Discussion & Conclusion: 
This paper intends to provide a simple, consultable tool that can efficiently and easily produce 
the information required to support the design options specifically analysed and integrated in the 
system    

1 Introduction 
Geographic information systems (GIS) are a useful and 

important tool to interpret the changes made by natural or 
anthropic events in specific locations. As we all know, 
these systems are used to analyse the physical and 
immaterial events that take place in a certain area; when 
these events are turned into an interrelated and 
georeferenced dataset then we can geometrically and 
topologically represent space and create an integrated, 
computerised and multisectoral dataset.  

The interactive management of territorial information 
and relative topic-specific representation means we can 
control, elaborate and link all GIS data and, whenever 
necessary, make alterations in order to establish criteria 
that can ensure balanced development of an area or 
location.  

In light of the above, this paper will use ad hoc digital 
representations to illustrate how a geographic information 
system can be used in the management and validation of 
design choices involving changes in the urban and 
territorial environment. In particular, we will propose an 
operational methodology to elaborate models which, by 
recording and integrating location-related data and certain 
ad hoc events, can create graphic simulations which will 
make it possible to classify, represent and interpret a 
territorial environment based on the spatial, synchronic and 
diachronic relationships between its anthropic, natural and 
environmental elements. This is a particularly complex 
problem when the area in question has specific 
environmental characteristics or when there are 
monuments, archaeological sites or other kinds of 
structures that act as cultural attractors which can to some 
extent determine territorial transformation.  

The study focuses on an area in the Municipality of 
Capaccio-Paestum considered to be representative of the 

issue in question given the presence of one of the most 
important archaeological sites in the world and other 
important tourism attractors which will be illustrated later. In 
light of the above, this study will focus on the possibility of 
installing cycle paths using digital procedures which 
‘automatically’ create a network that can boost 
development in this area and are based on specific design 
choices and options1. 

2 The analyzed territory 
A territory or region can only be truly understood through 

its history, so it’s important to outline the events which over 
the years have characterised its development and 
contributed to its urban and environmental identity. In this 
case, the territory’s history is particularly important because 
Paestum was one of the most important cities in Magna 
Graecia.  

The oldest findings of human habitation in this area 
actually date to the Palaeolithic Age, but it was not until the 
Bronze Age that extensive settlements were built, for 
example the Necropolis of Gaudo with its many 
underground tombs probably dug out of the limestone rocks 
by populations from Asia Minor.  

However we owe Paestum’s spectacular notoriety to the 
Greeks for having made it an ‘open air’ museum of Greek 

                                                
1
 The methodological approach is developed by authors that work 

together  collecting  their personal and specific contribution. In 
detail, Barbara Messina treated about the database acquisition 
and its organisation; she also edited the text in this scientific 
format. Pierpaolo D’Agostino took care  about the data analysis 
and the GIS elaboration; moreover he made all the digital images 
and thematic restitutions. 
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art, renowned the world over for the beauty of its 
monuments.    

According to Strabo2 the city was founded by the 
Achaeans of Sybaris around the mouth of the river Sele in 
7 B.C. It was here they built the first fortified nucleus and a 
temple dedicated to the goddess Argive Hera, the ruins of 
which are still visible today. Its privileged geographical 
location and rich soil boosted the city’s development and it 
soon became a hub for traders and all sorts of commercial 
activities. This rapid economic and demographic growth 
made it necessary to enlarge the city: in the late 7th and 
early 8th century B.C. a colony was founded in the nearby 
area where the temples now stand, in other words at the 
crossroads of the trade routes between the Ionian and 
Tyrrhenian coasts.  

However it was not until the late 6th century B.C. that the 
new settlement called Poseidonia3 asserted its political, 
economic and cultural supremacy over the neighbouring 
Etruscan and Italic towns, probably when the Sybarites 
arrived in the city after fleeing the destruction of their 
homeland in 510 B.C. Poseidonia developed rapidly thanks 
to the Sybarites’ wealth, life experiences and organisational 
skills. The famous Basilica, Temple of Ceres and Temple of 
Neptune are superb and rare examples of Doric-style 
religious buildings preserved almost intact; they were all 
built during this period, as were the massive town walls 
considered to be some of the most majestic and imposing 
fortifications in cities in Magna Graecia that have survived 
to the present day. The 5 km, pseudo-trapezoidal perimeter 
of the walls around the Greek city is still visible; the four 
gates at each of the cardinal points and several square or 
circular towers reinforce the wall structure which, as 
mentioned earlier, has survived almost intact. 

After the city was conquered for a brief period by the 
Lucani, the city – occupied by the Romans in 273 B.C. - 
became a Latin colony taking the name which it is now 
known by: Paestum. The most important buildings and the 
Hippodamian layout of the city were maintained unaltered, 
but the original urban structure was slightly modified, above 
all the road network and most of the public buildings4: the 
Greek temples were simply ‘reconverted’ and used for 
Latin divinities. The city also gained a forum, an 
amphitheatre, hot baths and other buildings which turned 
Paestum into a flourishing, bustling city.  

Paestum was a successful city until the Late Imperial 
period. Many different and concurrent reasons contributed 
to its decline including the massive flooding of the River 
Capo which took place around this time; the plain of 
Paestum became an enormous marsh and the Roman city 
was broken up into several small villages. Another reason 
were the increasingly frequent Saracen raids which drove 
the citizens to abandon the original site and build a new 
city, Capaccio Vecchio, on the hills east of the plain. A 
castle was built to protect the new settlement (the ruins are 

                                                
2
 This is how Strabo, a Greek geographer who lived between 60 

B.C. and 20 B.C., describes the geographical location of 
Paestum: “...After the mouth of the Silaris one comes to 

Leucania, and to the temple of the Argoan Hera, built by Jason, 
and near by, within fifty stadia, to Poseidonia..." (Geography, 
book VI, 1, 1). Thanks to the absolute accuracy of Strabo’s 

topographical notes, it was possible in 1934 to identify the 
remains of Heraion, about 9 km from the archaeological site of 
Paestum, and other minor temples around it. 
3
 The city was called Poseidonia in honour of Poseidon, god of 

the sea, thanks to whose protection the Sybarites were able to 
cross the Tyrrhenian and build the new city. 
4
 The Roman alterations to old Poseidonia also involved private 

buildings: several sumptuous domus were in fact built during this 
period. 

still visible), but it was not enough to stop the siege and 
destruction of the city by Frederick II in the 13th century.  

In the centuries that followed the city’s fame and fortune 
were forgotten and the area of the Greek and then Roman 
city passed into oblivion; during those same years the 
Saracens plundered and raided the coastal areas near 
Paestum as well as the rest of the Cilento coasts and 
Southern Italy. The ruling dynasties tried to stop these 
incursions by building, amongst other things, defence 
towers – above all during the reign of the Viceroy; these 
towers still stand today and include the so-called ‘Saracen 
tower of Paestum’ in the hamlet of Licinella, a solid, 
truncated cone construction with battlements accessed by 
steps resting on a ‘gooseneck’ arch.  

Forgotten until the 18th century, classical Paestum was 
finally discovered by archaeologists in 1752 thanks to the 
reclamation initiated by Charles III Bourbon. The 
archaeological site became a ‘must see’ on the Grand Tour 
captivating the many artists and literati who chose to visit it. 
This is how Goethe in his book Italian Journey, describes 
his arrival in Paestum: “…finally, we were uncertain whether 
we were driving through rocks or ruins, then in the distance 
we recognised what they were, huge quadrilateral masses, 
the remains of temples, monuments to a once glorious 
city… While I found a countryman to conduct me round the 
temples, at first sight they excited nothing but stupefaction. I 
found myself in a world which was completely strange to 
me” 5.  

Together with greater political and cultural awareness 
sparked by the excavations, the discovery of the old city 
marked the rebirth of this area: several initiatives to reclaim 
and recover the area around the temples involved important 
changes to the urban and rural landscape including 
reclamation of the marshlands on the Paestum plain and 
the construction of highway SS 18 between Salerno and 
Calabria. Although the motorway was strategic in terms of 
mobility, it was a poor choice from an archaeological and 
conservation point of view since it crosses the centre of the 
site surrounded by the old walls, cutting it in half. On the 
other hand construction of the road did allow a new 
settlement to gradually develop; known as Capaccio Scalo 
it has slowly become the city’s commercial hub.  

3 The cycle path project for the city of 
Capaccio-Paestum 

The imposing presence of archaeological ruins and the 
pleasant geographical location6 have helped boost tourism 
in this area and encouraged economic growth based mainly 
on tourism and trade.  

The construction of hotels, bathing establishments and 
all sorts of tourist-oriented cultural activities, production 
plants and commercial enterprises has turned this area into 
a popular tourist destination, even for international visitors. 
Many visitors come to Paestum each year especially during 
the summer and the number of temporary residents 
increases significantly. This inevitably brings with it an 
increase in traffic in the main tourist areas. 

To try and tackle the problem the local Municipal 
Authorities recently decided to improve the existing cycle 
path which runs chiefly along the coast; they decided to 

                                                
5
 J. W. Goethe, Italian Journey:1986-1988, translated by W. H. 

Auden & Elizabeth Mayer, Penguin Classics, London 1962. 
6 The city of Capaccio-Paestum in the plains of the Sele Valley, is 
bordered on the east by the mountains of the National Park of the 
Cilento and Vallo di Diano, and on the west by a sandy coastline. 
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make most of their area of responsibility accessible on a 
bicycle and reduce traffic on the main road network. 

This decision is very much in line with the (increasingly 
international) trend to reorganise transport in favour of 
‘light’ vehicles that can streamline traffic, above all in cities; 
one of the advantages of this approach is an increase in 
the quality of life.  

Having recovered its original role as a means of 
transport the bicycle is obviously competitive in this regard, 
not only from the point of view of health and the 
environment, but above all because it is cheap and can be 
used in so many ways. In recent years more and more 
people use bicycles. In Italy habitual users, i.e., those who 
use it three or four times a week, average roughly 13%, 
while approximately 23.5% are occasional users, i.e., those 
who use it not more than one or twice a week.7 These are 
national averages, but figures vary significantly from region 
to region, decreasing considerably in the south. For 
example, in Campania habitual cyclists are only a little over 
4%. This shows how much work still needs to be done to 
promote non-motorised two-wheel culture.  

There are many other reasons why people use bicycles: 
statistics show that people use bicycles mainly in their free 
time (39.5%) even if they are now starting to use it on 
family business (33%), in other words as an everyday 
means of transport.  

 
   Bicycle  Other modes 

Free time 39,5 31,2 
Family business 33,0 29,1 

Work 24,4 33,7 
Study 3,2 5,9 
Total 100 100 

Tab. 1 Destinations reached on a bicycle and other modes of 
transport (percentages by Audimob) 

However, in Italy the potential of this transport mode is 
still underestimated: in fact bicycles are used as 
transportation only by 4% of the population for longer 
journeys of not more than 5 km. We should point out that 
for shorter distances it’s much better to use a bicycle than a 
car considering that at rush hour the average speed of 
motorised vehicles is less than 10 km/h. This option has 
been corroborated by several ad hoc studies which show 
that, on average: 
- people walk up to 1 km; 
- cycle from 1 to 5 km; 
- use motorised means for more than 5 km. 

However it’s obvious we have to encourage the use of 
bicycles, above all by envisaging ad hoc infrastructures to 
provide safe conditions for cyclists. We would like to 
emphasise that this does not necessarily mean building 
new cycle paths; very often it’s possible to design pleasant, 
safe routes simply by slightly modifying secondary roads 
with very little traffic. Good results can be achieved quire 
cheaply.  

Based on the project proposal by the municipal 
administration of Capaccio-Paestum, this study intends to 
verify (1) whether or not the cycle paths (still to be built) are 
located near several attractors believed to be important in 
terms of a possible urban cycle route, and (2) the possibility 
to improve existing paths. To achieve its goals the study 
will use digital graphic simulations generated by an ad hoc 
Geographic Information System (GIS).  

                                                
7 All data in this paper were taken from statistical studies 
periodically carried out by the Observatory “Audimob” on mobility 
in Italy. 

4 A digital approach: the GIS as a 
graphic tool to assess cycle paths  

The goal of the proposed methodology is to validate an 
analytical system that can be used when it is necessary to 
create or implement non-vehicular routes in a consolidated 
urban environment - in particular a network of cycle paths. 
The objective is to use graphic and analytical tools to make 
a preliminary assessment regarding the compatibility of the 
decisions taken during the design stage with several 
specific urban and territorial features which inevitably need 
to be taken into consideration. 

To develop the operational procedure we decided to 
focus on the reuse of existing pathways; we immediately 
realised we needed to use vector graphics to represent the 
roads in the municipality of Capaccio-Paestum. We also 
decided to initially disregard the type of roads and their 
geometric characteristics and vehicular use (Fig. 1).  

 

 

Fig. 1 Road network of Capaccio  

The entire road network was linked to an ad hoc 
database: we then inserted all road-related information8 we 
thought would be useful in the future running of the system. 
When we had to decide which existing roads could 
potentially host a cycle path we filtered the available data 
based on a road hierarchy. In particular, we decided to 
exclude inter-urban and high-speed urban roads which 
would have made cycle paths incompatible with vehicular 
traffic because of the elevated speed limit, the type of road 
and pavements, and their geometric and formal 
characteristics. Similarly, we excluded smaller streets, 
mainly those in private property, because we deemed them 
incompatible with the construction of public cycle paths. 

The remaining network involved district and local roads; 
it was exported in a new shape and further simplified based 
on possible pedestrian use. In particular, having assessed 
the length of the roads, we excluded those which were less 
than one kilometre long since this is a distance that can 
easily be covered on foot. We proceeded to identify a 
network which was potentially suited to cycle ‘traffic’.  

The second methodological stage involved using simple 
maps to identify and locate all the attractors; we divided 
them according to the cultural, productive, commercial and 
accommodating facilities that could ‘attract’ tourists and 

                                                
8 The information regards toponymy, road hierarchy, geometric 
characteristics, size, etc. 



916

B. Messina and  P. D’Agostino A GIS approach to monitor territorial transformations 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

accordingly  influence road traffic in the municipality of 
Capaccio-Paestum (Fig. 2). The location of these attractors 
was graphically mapped using a Euclidean distance 
analysis; this procedure was used to identify the catchment 
area of each location.  

 

 

Fig. 2 Location of the attractors 

 

Fig. 3 Distance analysis based on the attractors 

In particular, as concerns the attractors, we localised all 
the points within a pre-determined distance which, again in 
this case, was one kilometre (limit of how far a pedestrian 
can walk) (Fig. 3). By reciprocally superimposing the areas 
around each attractor, it was possible to visualize the 
distance within which a cycle path can be placed to ensure 
that the path between locations remains unbroken and can 
potentially influence the above-mentioned tourist flows.  

Another important step involved identifying so-called 
‘critical areas’, i.e., municipal land considered either 
unsuitable for bicycles, or physically obstructed, or with 
features that make cycling difficult or dangerous.  

This analysis focused on two main issues:  
- land slope, 
- density of the urban environment. 

Regarding the slope, the first step was to import several 
points on the base maps; these points were used to 

elaborate the contour lines using the statistic technique 
called kriging (Fig. 4).  

The ensuing curves allowed us to analyse the slope9 
using an automatic triangulation procedure based on the 
points already inserted (Fig. 5). 

  

 

Fig. 4 Interpretation of the altimetry 

 

Fig. 5 Analysis of the slopes 

Having completed this procedure we decided on a figure 
that represented the threshold beyond which it was difficult 
to use a bicycle. This figure was 15% and corresponded to 
the limit beyond which an amateur cyclist cannot easily 
pedal uphill. Obviously the areas for which this slope was 
higher than the threshold were not considered from the 
map because they represented unfavourable areas.  

Similar considerations, albeit using different spatial 
analytical functions, were used to identify the critical 
perimeter of the urban area.  

The graphic study took into account only civil or 
industrial buildings: we decided that all other building types 

                                                
9 In this particular case, the slopes established using the related 
spatial function are included between 0 and 82%. However we 
should point out that most of the municipal region is flat, in other 
words with gradients of less that 11%.  
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(rural farmhouses, greenhouses, temporary constructions) 
had a limited impact on cycle paths, either because they 
were small in size or because their location did not create 
dangerous vehicular traffic intersections (Fig. 6).  

 

 

Fig. 6 Mapping of civil and industrial buildings 

 

Fig. 7 Analysis of the kernel density of the built-up areas 

By analysing kernel density, we were able to establish 
where the buildings were located and the areas in which 
the urban fabric tended to be denser; these areas were 
considered comparable to critical areas and were 
extrapolated (Fig. 7).  

At this point we decided to pool the information 
elaborated so far; using an automatic procedure created by 
the GIS we identified the stretches of road that could be 
used by cyclists (albeit taking account of the critical and 
unusable areas) but were also well-positioned vis-à-vis 
regional attractors (Fig. 8). This meant we also needed to 
create a buffer around the viable cycle paths10 and 
establish the width of the buffer.  

                                                
10 We decided to assign a value of constant width, equal to 10 m, 
to the road buffers in order to create continuous linear buffers 
around the roads selected. This overall measurement is equally 
divided compared to the road network.  

At the same time, the map showing distances between 
the attractors was transformed into a vector shape using a 
series of points. 

 
 

 

Fig. 8 Representation of the critical areas 

 

Fig. 9 Shape of points from the analysis of the attractors 

This allowed us to overlap the latter on the road buffers 
and extrapolate the points inside or on the edge of 
perimeter of the buffers, i.e., those located inside the road 
network potentially chosen to host a cycle path only 
according to its characteristics (Fig. 9). We eliminated from 
these points all those in critical areas; as a result, taking 
into account the unfavourable conditions described earlier, 
the only remaining mapped points indicated areas 
considered appropriate to the purpose (Fig. 10). Using 
automatic procedures this points set was then turned into a 
linear graph which we used to establish the routes 
compatible with cycle paths based on the formulated 
hypotheses and subsequent studies. The cycle paths 
established using the above procedures were then 
compared with the draft network drawn up by the municipal 
office to validate the success and efficiency of this 
operational methodology.  
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Fig. 10 Cycle paths compatible with the analyses 

5 Conclusion 
The results appear to be very interesting insofar as they 

confirm the validity of the digital approach used to 
‘automatically’ create the cycle paths in question. The two 
networks coincide to a large extent, except in a few areas 
which were then examined to discover the reason behind 
the discrepancy. In essence, differences depended on 
three emblematic situations described below: 
1) to make the project quicker and more economical, the 

network created by the GIS tends to privilege the 
reuse of existing roads. This network does not always 
overlap with the route envisaged by the Municipality. In 
fact in some areas even though we identified several 
existing roads as being suitable, the planners 
preferred to create completely new routes rather than 
use them. This is probably due to the discretion left to 
planners which allows them to choose between 
several valid alternatives and select one based on 
their own choices or preferences;  

2) compared to the location of the attractors and 
considering all other options, the study showed that 
certain parts of the existing road network which we 
believed to be suitable, were in fact excluded by the 
municipal administration. This could depend on a 
different approach to the problem or different input 
data. In fact, the instrumental study used a series of 
attractors as hubs around which the traffic could 
potentially flow; these attractors were divided into 
categories, but were in any case considered of interest 
to ‘tourists’ (in other words users not necessarily 
resident in Capaccio). This assessment was based on 
earlier considerations according to which people use 
bicycles above all in their free time; 

3) where there were discrepancies, the routes identified 
using the digital procedure were slightly discontinuous; 
instead in the same places the planners routes were 
continuous - for example in an area eliminated 
because believed to be too slope, but where a cycle 
path could actually be created by following the 
orography. The reason for this discrepancy depends 
on the procedure used by the software. In fact, the 
process that automatically creates the slope of the 
analyzed area takes as its input data the contour lines 
established by the aerophotogrammetric survey. A TIN 

(Triangulated Irregular Network) is created and this 
ultimately determines the maximum slope of the 
planes. Since the contours for the roads refer only to 
the centre-line, the software considers as critical uphill 
routes for which it does not calculate the real slope, 
something that can be calculated only if more detailed 
surveys are carried out compared to the roadside.   
Another ‘automatic’ break in the route was the 
coastline because of the density of the built-up area. 
Indeed, although the route designed by the 
Municipality passed through critical areas, it veered off 
from the existing road network with its many 
dangerous intersections and followed a route through 
the pine forest located between the sea and the 
houses. 

These differences or discrepancies do not invalidate the 
methodology, but in some cases actually corroborate the 
accuracy of the indications automatically generated by the 
system.  

 

 

Fig. 11 Overlap of the designed route and GIS-created routes 

Finally we should point out that the study was carried out 
using a ‘standard’ platform for the elaboration with the 
software. In other words, a system capable of managing 
and analysing all kinds of spatial relationships between 
elements in the system’s database. However normal 
topological analysis of data was graphically controlled to 
ensure rapid visualisation of the results. As a result, 
although we did not intervene or modify the software 
programme, we were able to provide less expert users with 
a tool which was not only simple to use and consult, but 
could also efficiently and easily produce the information 
required to support the design options analysed and 
integrated in the system.  

References 
[1] V. Biondi, D. Ferrero, S. Pelizzari, Qualità, ambiente, 
sicurezza ed etica. Linee guida per la gestione integrata. 
Franco Angeli, Milano 2004. 
[2] V. Cardone, Modelli grafici dell’architettura e del 
territorio. Cues, Salerno 2008. 
[3] M. Cecconello, Rappresentazioni del territorio e sistemi 
conoscitivi on line: multimedia e www, on DDD 4 (2002). 
[4] G. De Matteis, Il territorio come risorsa per lo sviluppo 
locale. Provincia di Torino, Torino 2003. 



919

B. Messina and  P. D’Agostino A GIS approach to monitor territorial transformations 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

[5] T. Empler, F. Bianconi, R. Bagagli, Rappresentazione 
del paesaggio. DEI, Roma 2006. 
[6] R. Gambino, Conservare innovare: paesaggio, 
ambiente, territorio. UTET, Torino 1997. 
[7] V.Iannizzaro, Dalle Mappae Mundi alle immagini 
satellitari - Rappresentazione del territorio e cartografia 
tematica. Cues, Salerno 2006. 
[8] G .Marinoni, Infrastrutture nel progetto urbano. Franco 
Angeli, Milano 2006 
[9] M. Passigato, C. Pedroni, A. Dalla Venezia, R. di 
Bussolo (a cura di), Reti ciclabili in area mediterranea, 
Grafiche Leone, Dolo (VE) 2008. 
[10] M. Pignataro (a cura di), La rappresentazione 
strumento per l'analisi e il controllo del progetto di 
paesaggio. Aracne, Roma 2004. 
[11] A. Pratelli (a cura di), Codici del disegno di progetto, 
Forum Editrice, Udine 2006. 
[12] M.A. Teti (a cura di), Sistemi informativi geografici. 
Franco Angeli editore, Milano 2004. 
[13] Fiaib web site: www.pdfchaser.com/pdf/www.fiab.info.html. 



920

  

 

Proceedings of the IMProVe 2011 

International conference on Innovative Methods in Product Design 

June 15th – 17th, 2011, Venice, Italy 

 

BAECULA battle Geographic Information System 

Cárdenas Anguita.,Inmaculada. (a), Mozas Martínez., Francisco(b),Valderrama Zafra., José Manuel(b) 
(a)Centro Andaluz de Arqueología Ibérica. Universidad de Jaén 
(b)Universidad de Jaén 

 

ArticleInformation 

Keywords: 
Archaeology 
G.I.S. 
Baecula 
Battle 
 

Corresponding author: 
InmaculadaCardenas Anguita 
Tel.: + 34 953 213510 
e-mail:icardenasanguita@gmail.com 
Address: Paraje las lagunillas, Jaén 
(España) 

Abstract 

Purpose: 
This contribution explains the procedure followed for the construction of GIS applied to the 
study of the archaeological scene of a battle. 
It is about the Baecula Battle, that took place in 208 b.C.in the frame of the second Punic 
War, near to the village of Santo Tomé (Jaén), that faced the Carthaginian army commanded 
by AsdrubalBarca, with the roman Army commanded by Publio Cornelio Escipion “the 
African”. 
The CAAI (Iberic Archaeological AndalusianCenter), along five field works stage, since 2006 
until now, have made a job of investigation based on the low level prospection of the artifacts 
located in the battle area. 

Method: 
The methodology used has a land survey phase, consistent in a surface scanning based in a 
106 transect system, divided in 3453 square parcels, which cover 40 hectares. In this area 
was registered the ceramics artifacts detected in each square parcel and then the 6123 
metallic rests found with magnetic prospection was geolocated by GPS. During the laboratory 
phase, took place the identification and classification of the materials. 
All of this archaeological and geographical information has been integrated to make up a 
geographical database, been those register the one that link with the battle, implementing 
with all the available cartography to help the analysis tasks. 

Result: 
The operation of the GIS and it application to cartographic analysis techniques has improved 
the knowledge of the battle development, from the movements of troops through the areas 
with mayor tacks concentration (that cover the sole of the roman shoe), to the zones where  
took place the different stages (the assembly of the roman army, fight face to face, etc…). By 
the way have been done another study of the density of Iberic ceramic artifacts, that together 
with the presence of nails of the shelter tents, has provide an important indication to locate 
the zones where the roman and the Carthaginian army placed their camps.  
 

Discussion & Conclusion: 
In any case, it confirms that the application of the GIS in the battle scene of Baecula, bring us 
positives results.   

1 Introduction 
 
The Andalusia Iberic Archaeology Centre, between the 
years 2001 and 2003 the location of the conflicts 
corresponding to the second Punic war that took place in 
the high Guadalquivir river [1] was reviewed. Between 
then, we can found the Baecula battle, which location was 
questionable, even when it was usually located nearby 
the city of Bailén (Jaén) by different authors. 
 
This location was discard and proceeded to find the real 
location of the battle with the the support of two 
resources: 
 
- The wide knowledge of the chronologies of the 

settlements in the high Guadalquivir by the research 
team. 

- The descriptions made of the event in the classical 
sources: Histories of Polibio [2] and History of Rome 
since its foundation of Tito Livio [3], that give some 

topographic references, that could be contrasted in 
the field. 

 
 
Thanks to this investigation process, the real location of 
the Baecula battle was found in the province of Jaén, 
specifically in the council of Santo Tomé, occupying the 
Albahacas hill. This orographic unit take about 1700 has 
of approximate area, and presents the maximum elevation 
of 678,043 m. over the sea. 
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Fig. 1Baecula battle localization. 

 
 

2 OBJECTIVES 
 
The main objective of this project is to know the 
investigation of the different phases of the Baecula battle. 
 
For this, once the battlefield was located, the 
archaeological works began along, five field works stage 
since the year of 2006 to 2010. The employed 
methodology consist in a scan of the surface leaning in a 
106 transects, subdivided into 3453 grids, in a total area 
of 40 has. In this surface, have been collected the 
ceramics rests in each grid, and georeferenced with GPS 
the 6123 metallic rests founded by the magnetic survey 
with metal detector. Lately, in the laboratory phase, was 
made the identification and classification of the materials. 
 

 

Fig. 2Surveymethodology, georeference and register in the 

Albahacashill. 

 

 

Fig. 3ProspectedTransects in Albahacas Hill. 

 
As result of the accumulated volume of data and the wide 
surface they occupied in the field, rise the idea of storage 
them into a Geographic Information System, performing 
the storage of the data in a efficient way, enduring and 
versatile, because it allows an easy way to share 
information between investigators, that in other case can 
do easy queries with no need to have knowledge of the 
GIS technology, as affirm Conolly [4], sometimes is 
enough organizing the data in a efficient way to generate 
new ideas about the past. But the most important thing is 
the fact of having a geographic database that allows the 
application of cartographic technics that shown the data 
from points of view impossible to do with other methods. 

 

 

3 GEOGRAPHIC INFORMATION 
SYSTEM 

3.1 GIS DESIGN 

 
There are so many definitions of what is a Geographic 
Information System (GIS), in this case we base on the 
one proposed by Felicisimo [5]: “Group of computer 
software, hardware and peripherals that transform 
geographical reference data, into information about sites, 
special interactions and geographical relations between 
the fix entities or the dynamics that have and space in the 
natural or builds environments”. 
 
In the case of Baecula GIS, the software used was 
Geomedia Professional versión 06.01.02.04 (Intergraph 
Corporation), geographical reference data should be the 
ones that comes from the micro survey, among others, 
that in this case occupied the natural site of hill of the 
Albahacas and its area. 
 
We have two remember that the spatial database of a GIS 
is the digital representation of the reality and to took place 
is necessary to hold on a data model [6]. Exists two 
basics models in what lies every Geographical Information 
System: the raster model and the vector model. 
 
In the case of the survey in the hill of Albahacas the data 
makes a vector GIS, composed by spatial elements with 
geometric character, like the point or the area and with 
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thematic attributes joined, which are manage from tables 
joined to the concept of relational database, just as we 
explain forward. 
 
At the time of building a Geographical Information 
System, we began with a group of georeferenced data, 
we have to make a database, to do this we used the 
entity-relationship model, that describe the real world 
through entities related between then, and for this, used 
three basics elements : the entities, the attributes and the 
relationships [7]. 
 
Basing on these elements, it is possible to build the 
database, into different models, depending on the type of 
information, which is going to be used. One of this models 
is the relational, the one used in this case. 
 
In a relational database, the data are store in tables (one 
for each entity), where the rows represents the registers 
and the columns the attributes. Each register is unique, 
and it is specifically identifiable, through one of the 
attributes, called primary key. Also the entities and the 
tables that represent them are joined between 
relationships with different order. Although the basics 
theoretical of this model are more extensive, perhaps was 
more illustrative to build the entity-relationship diagram for 
the data coming from the Albahacas hill, that compose 
the main body of the GIS. 
 
The most relevant objects of the survey were by side the 
metallic elements founded, and in the other hand, the 
ceramics fragments collected. Each other, generate 
almost one point type entity, in first case, and an area 
type in the second case, and also it will have a set of 
attributes associated, with one of them been the primary 
key, the “Id_punto” in metals case and “Id_cuadrícula” for 
the ceramic. In the entity-relationship diagram, the entities 
are represented by rectangles, and their attributes like 
ellipses. For the relationships between entities diamonds 
will be employed, In this case, the relationships between 
CERAMIC AND METALS entities, will be 1 to N (because 
one grid can have N metallic elements) . 
 

 

Tab. 1Entity-relationship diagram. 

 
 

4 DATA INCORATION TO THE 
GEOGRAPHIC INFORMATION 
SYSTEM 

 
In the implementation of the GIS and once the database is 
made, the next step is the implementation, which consist 
in storing the available to fill the database, following the 
model that was employed in its design. 
 
In other hand we have the spatial information, obtained or 
by the measuring of GPS points linked to metals, or 
digitizing the grids in which where ceramics artefacts were 
collected. 
 
Then, to finish the storing process, it is necessary to add 
the thematic attributes to each of the spatial entities. 
For the point type metals entities, some of the attributes 
will be: 
 
- MATERIAL. This field have a primary approach of the 

kind of material found, like tacks, Nails, etc. 
- ID_CUADRICULA. Have the grid identification where 

the point belongs. 
- ID_TRANSECT. Have the “transect” identification 

where the point belongs. 
- CAMPAÑA. Its about a numeric field, with the date of 

the field works stages in which were collected the 
material that belong to this point. 
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Fig. 4Attributes and entitiesexample in GIS. 

 
 
For the area type CERAMICS entities, the attributes will 
obtained of the generated file of the ceramics collected in 
this grid after the laboratory phase. The variables 
considered was the number of artifacts and the weight, for 
each grid, linked to four chronologic horizons: prehistoric 
ceramic, Iberic, of the high imperial roman, and finally the 
ceramic between medieval periods, modern and 
contemporary. Also, based in the thickness of the 
artifacts, should be added one variable indicating how 
many of then correspond with storage containers, and 
then should be linked with field works stages. 
 

5 ANALISYS AND APLICATIONS 
 
Once the database is created, and the available 
information was implemented into the system, the GIS is 
ready to help us in the analysis tasks. 
 
One of this tasks consists in the elaboration of thematic 
maps that had been a still are a very important instrument 
for the archaeological investigation and divulgation [8], in 
this way the possibilities that a GIS offer to obtain specific 
cartography are very valuable because allows to 
represents, not only places, but amounts too, and 
combine different variables in only one map. 
 
In this way, one of the Jobs made was to quantitative 
classification of the ceramics artefacts, specifically the 
Iberic ceramic densification (which is joined to the 
historical moment of the battle), it should understood like 
the number of artefacts in a square meter of this period. 
The study of the spatial distribution of this variable should 
have much interest, because the mayor concentrations 
could be applied to zones where the field stages of both 
troops established. 
 

For the representative result of the intervals chose in the 
final map, is necessary to know the variable distribution, 
elaborating the frequency histogram [4] 
 

 

Fig. 5Histogram of density of Ibericceramicartefacts. 

 
The graphic inform us of the biased distribution, and so 
the best thing is to use a geometric progression, to the 
exponentially increase of the ranges of classes (X1, X2, 
X3, etc.) using the next equation: 
 

      (1) 

 
Where “n” is the number of intervals, “H” and “L” is the 
highest and the lowest value respectively. 
With this method we get to subdivide the low values, and 
enrich the representation, because the variability is 
shown, instead of letting it in a back plane in only one 
category. 
The results obtained with this process are very positive, 
because the place with highest concentration, are found in 
the highest part of the hill, and it is surrounded by a step 
embankment, just as it is described in the classical texts.  
The localization of the campsite in this zone, should be 
considered with others signal as a confirmation like it will 
be shown later. 
 

 

Fig. 6 Grid classification about Iberic ceramic density. 

 
So, like we have updated the METALS entity, queries can 
be done about attributes of the different elements found.  
For example, the nails employed for setting up the tents of 
the troops should be found nearby the campsite, in the 
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perimeter established in the last figure. So it is as can be 
check in the next figure. 
 

 

Fig. 7Tentsnails location. 

 
Another important metallic element found in the 
Albahacas hill, have been the tacks of the sole of the 
roman sandals and that gave off easily of them when they 
advance with a sort step, or walk up through steep 
slopes. Thanks to the sampling made in the looking of this 
elements in concrete, can be determined the access way 
to the hill that the romans troops followed under orders of 
Escipion. Those data were also stored in the GIS, and it 
can be seen in the next figure, and also determine the 
formation of the roman troops just before the attack. 
 

 

Fig. 8Tacks. 

 

 

Fig. 9 Roman Sandals (Caligae). 

 

 

Fig. 10 Access way to the hill and formation of the roman 

troops just before the attack. 

 
When the situation of the roman troops can be determine 
and also the position of the Carthaginian campsite, the 
next challenge consist in determine the troops movements 
during the course of the battle. 
Tito Livio [3] describe this movements as follow: 
 “Then Escipion orders to the winners to jump into the 
centre of the battalion, distribute with Lelio the rest troops 
and order to surround the hill by the right side until find a 
low slope way of coming up to the hill; he describing  a 
little arc by the left side, and is released over the enemy 
flank.” 
To confirming these facts in the field, it was employed the 
tacks spatial distribution within the battle field, by 
Geomedia utilities, a new attribute is created, that 
indicates the number of tacks in a grid, and influence 
areas was made with proportional diameters to the value 
of the attribute, integrating so the cartographic technic of 
the gradual symbol.  
 
The result is shown in the next figure, and confirm so 
accurate all we have described by Tito Livio [3]. The 
central axis S-N can be note associated to the 
advancement of the light infantry, and the complete turn of 
Escipion in the left flank. Also can be seen the arriving of 
Lelio to the east side, in default of conforming this doing 
more surveys in the south side. 
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Fig. 11Troopsmovements and slingersprojectiles location. 

A way to confirm the centre line joined to the movement 
of the light infantry is superimpose a second element. 
Through the classics text, it is known that the roman 
infantry suffered the attack with throwing weapons from 
the Carthaginians. Between those we can find the 
slingers, whose lead projectiles have been found during 
the surveys, in the sites of the next map, marking a axis 
near to the advancement of the infantry. 
 
 
Finally, of the three roman faces, converge in the 
campsite, where should took place the final battle “melee 
fighting”, and then should be found the rest of the 
weapons of this kind of fight: spears and javelins. 
 
Once again the use of the GIS is very important, 
confirming the scene of part of the final Baecula battle. 
 

 

Fig. 122Spears and javelins location. 

 

6 CONCLUSION 
 
This project of creating a Geographical information 
System of the Baecula battle have need of the share of 
different disciplines: archaeology, GIS, cartography, but 
apart of this it is about a project that is still alive, and it is 
necessary to continue adding information and new data 
becoming from the analysis made with the different data, 
this process will carry us into an evaluation process in a 
high level each time and more complex, and will involve 
others disciplines, like the statistics analysis. As any other 

GIS, the implementation and actualization process of the 
database, gave rise its construction. 
 
About the analysis process, it is required to have scientific 
rigor, as we have said in the firs paragraph, it is necessary 
following with investigation and studying the performance 
of the different algorithms founded in the different GIS 
software the possibility of it application to spatial data get 
in the battle scene. 
 
In any case, it confirms that the application of the GIS in 
the Baecula battle scene, bring us positives results. First 
of all allow us to storage the archaeological data into a 
organized and georeferenced way, because for the 
archaeologist is so important of a piece finding as the 
spatial context where it appear, and an appropriated tool 
for this context study are the GIS applications and the 
analisys they allows. 
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Abstract 

This study presents a process for restoring part of the 1860s cartographic series known as 
Hojas Kilométricas (Kilometric Sheets). Specifically, the study focuses on those sheets 
referring to the city centre and surrounding area of the Royal Site of Aranjuez, a town in the 
south of the Province of Madrid.  

The aim of this study is to restore the actual size and measurements of scanned images of 
the Hojas Kilométricas. This would allow us, among other things, to reestablish both the 
format and scale of the original plans. To achieve this goal it is necessary to rectify and then 
georeference these images, i.e. assign them a geographic reference system. 

This procedure is essential in the overlaying and comparison of the Hojas Kilométricas of the 
Royal Site with other historical cartography as well as other sources related to the same area 
from different time periods. Subsequent research would allow us, for example, to reconstruct 
the time-evolution of the urban area, to spot new construction and to pinpoint the locations of 
any altered or missing buildings or architectural features. In addition, this would allow us to 
develop and integrate databases for GIS models applicable to the management of our 
cultural heritage. 

1 Introduction 
In recent years, research on historical cartography has 
gone from being purely bibliographical and documentary 
to being more practical, with an increasing interest in 
metrics and accuracy aspects of those documents. Along 
these lines, we have been working in the Department of 
Cartographic Engineering, Geodesy and 
Photogrammetry-Graphic Expression of the Polytechnic 
University of Madrid (UPM), where this paper was 
created.   
 
Our objective is the metric study of the Hojas Kilométricas 
(from this point represented as “HK”), plans created in the 
1860s, concerning the urban area and surroundings of 
the Royal Site of Aranjuez, a town located in the south of 
the Province of Madrid. This Royal Site includes, apart 
from the summer Palace of the Kings of Spain, buildings, 
gardens and annexed walkways as well as orchards, 
agricultural buildings, and agricultural land.   
 
Our purpose is to recover the real size and 
measurements of the original HK plans from their 
scanned images. This will allow us to restore their original 
format and scale. To achieve this goal, it is necessary to 
adjust these images and then georeference them, thereby 
assigning them a geographic reference system. 

2 Background 
In this study, we tend to contribute to answering the 
question posed by Ortega Vidal, J. (2000): How accurate 
and reliable, in their dimensional and formal aspect, are 

the fundamental plans of the past of the city of Madrid. In 
this case, we focus on the analysis of Aranjuez´s HK. The 
methodology consists of a historical study of each plan 
through graphical and geometric analysis. The results 
obtained from this study will be applicable in both types of 
analysis, though it will have a more direct practical 
application in the second. As a specific precedent for this 
study, there is the communication “Las Hojas Kilométricas 
del  Real Sitio de Aranjuez: un ejemplo de la cartografía 
española de finales del s. XIX”, that we presented at the 
International Congress of Graphics Engineering, held in 
Perugia (Italy) from 6 to 8 June 2007. In this 
communication, we studied the “Hojas Kilométricas” from 
a historiographical point of view, placing them in their 
historical context [1]. Geometric correction methods will be 
used to rectify and georeference images from antique and 
historical maps and plans. These methods have been 
applied to images from different sources or sensors. A 
detailed review of the best methods for each type of 
image and its working process is available in Toutin 2004.   

3 Materials 
This study was conducted using the images of the HK 
plans of the Royal Site of Aranjuez scanned by the 
Spanish Geographic Institute (IGN) and cartography of 
the Province of Madrid at 1:5.000 scale, updated in 2004 
in digital format (vector files and orthophotos), as sources 
of reference for the georeferencing process.   

3.1 The “Hojas Kilométricas” of the Royal Site of 
Aranjuez 

The HK constitute a set of 3000 plans, at 1:2.000 scale, 
which represent 1 km2 areas of various municipal 
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territories of the Province of Madrid. They are part of a 
great unfinished cadastral project that, driven by 
Francisco Coello, carried out in the 1860s by Topographic 
Cadastral Operations sections of the General Statistics 
Board of the Government of Spain. For this project, the 
entire Spanish territory was divided by a grid of parallels 
and meridians, equidistant at 1 Km, using the 
Astronomical Observatory of Madrid as the coordinate 
origin [2]. Of the 93 cadastral municipalities of the 
Province of Madrid, the Royal Site of Aranjuez is the 
largest one, with a total of 472 plans.  
 

 
 
 

 

 

Fig. 1  Image of the “Hojas Kilométricas”  31-, 32-L. Original 

scale 1/2.000. 

 
All of these documents are part of the collections that are 
preserved in the Technical Archive, assigned to the 
General Secretariat of the Spanish Geographic Institute 
(IGN). In this archive is stored a series of more than 6.000 
topographical plans of cadastral nature. In addition to the 
HK, there are supporting documents and preliminary 
documentation: planimetries, drafts, sketches, tracings, 
notebooks of observations and calculation books, etc., in 
short, the sources of the work [3]. 
 
In this study, we will use nine of the total HK of the Royal 
Site of Aranjuez: Numbers 30-, 31-, and 32-K; 30-, 31-, 
and 32-L and 30-, 31-, 32-M, which includes the city 
centre and surroundings. Images of two of them –
numbers 31- and 32-L-, which belong to the historic 
centre are shown (Figure 1). 

3.2 Orthophoto and vectorial cartography 

 The orthophoto we will use, according to  the new 
nomenclature adopted by the Province of Madrid, in which 
each sheet in vector format   (“dgn” format) corresponds 
to two orthophotos (“ecw” format), is as follows: Vector 05-
59-24.dgn and Orthophoto: 05-59-24-a.ecw.  
 
The reference system in both cases is ED-50, UTM 
projection, zone 30. Both images are shown below in 
Figure 2. 
 

 
 
 

 
 

Fig. 2  Orthophoto: 05-59-24-a.ecw; Vector 05-59-24.dgn; of 

Aranjuez. Scale 1/5.000. 

 

4 Methodology 
Unprocessed digital images are affected by a series of 
distortions that result in geometric errors, caused by 
several factors, with the result that objects do not appear 
represented in their real shape and/or position. Therefore, 
unprocessed images cannot be used as cartographic 
documents for analyses that require some level of metric 
or geometric accuracy [4]. 
The origin of distortions and the importance of each 
source of error to the total error mainly depend on the 
image capture system used. In our case, images were 
obtained by scanning the original document. Geometric 
Correction solves these problems and involves a 
geometric transformation (adjusted to the chosen 
coordinate system), modification of the pixel size and 
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assignment (if necessary) of new digital levels, creating a 
new image from the original.   
In practice, procedures for geometric correction of images 
can be classified into two large groups: those that 
incorporate a digital terrain model and those that do not. 
These methods of correcting displacement errors caused 
by terrain are called orthorectification and rectification 
methods, respectively [5]. All of these methods are based 
on adapting the image to a set of points of support (PS), 
of known coordinates, using an adjustment by the method 
of least squares. These points can be defined as 
identifiable points in the image, whose coordinates are 
also known in the cartographic projection system. One 
form of this rectification is Georeferencing, which refers to 
any geometric transformation applied to an image in order 
to provide it with a cartographic reference system [6]. The 
steps for the treatment and processing used in the 
geometric correction method are as follows [7].  
Image acquisition.   
Acquisition of points of support with both image and real 
X, Y, (Z) coordinates.  
Calculation of parameters of the mathematical functions 
used in the geometric correction model, for one or more 
images.  
Image rectification. 

4.1 Rectification 

In our study, we will use the rectification method. In this 
method, the coordinates of the points of support identified 
in the image are used to estimate adjustment functions 
between the two reference spaces. The two basic 
operations (Jensen, 1996) in the method applied in 
correcting the original image are: 
Spatial interpolation: Establishing the geometric relation 
between the position of the pixel in the image (row, 
column) and the corresponding point on the map (X, Y) in 
order to later apply it to all pixels in the image. 
Intensity interpolation: Determining the brightness value 
or Digital Level (DL) of the corrected pixels. 
In this case, we have taken a total of 36 points of support 
for each HK (Figure 3). Points are regularly and 
homogeneously distributed on the images, covering most 
of each sheet, spaced every 100 or 200 m in both 
directions. They are located on the junctions which 
represent, as is written at the bottom of each sheet “las 
cuadrículas de líneas finas que representan áreas y las 
líneas gruesas hectáreas” (the grids of fine lines 
represent ares [100 m2], and the thick lines represent 
hectares). 
 

 

Fig. 3  Example of the points of support distribution on the 

HK 31L image. 

The results of this stage of the process are as follows: 

The values of the coefficients used in the geometric model 
in each image. 
The residuals in the X and Y directions for each PS and 
its (RMS); 
The cartographic coordinates computed for each point. 
The quality of the geometric correction can be assessed 
by comparing, for each point of support, the coordinates 
estimated in the transformation with their real equivalents. 
The RMSE (Root Mean Square Error) is the most widely 
used indicator. The PS RMS error is calculated using a 
distance equation. The error is defined as the difference 
between the estimated output coordinate and the real 
output coordinate for the same point, when the point is 
modified by the geometric transformation. The resulting 
Total mean error, calculated from the residual values of all 
points in each HK, is below 2 pixels. This was the 
predetermined tolerance based on the scale of the plans 
and the precision with which we attempted to obtain 
results. Table 1 shows the total errors for each of the nine 
HK [8]. 
 

Hoja  Kilométrica Total error (pixels) 
30-K 1.0613 
31-K 1.0227 
32-K 0.9727 
30-L 1.1506 
31-L 0.9951 
32-L 1.0447 
30-M 1.0545 
31-M 1.0312 
32-M 0.9955 

Tab. 1 Total errors of the nine HK. 

 

Fig. 4  Corrected output image. HK 31-L. 

 
Figure 4 shows the image obtained as a result of the 
entire geometric correction process. In this image, a 
Cartesian axis system is overlayed in yellow. Its origin of 
coordinates is placed at the lower left corner of the area 
corresponding to the “Plano” (graphical information of the 
sheet). 
 



929

Juan Carlos, Asenjo et al.     Methodology for the metric restoration of the historical cartography 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

 

Fig. 5  Corrected output image. HK 31-L. 

 

Fig. 6  Mosaic diagram of the 9 HK 

4.2 Cropping of images 

The images obtained thus far contain an area larger than 
the area corresponding to the actual topographic plan. 
Therefore, it is necessary to reduce the file size by 
making a “crop” of the images and leaving only the area 
of interest. Using this process, we proceed to cut the area 
corresponding to the graphic information, in the 
topographic plan of the same, and separate it from the 
rest (Figure 5). Once they have been cut, the 9 HK have 
exactly the same size and the surface of each one 
represents 1 km2 in real units. Subsequently, a mosaic will 
be created from the plans of the 9 HK: 

4.3 Mosaic 

The final plan will consist of several individual sheets 
covering the area of study. In this case, it is necessary to 
adjust the images to create a larger single plan. This 
process is known as “Mosaic” formation. Therefore, the 
objective of this process is to obtain a single image, 
resulting from joining the nine HK, as shown in the 
diagram of Figure 6. Before obtaining the mosaic, it is 
necessary to provide a translation, or change of 
coordinate origin for each one of the 9 files (so far, they 
have the same coordinates). Thus, when they are placed 
in their correct position within the large single plan, 
without spaces between them, they form a continuous 
map (Figure 7). 
 

 

Fig. 7  Mosaic with the 9 HK . 

 

Fig. 8  Corresponding vector plan. 

4.4 Georeferencing 

In order to compare the mosaic obtained with a recent 
orthophoto from the CAM (Comunidad Autónoma de 
Madrid) and carry out further studies, it needs to be 
georeferenced, so that both documents have the same 
projection and coordinate system.   
 
Therefore, it will be necessary to align the mosaic´s 
coordinates, which are in principle local, with those of the 
orthophoto. To do this, a translation of coordinates will 
first be made, taking as a point of origin the upper right 
corner of the “Casa de Oficios y Caballeros” (House of 
Trades and Knights) of Aranjuez, and as a point of 
destination, the coordinates of the same point of the 
building obtained from the CAM vector plan.  
After obtaining the mosaic, the process of georeferencing 
with UTM coordinates is completed through the allocation 
of the corresponding cartographic projection system by 
applying the parameters from Table 2. 
 
Projection 

type 
Ellipsoid Datum Zone  Hemisphere 

UTM 
International 

1.909 
ED-50 30 North 

Tab. 2  Data of the Projection System. 

Once we have referred the HK with the same reference 
system as the CAM orthophotos, planimetry and altimetry 
details are digitized in order to obtain a vector plan from 
the raster (Figure 8). From this moment, it is possible to 
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overlay and make subsequent comparisons between the 
four types of maps available: the mosaic composed of 
HK, the orthophoto, and the vector plans of both.  
 
In the following images, (Figures 8 and 9), two original 
images are shown overlaid with the vector 
representations of their counterpart. We do this because, 
while it is obviously possible to overlay the vector files 
onto the images to which they belong, it is now also 
possible to overlay the CAM vector cartography of the 
same area onto the raster of the georeferenced mosaic 
and vice versa. 
 

 
 

Fig. 9  CAM vector cartography overlaid on the HK Mosaic. 

Enlargement of the Royal Palace and Parterre garden area of 

Aranjuez. 

 
 

Fig. 10  Vector of the mosaic overlaid on the orthophoto.  

Enlargement of the Royal Palace area. 

 
 
Finally, an image is shown (Figure 11), in which we can 
simultaneously see two raster images of the same area: 
the orthophoto and the HK mosaic. 
 
 
 
 
 

 
 

Fig. 11  Image composition: The orthophoto at the top and 

the HK mosaic at the bottom. 

5 Conclusion 
 
Once the images of the Hojas Kilométricas plans have 
been rectified and georeferenced, we can conclude that:  
 
The process of metric restoration applied to the HK of the 
Aranjuez area has been shown as an adequate 
methodology for the recovery of antique and historical 
maps and plans. This produces documents with metric 
properties that allow us to obtain such measurements as 
longitude, area, perimeter and angles, as well as to 
specify directions. Moreover, it is possible to vectorize, 
transform the information from raster to vectorial and vice 
versa, in order to overlay raster images with vector data. 
 
On the other hand, rectification allows the formation of 
image mosaics by joining several adjacent sheets of 
larger areas, which makes the analysis of wider 
environments easier. It also allows us to compare 
cartographic images that were originally created in 
different scales, together with the possibility of developing 
and integrating GIS model databases, which are 
applicable to the management of cultural heritage.  
 
 
Applied georeferencing allows the integration of the 
document obtained by information from different sensors 
or other current sources, such as orthophotos, satellite 
images, DTM or vector plans of the same area at different 
times. The purpose of this is to analyze the evolution and 
changes of the territory, and to detect new constructions, 
building layouts, disappearance of architectural elements, 
and location of goods, among other elements of interest.    
 
Due to the antiquity of these types of documents, it is 
extremely difficult to establish equivalent points between 
the source document and any that are more current. So, it 
is essential for these documents to possess a 
cartographical grid. This grid allows the selection of points 
of support on a uniform grid, which are necessary to 
correct the distortions due to the original medium (paper) 
and the digitization technique used. This is independent of 
the changes undergone by routes, urban areas and 
buildings.   
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The quality of the product obtained is determined by the 
spatial resolution of the digital file, with resolutions over 
200 dpi recommended in order to avoid loss of detail that 
would make adequate rectification of the original 
documents impossible.  
 
To complement this study, we intend to apply our work to 
the cartographical quality control of the original maps and 
other historical cartography. We will analyze the precision 
and positional accuracy of the same, particularly in terms 
of planimetry. In this phase, which has already begun, we 
will employ the different applicable standards for the 
control of cartographic products established by 
international organizations. 
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Abstract 

Mapping mission is to obtain an accurate representation of the form and the 
elements that exist in a particular area or region. Therefore, mapping projects often 
use a large number of points, which in recent years has increased with the use of 
LiDAR systems. The orthometric height determination can be done from a local 
geoid model determining the undulations with respect to the reference ellipsoid for 
each of them. The use of this methodology for all points may not be necessary in 
many cases, because of the accuracy of the acquisition system (~ 15cm) and the 
geoid model. So, we can minimize the number of points needed to determine the 
undulation and interpolate it in the rest of LiDAR point cloud. This paper shows the 
results of the analysis of various simplifications applied to the number and location 
of points with the geoid undulation known for determining the orthometric heights of 
points acquired through LiDAR system. 

1 Introduction 
In recent years, LiDAR (Light Detection and Ranging) 

technology has become an alternative to the generation 
of digital surface models on a medium-large scale to other 
techniques for automatic generation of models based on 
matching procedures of photogrammetric images. This is 
a direct acquisition system, in which obtaining ground 
points is performed in a global reference system, through 
the use of GPS and inertial systems that control the 
position and orientation of the scanner during capture of 
information. The determination of the coordinates of the 
points is obtained from the position and orientation of the 
scanner at every moment and the distance observed at 
each point. 

 
Through this data capture system is possible to obtain 

a set of points whose reference system will be referred to 
their own GPS system (WGS84). Nowadays, several 
national and international organizations have adopted as 
official benchmark their own systems very similar to 
WGS84. Thus, in 1990, the IAG Reference Sub-
Commission for Europe (EUREF) recommended the use 
of reference systems based in the European Terrestrial 
Reference System 89 (ETRS 89). In the case of Spain, 
ETRS89 is the official reference system since 2007 [1]. 

 
In this context, the planimetric coordinate obtained by 

the LiDAR methodology can be considered valid for any 
project, since the differences between WGS84 and 
ETRS89 are well below the positioning accuracy of the 
system. However, the Z-values does not usually refer to 
the WGS84 ellipsoid used by the GPS system (height 
reference ellipsoid), but is referred to a local geoid in each 
country or area. Usually a geoid or equipotential surface 
of the terrestrial gravity field is considered which 
coincides with mean sea level according the theoretical 
shape of the Earth, determined geodetically [2]. The 

heights values referred to this geoid have a certain 
undulation or difference respect to the reference ellipsoid. 
In Spain, the altimetric reference systems have as 
reference the sea mean level in Alicante city [1]. 

 
At this moment, several official geoid models are 

available. These models allow the transformation from a 
WGS84 ellipsoid height to orthometric height accordingly, 
with a precision around 4 centimetres [3]. The 
transformation (H = h-N) is subtracted from the height 
above ellipsoid (h) to the geoid undulation (N) to a certain 
point. In Spain, a new geoid model called EGM08-
REDNAP [3] is available since 2009. This model is 
composed of the undulation values distributed on a grid of 
1'x1 '. To obtain the undulation at any point we proceed to 
the interpolation on this grid according to its current 
position. This interpolation can be performed using 
different methods which are been analyzed by various 
authors [4], such as nearest neighbour, inverse distance 
squared, bilinear, etc. Usually, in the case of official 
geoids the data is provided in raster format where the 
bilinear interpolation is recommended. 

 
Therefore, obtaining the orthometric height of a point is 

an easy process. The problem arises when dealing with 
millions of points and large areas, such as captured data 
on any LiDAR project. The realization of this point-to-point 
transformation can be tedious and unnecessary given the 
height accuracy provided by these systems around 15cm 
(for example Leica ALS60, [5]). Thus, there are a lot of 
studies that analyze the DEMs accuracy, as a product 
obtained from LiDAR data, analyzing on different land 
cover [6] [7] [8] [9], and the conformity of these products 
with respect to the ASPRS standards [10]. 

 
This paper presents an analysis of several 

methodologies that could be used to transform the LiDAR 
data acquired into an orthometric height. So we analyze 
the errors that can be committed when you apply different 
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simplifications in the undulation values used: a general 
undulation for the entire work area, an interpolated value 
obtained from several undulations of points covering the 
study area, a value of undulation for each position 
measured by GPS in the path of aircraft during the 
capture of data, or a value for each point captured with 
LiDAR system. 

 
This analysis is performed in two specific areas: one 

along the coast (on the edge of the official geoid) and one 
inside in a mountainous area. This is to assess the 
influence of the effect caused by the possible 
indeterminacy of the geoid on the edges of the model, 
and evaluate the behaviour of different methods of geoid 
in areas with different characteristics. 

2 Methodology 
The methodology proposed in this paper is based on 

simplifying the number of points with known geoid 
undulation necessary for the transformation of the height 
of LiDAR acquired points. The results are validated 
through the comparison with the classical method based 
in those obtained from the global undulation calculation, 
point to point. 

 
The first simplification uses a single point with known 

geoid value located in the centre of the considered area, 
and the application of this value to other points (S1) (fig. 
1a); the second method uses the undulation interpolated 
value from the data corresponding to 4 points in the 
corners of the minimum bounding rectangle (MBR) (S2) 
(fig. 1b). The third one consist in extrapolates the value of 
each point captured from undulation values obtained for 
the points on the trajectory of the LiDAR (S3) by using the 
position of point nearest the path or by using the temporal 
data (GPS time) to carry out a linear interpolation of the 
undulation function of time (fig. 1c). The results are 
compared with those obtained with all geoid values of all 
acquired points (AP) (fig. 1d). In this case, we have used 
a bilinear interpolation, from the ETRS89 planimetric 
coordinates of each point on the geoid model EGM08-
REDNAP [3]. This interpolation has been done through a 
software application developed specifically for this work. 

 
The application of these different approaches requires 

different computer calculation efforts. S1 option is the 
simplest, since only requires the obtaining of the value of 
undulation to the centre of the study area. S2 option is 
more complex because it involves getting the value of 
undulation values in the 4 corners of the area and the 
interpolation using a bilinear method in each captured 
point (several millions). The S3 option is one more step, 
because it supposes the determination of the undulation 
of a greater number of points. In particular, the undulation 
is calculated for all positions of the LiDAR trajectory in 
which GPS positioning is available and the subsequent 
extrapolation of the values of the LiDAR points cloud.  

 

 

Fig. 1 Different analyzed simplications used in this work. 

In this case, and considering that the temporal 
information is available (GPS time) for all points of the 
trajectory and for all the points of the cloud, it is possible 
to carry out the calculation of the undulation of each point 
(ti) by interpolating from the previous and next values of 
the trajectory (t0 and t1, respectively), so that the 
undulation is given by eq. 1. 
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Finally, the case without simplification (AP) involves 

the collection of millions of geoid undulation values (one 
for each value of the acquired point cloud). This data is 
used as reference in this study since it represents the 
lowest level of simplification. 

 

3 Results 
The above-described methodologies have been 

applied to LiDAR data from two projects, located in two 
areas with different characteristics to assess the influence 
of these in the final results. Thus, the first area is a 
coastal area (LIDAR1) on the boundary of the geoid 
model used for analyzing the possible influence that this 
situation could be shown, and the second one is a 
mountainous inland area (LIDAR2), where the geoid 
model used are more variable. Fig. 2 shows the situation 
(Almeria province, SE Spain) and the configuration of the 
2 projects and a geoid model representation of the area. 

 

 

Fig. 2 LIDAR1 and LIDAR2 location map on EGM08-REDNAP 

geoid model representation. 

The number of data for both dataset is more than 
13.450.000 points for LIDAR1 area and over 6.970.000 
points for the LIDAR2 area. The main characteristics of 
the dimensions and surface of the two areas are shown in 
tab. 1. 

 

 
Lenght 

(m) 
Width  
(m) 

Area 
 (Has) 

LIDAR1 11250 700 790 
LIDAR2 10900 1800 1960 

Tab. 1 Characteristics of the LiDAR dataset used in this 
work. 

A summary of the results obtained from the 
comparison of the different applied simplifications (S1, 

S2, S3) with the classical method (AP) in the orthometric 
heights calculation is shown in tab. 2. 

 

 
S1-AP  

(m) 
S2-AP 

(m) 
S3-AP 

(m) 
LIDAR1 Mean -0.012 0.005 -0.001 

Maximum -0.128 0.011 0.021 
Typical Deviation 0.050 0.003 0.012 

LIDAR2 Mean -0.005 -0.008 -0.002 
Maximum 0.201 -0.015 -0.017 
Typical Deviation 0.107 0.004 0.007 

Tab. 2 Statistics of the obtained differences considering the 
3 proposed simplifications. 

The results for the mean of the differences show the 
largest discrepancies in the case S1-AP in the draft 
LIDAR1 and in the case S2-AP for LIDAR2 project. This 
mean value is not representative of real error of 
simplification, because only shows the central tendency of 
the distribution thereof. If the dispersion statistics are 
considered, we obtained that both projects show results 
with the highest values in S1-AP case, followed by the S3-
AP case. This indicates that these cases provide a greater 
variability with respect to the mean value, although this 
has a good performance (see histograms in fig. 3 and fig. 
4). The maximum values show higher errors in the case 
S1 with respect to the other cases. Therefore, although 
the average of the errors shows a good performance in 
general, the S1 simplification reflects, taking into account 
the other statistics, a greater discrepancy than the other 
simplifications (fig. 3 and fig. 4). 

 

Fig. 3 Differences histogram in project LIDAR1. 

 

 

Fig. 4 Differences histogram in project LIDAR2. 

The obtained values have been represented as 
function of the capture time for analysing the differences 
distribution (see fig. 5 (S1-AP in LIDAR1), fig. 6 (S2-AP in 
LIDAR1), fig. 7 (S3-AP in LIDAR1), fig. 8 (S1-AP in 
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LIDAR2), fig. 9 (S2-AP in LIDAR2) and fig. 10 (S3-AP in 
LIDAR2)). 

 

Fig. 5 Differences between S1-AP (Area: LIDAR1). x-axis: 

time of capture, y-axis: height difference. 

 

 

Fig. 6 Differences between S2-AP (Area: LIDAR1). x-axis: 

time of capture, y-axis: height difference. 

 

 

Fig. 7 Differences between S3-AP (Area: LIDAR1). x-axis: 

time of capture, y-axis: height difference. 

The graphs show a very strong linear trend for the 
case S1-AP (fig. 5 and fig. 8) with a null in the central part 
of the timescale (corresponding to the location next to the 
selected point to calculate the geoid undulation). In both 
projects the maximum values are over 10 and 20 cm (fig. 
6 and fig. 9). This situation is opposite to that obtained for 
the case S2-AP, where the graphs begin and end with 
lower values near zero, growing to be highest in the 
central part of the time scale where the distance is greater 
from the points with undulation data used. In this case the 
maximum difference variation do not exceed 1.5 cm. The 
last case S3-AP (fig. 7 and fig. 10), present in both 
projects graphics with differences more evenly distributed 
along the timescale, reaching maximum values not 
exceeding 2 cm. This graph reflects, for the same time 

interval, greater variability in errors due to the capture 
system (opening of cross-track sensor) with near and far 
points to the path of LiDAR (fig. 1). 

 

 

Fig. 8 Differences between S1-AP (Area: LIDAR2). x-axis: 

time of capture, y-axis: height difference. 

 

 

Fig. 9 Differences between S2-AP (Area: LIDAR2). x-axis: 

time of capture, y-axis: height difference. 

 

 

Fig. 10 Differences between S3-AP (Area: LIDAR2). x-axis: 

time of capture, y-axis: height difference. 

The obtained differences have been represented 
according their spatial distribution in the study area (fig. 
11 y fig. 12). These graphs support the above conclusions 
obtained from the different-time representation. 

 
All the graphics of this analysis show, not surprisingly, 

that the errors become higher as the data points are away 
from the known reference undulation point (centre of area 
–S1-, corners of the area –S2-, flight trajectory –centre 
line- -S3-). The maximum error in the cases S1 and S3 
are almost negligible for these dimensions and 
specifications of the system. However, in the case S1, 
although it is the easiest method of application, the 
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observed maximum errors are not negligible taking into 
account the expected accuracies for the LiDAR system. 

 

 

Fig. 11 Difference results in LIDAR1 area. Left: S1-AP; 

Middle: S2-AP; Right: S3-AP. 

 

 

Fig. 12 Difference results in LIDAR2 area: Upper: S1-AP ; 

Middle: S2-AP; Bottom: S3-AP. 

The analysis of the results must be made in 
accordance with the objectives of this work, i.e., 
determining which simplification (S1, S2, S3) is more 
adequate. According to the obtained differences 
distributions, S2 simplification shows lower values in the 
differences. Option S3 shows differences somewhat 
higher, especially in remote areas of the flight line. Finally, 
the case S1 is the one with greatest differences. 

 
There is no significant difference between the two 

considered areas (LIDAR1 and LIDAR2), appearing only 
differences due to the situation and geoid variation for 
each case (fig. 2). 

 
On the other hand, we must take into account the 

implementation effort of the options previously discussed. 
Jointly, the differences suggest the use of simplifications 
S1 and S2, which require less computational effort. 

 
Ultimately, the choice of simplification must consider 

several aspects: 

- Absolute accuracy of orthometric height required in 
the project: based on this value will be eligible for 
option S1, when the accuracy is not very demanding 
or otherwise S2 option. 

- Size of the area: In small areas, the S1 solution may 
be the most appropriate as it will greatly reduce the 
error, being the easiest option to implement. 

- Variability and accuracy of the geoid model in the 
area: If there is not a very precise geoid model or low 
variability may also choose the option S1. 

- In the case of working in large areas, with several 
flight lines, if the height transformation by blocks or 
lines is needed, it is necessary to applied a method 
that guarantees the geometrical continuity in overlap 
areas in order to obtain a continuous dataset that is 
an essential requirement for further processing of 
such data [11] [12]. In this case, and assuming some 
of the simplifications used here raised, the S2 is the 
option recommended because errors decrease to 
extremes, while in the options S3 and S1 these 
differences grow until the limits. 

Finally, it is important take into account that the actual 
accuracy of the LiDAR system is around 15 cm. This 
means that all (or nearly all) the options considered in this 
paper generate differences around or below this value, so 
that all options used independently and with similar areas 
analyzed in this work could be viable in a similar context. 

4 Conclusion 
The obtained results of this study show different error 

patterns depending on the type of simplification used, 
which can establish an error model for each case. From 
this analysis we establish the values and distribution of 
errors in each simplification recommending setting the 
situation depending on the altimetric accuracy needed for 
the project, the size of the area and the variability and 
accuracy of the geoid model used. 

 
The project characteristics must be the main aspect to 

consider in order to select the type of simplification to be 
implemented, and currently the differences do not exceed 
the accuracy of the LiDAR system itself. In this regard, 
this study can be used in the future when the precision of 
this technique improved, to determine whether the 
simplification used in each case is consistent with the 
requirements of precision required. 
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Abstract 

In 2008 and with the cooperation of the U.S. Department of Defence, it was 
launched a new commercial very high resolution (VHR) satellite named GeoEye-1 
(GeoEye, Inc.) which, nowadays, is the commercial satellite with the best 
geometric resolution, so much in panchromatic (0.41m) as in multispectral (1.65m). 
More recently, on January 4, 2010, DigitalGlobe have begun to commercialize 
imagery of the last of the VHR satellites launched: WorldView-2. Its most relevant 
technical innovation includes the radiometric accuracy improvement, since the 
number of bands that compose its multispectral image has increased to 8, instead 
of the 4 classic bands (R, G, B, NIR) of the previous VHR satellites. 
These new VHR satellites offer important improvements closely related to spatial 
and spectral resolution. Therefore, an improvement is awaited in: (i) the geometric 
accuracies obtained in orthoimages and digital elevation models (DEMs) generated 
from scenes of GeoEye-1 and WorldView-2, as well as, (ii) an increase in the 
accuracy of the objects classification (urbanizations, buildings, highways, 
impervious zones, crops). These possible improvements will have to be contrasted 
with real tests carried out in field conditions, studying the ideal performance 
procedures in the seeking of accurate geo-referenced information. 
In this work the geometric accuracy of a single panchromatic image of GeoEye-1 
with an off-nadir angle higher than 20 degrees was researched. Rational 
Polynomial Coefficients refined by a zero order polynomial adjustment (RPC0) was 
the sensor model that generated the best results. Using a DEM with a vertical 
accuracy of about 1.34 m, accurate orthoimages (planimetric root mean square 
error of 0.87 m) can be obtained from GeoEye-1 imagery. 

 

1 Introduction 
 
John Croft [1] began his paper titled “Prodigious 

mapping capabilities, spatial resolution and geo-location 
ability of the GeoEye’s next-generation imaging satellite” 
remembering as, in 1900, in the magazine Ladies Home 
Journal, an article making predictions for the next century 
said, “Flying machines will carry powerful telescopes that 
beam back to Earth photographs as distinct and large as 
if taken from across the street”. With the launch of the first 
very high resolution (VHR) satellites, IKONOS in 
September 1999, with 1 m as the nominal ground sample 
distance (GSD) in panchromatic, and QuickBird in 
October 2001, with 0.61m as the nominal GSD, that one-
hundred-year-old prediction from Ladies Home Journal 
has come true, almost right on time. 

 
 
 

Besides, many new VHR satellites, capable of 
capturing panchromatic imagery of the land surface with 
GSD of 1 m and even lower, such as EROS B1, Resurs 
DK-1, KOMPSAT-2, IRS Cartosat 2, WorldView-1, have 
been launched during 2006 and 2007, and they are 
offering to their customers very high resolution imagery of 
the Earth, with a revisit time very shortly. The rapid 
increase of commercial VHR satellites in the next few 
years will result in improvements in resolution, availability 
and cost. Thus, conventional aerial photogrammetric 
mapping at large scales began to have serious 
competitors [2], [3], [4], [5] and [6]. In fact, IKONOS and 
QuickBird offers the possibility of fast and accurate 
generation of orthoimages, improving the generated from 
conventional photogrammetric flights, like for example, the 
B&W Andalusia’s orthoimage of 2002 [8]. 

Besides, this type of satellite images have been used 
for numerous applications in: (i) building detection [9], 
[10], [11], [12], [13], [14] and [15], (ii) road extraction [16] 
and [17], (iii) vegetation studies [18] and [19], (iv) 
greenhouses delineation [20] and [21], (v) location of 
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damages caused by natural disasters [22], and assessing 
canopy mortality [23]. 

In 2008 a new commercial VHR satellite named 
GeoEye-1 (GeoEye, Inc.) was launched. Nowadays, it is 
the commercial satellite with the highest geometric 
resolution, in panchromatic (0.41 m) and in multispectral 
(1.65 m). The first results obtained with scenes of 
GeoEye-1 are superior enough to that they had been 
obtained till now using scenes of other commercial 
satellites of very high resolution such as IKONOS or 
QuickBird. Fraser and Ravanbakhsh [24] have obtained 
vertical and horizontal accuracies of 0.25 m and 0.10 m 
respectively using a stereo-pair of GeoEye-1. John Croft 
[1] qualified as prodigious the capacities of GeoEye-1 for 
the generation of maps.  

More recently, Digital Globe Inc. has launched their 
last VHR satellite, WorldView-2. Although it also presents 
a very high geometric resolution (0.46 m and 1.84 m as 
the nominal GSD in panchromatic and multispectral 
respectively), its most relevant technical innovation is the 
radiometric accuracy improvement, since the number of 
bands that compose its multispectral image has increased 
to 8, instead of the 4 classic bands (i.e., Red (R), Green 
(G), Blue (B) and Near Infrared (NIR)) of the previous 
VHR satellites. The images of this new VHR satellite have 
been started commercializing from January 4, 2010. 
Thus, there is not many published works about its 
applications. Nevertheless, according to a pilot study 
fulfilled by DigitalGlobe [25], substantial improvements 
can be obtained in the accuracy of the classification using 
all 8 bands of WorldView-2, opposite to the multispectral 
traditional RGB-NIR images from QuickBird, IKONOS or 
GeoEye-1. These improvements were quantified in a 
global improvement from 10 to 30 % in the classification 
of highways, vegetation or aquatic elements (reefs, 
barriers of sand). On the other hand, similar to 
WorldView-1, QuickBird, IKONOS or GeoEye-1 data, it is 
possible to achieve geometric accuracies in the 
orientation phase within 1 m as Root Mean Square Error 
(RMSE) using very few accurate Ground Control Points 
(GCPs) for WorldView-2 data. 

This work is presented in the frame of two Research 
Projects recently funded by both, the Spanish Ministry for 
Science and Innovation (CTM2010-16573), and the 
Andalusia Regional Government (RNM-3575). These 
projects are focused in the monitoring and modelling of 
the evolution and vulnerability of coastal areas. In that 
Research Project multi-source (including VHR satellite 
imagery) and multi-temporal geospatial data (from 1956 
to nowadays) are being integrated in a pilot area located 
at a coastal fringe of Almería, Spain. 

The main objective of the Spanish Ministry’s project is 
to study the actual accuracy and quality obtained, in 
operational conditions, in the geo-referenced information 
(orthoimages, digital elevation models (DEMs) and maps 
compiled from detected objects gathered by classification 
software) generated from imagery of the commercial VHR 
satellites more innovative and unexplored, i.e., GeoEye-1 
and WorldView-2. 

Compared with its predecessors, these new VHR 
satellites offer important improvements closely related to 
their spatial and spectral resolution. Therefore, a sensitive 
improvement may be expected in: (i) the geometric 
accuracies obtained in orthoimages and DEMs generated 
from scenes of GeoEye-1 and WorldView-2, as well as, 
(ii) an increase in the accuracy of the objects 
classification (urbanizations, buildings, highways, 
impervious areas, crops), owed to the higher number of 
bands that compose the multispectral image of 

WorldView-2. These potential improvements will have to 
be contrasted with real tests in fields conditions, studying 
the ideal and optimised methodologies for the generation 
of geo-referenced information as accuracy as possible. 

The geo-referenced data generated from VHR satellite 
scenes present important capabilities headed-up to 
objects classification, especially in coastal zones (e.g., 
using of the Coastal Blue band from WorldView-2 for 
obtaining near shore bathymetry). Hence they will be used 
for the monitoring of the coastal fringe placed between 
Garrucha and Villaricos (Almería), where the construction 
of an artificial channel of the river Almanzora and the 
proliferation of urbanizations during the last 50 years have 
provoked serious natural disasters, e.g., the loss of about 
200 m of cross-shore beach at Quitapellejos area 
(Palomares).  

In this work, the first results obtained from the 
aforementioned research project coded as CTM2010-
16573 are going to be presented. Concretely, the 
geometric accuracy capabilities of GeoEye-1 
Panchromatic Geo image will be investigated. Also, the 
orthoimages generated from GeoEye-1 (September, 
2010) and from a historical photogrammetric flight named 
as “American flight” (September, 1956) will be compared 
at the study site. 

2 Study site 
The study area comprises the heavily developed 

coastal fringe of Almería (Mediterranean Sea, Southern 
Spain), approximately 11 km long and 775 m wide. The 
working area is situated between the harbours of 
Garrucha and Villaricos (Fig. 1), and is centred on the 
WGS84 coordinates (easting and northing) of 605870 m 
and 4119869 m.  

 

 

Fig. 1 Situation of the selected pilot zone. Vectorial details 

on the Orthoimage by Andalusia Government  (1998-99) with 

a GSD of 1 m. 

 

In the last half century this zone seems to have a 
terrible curse. First was the tragic incident resulting in the 
contamination of a 2 km2 by radioactive plutonium 
occurred on January 17, 1966, when a B-52G bomber of 
the USAF Strategic Air Command carried four Mk28 type 
hydrogen bombs collided with a KC-135 tanker during 
mid-air refuelling at 9450 m over the Mediterranean Sea, 
near the small fishing village of Palomares, in the 
municipality of Cuevas del Almanzora, Almería, Spain. On 
the other hand, the proliferation of urbanization in this 
coastal fringe during the last 50 years has provoked 
significant changes in its landscape, and induced serious 
natural disasters. 
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3 Datasets 
 

3.1 American flight (1956) 

1956 photography was the first datasets used in this 
study. It was acquired using a “standard” metric camera 
format of 230 x 230 mm. From a historic perspective, this 
dataset is interesting since it was the first 
photogrammetric project to cover the majority of Spain. 
Undertaken by the U.S. Government, it is referred to in 
Spain as the “American flight”. In most parts of Spain the 
historical record of metric aerial photography began with 
this flight. It is therefore regarded as a valuable national 
information source for photo-interpretation and land use 
evolution.  

The original negatives were scanned using a 
photogrammetric scanner with a geometric resolution of 
21 µm and a radiometric resolution of 8 bits, and stored in 
TIFF format giving a GSD of approximately 0.70 m. The 
digitized photographs were provided by the Network of 
Environmental Information of Andalusia (known as 
REDIAM). 

The orthoimage of this flight was generated by us 
using ancillary data (GCPs and DEM) which are going to 
be explained later.   

 
3.2 GeoEye-1 satellite image 

In January 2011, we acquired an archive image of 
GeoEye-1 Geo (bundle Panchromatic and Multispectral). 
It was taken on 29 September 2010. The clip of the image 
was occupying approximately 50 km2 and was centred on 
the study area. Other characteristics of the GeoEye-1 
image are shown in Tab. 1. In this work we have only 
used the panchromatic image. 

 
Product GeoEye-1 Geo 
Acquisition Date 29/09/10 
Cloud Cover (%) 0 
Scene Identifier 20100929110150416030316

03264_004 
Sun Angle Azimuth 159.29 degrees 
Sun Angle Elevation 48.39 degrees 
Sensor Elevation Angle 69.41 degrees 
Sensor Azimuth Angle 221.92 degrees 
Acquired Nominal GSD 0.46 m 
Product Pixel Size 0.50 m 

Tab. 1 Characteristics of the GeoEye-1 Geo image acquired 
at the study site. 

GeoEye-1 Geo is the GeoEye’s commercial imagery 
format that presents the least level of corrections, both 
radiometric and geometric. Geo images include the 
camera geometry obtained at the time of the image 
collection. With the Geo imagery, users can produce their 
own highly accurate orthorectified products by utilizing 
commercial off the shelf software, DEMs, and GCPs. 

 
 
 

3.3 Ground Control Points 

The measurement of ground points (Ground Control 
Points, GCPs and Indendent Check Points, ICPs) was 
done using Differential Global Positioning System (DGPS) 
receivers in real-time kinematic (RTK) mode. The goal 
was to obtain a reliable measurement of ground points 

with accuracy better than a 0.10 m. As a final result of the 
methodology described the UTM ETRS89 coordinates 
were obtained as well as the orthometric elevations on 
121 ground points. The selection of the GCPs and ICPs 
used in this study was based on well-defined and 
homogeneously distributed points over the study area 
(Fig. 2). 

 

 

Fig. 2 Distribution of 121 ground points (GCPs and ICPs) 

overlaid on the GeoEye-1 Geo panchromatic image. 

 

3.4 Digital Elevation Model 

For the generation of panchromatic orthoimages from 
both GeoEye-1 Geo and American Flight, a DEM with a 
grid spacing of 10 m was used. This DEM was obtained 
by the Andalusia Government from a panchromatic 
photogrammetric flight at an approximate scale of 1:20000 
realized during 2001-2002 (Fig. 3). The Andalusia DEM 
was published in 2005 [26]. 

This original DEM was transformed from UTM 
European Datum 1950 and orthometric heights to the new 
Spanish official geodetic system called the European 
Terrestrial Reference System (ETRS89) above GRS80 
ellipsoid using the minimum curvature method developed 
by the Spanish Geographical National Institute (IGN). The 
corresponding DEM accuracy was estimated upon 62 
DGPS check points located at open terrain, yielding a 
vertical RMSE value around 1.34 m [27]. 
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Fig. 3  DEM derived by Andalusia Government over the 

study area. 

4 Sensor models used 
In satellite imagery, a sensor model or geometric 

correction model relates object point positions (X, Y, Z) to 
their corresponding 2D image positions (x, y).  

Several sensor models can be used to correct satellite 
imagery: 2D polynomial functions, 3D polynomial 
functions, affine model, 3D rational functions and 3D 
physical models, e.g., [28], [29] and [30]. PCI Geomatica 
OrthoEngine software v. 10.3.2, developed by PCI 
Geomatics was used for the four sensor models tested in 
this work:  

1.- Third order 3D rational functions with vendor’s 
rational polynomial coefficients (RPCs) data and refined 
by a zero order polynomial adjustment (RPC0).  

The general form of 3D rational functions is:  
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Where x and y are the row and column in the image 

respectively, X, Y and Z are the coordinates of points in 
object space, and, Pi (i=1, 2, 3, and 4) are polynomial 
functions.     

With the physical sensor model available for 
commercial satellite data vendors, rational polynomial 
coefficients (RPCs) can be solved using an object grid 
with its nodes coordinates determined by means of the 
physical sensor model [28]. Third order RPCs for the 
forward form are usually distributed by image vendor in 
VHR sensors, such as IKONOS, QuickBird or GeoEye-1.  

This method can be applied without GCPs (this is why 
it also is known as terrain-independent), although the 

accuracy obtained is not very good. A very interesting 
aspect of this method is that users can update or improve 
the accuracy of the rational function model, refining the 
image vendor coefficients using a few GCPs. In VHR 
satellite imagery, the RPCs may be refined directly or 
indirectly [31]. The OrthoEngine RPC indirect method is 
based on the block adjustment method developed by 
Grodecki and Dial [32] for image space:  

    
 yaxaaxxx ×+×+=-=D 210'  

ybxbbyyy ×+×+=-=D 210'  

(2) 

where a0, a1, a2, b0, b1 and b2 are the adjustment 
parameters of an image, Δx and Δy express the 
discrepancies between the line measured and the sample 
coordinates for the new GCPs in the image space (x’, y’) 
and the RCPs projected coordinates for the same GCPs 
(x, y).  

 For the zero order transformation, only a simple shift 
(a0 and b0) are computed. Because of it, only one GCP is 
necessary to calculate this indirect method. For IKONOS 
images, the zero order polynomial adjustment is adequate 
for most cases, while for QuickBird images a first order 
polynomial adjustment is required to achieve the best 
results [33].   

2.- Third order 3D rational functions with vendor’s 
RPCs data and refined by a first order polynomial 
adjustment (RPC1). In this case 6 coefficients of the 
equation 2 have to be computed. Therefore it is necessary 
to know at least three GCPs. 

3.- Third order 3D rational functions with vendor’s 
RPCs data and refined by a second order polynomial 
adjustment (RPC2). In this case 12 coefficients have to be 
computed (eq. 3). Therefore it is necessary to know at 
least six GCPs. 

 

2

5

2

43210' yaxaxyayaxaaxxx +++++=-=D
 

2

5

2

43210' ybxbxybybxbbyyy +++++=-=D
 

(3) 

 
4.- A 3D physical model developed by Dr. Toutin at the 

Canada Centre for Remote Sensing [34] is also tested in 
this work (CCRS) for the GeoEye-1 imagery. This physical 
model was initially developed for medium-resolution 
sensors in the visible and infra-red as well as in the 
microwave. Even though the detailed sensor information 
for GeoEye-1 has not been released by the vendor, a 
valid solution for CCRS can be obtained using a limited 
number of GCPs (around six) and basic information from 
the image metafiles. 

5 Methodology 
The error of the orthoimage can be expressed as the 

sum of the error in the sensor orientation phase plus the 
error due to the DEM (equation 4). 

  
222

DEMoortho sss +=  (4) 

Where σortho is the final two-dimensional error of the 
orthoimage, σo is the bundle adjustment error or sensor 
orientation error, and σDEM is the 2D orthoimage error 
propagated from the original DEM error. All the terms are 
expressed as standard deviations.  
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Equation 4 is based on the general error-propagation 
theory, assuming that the sources of error are 
independent or uncorrelated and, at the same time, these 
errors are randomly distributed. Notice that equation 4 
can be expressed in terms of RMSE when the mean error 
tends to be zero (unbiased residuals).  

In this work we have fundamentally studied the errors 
occurred at both the orientation or bundle adjustment 
phase and the final orthoimage. In all the cases studies in 
this work, 9 GCPs well-distributed and defined were used 
for computing the different sensor model, remaining 112 
ICPs for the geometric accuracy assessment. 

A high number of ground points was needed in this 
work because the reliability of RMSE value depends on 
the number of ICPs used to compute it. The National 
Standard for Spatial Data Accuracy (NSSDA) by the 
Federal Geographic Data Committee [35] recommends 
the use of a minimum of 20 ICPs. Nevertheless this size 
seems to be very small and some authors [36] and [37] 
suggest larger samples.  

6 Results and Discussion 
 

6.1 Sensor Orientation Errors 

Table 2 shows the RMSE obtained in the nine GCPs at 
X and Y axes respectively.  It can be seen that the sensor 
models that are demanding a higher number of GCPs to 
be computed (i.e., RPC2 and CCRS) are presenting a 
lower RMSE at GCPs than those who need fewer GCPs 
(i.e., RPC0 and RPC1). Really, RMSE at GCPs only 
shows a good accuracy estimation when the number of 
GCPs used is very high (i.e., the sensor models are 
computed with the highest redundancy).  

When an assessment about geometric accuracy is 
required, the study has to be carried out over a high 
number of ICPs. In table 3, X, Y and planimetric RMSEs 
are showed. The sensor models CCRS and RPC2, for 
this order, show the worse results, with mean values of 
planimetric RMSE (RMSEp) of 0.46 m and 0.41 m 
respectively. According to bibliography, CCRS model 
should present a great robustness over the full image 
using only a few GCPs [33], nevertheless, it is difficult to 
develop a parametric sensor model which reflects the 
physical reality of the complete viewing geometry for a 
sensor with an absence of detailed sensor information, 
such as GeoEye-1. For the RPC0 and RPC1, the RMSEp 
values were 0.34 m and 0.36 m respectively. 

If the first results at the orientation phase obtained in 
this work are compared with those from IKONOS 
published by Aguilar et al. [8] a lot of similarities can be 
drawn. RMSEp for IKONOS were 0.60 m, 0.63 m and 
1.09 m using RPC0, RPC1 and CCRS respectively. If 
these IKONOS results are normalized attending to the 
acquired nominal GSD (0.84 m for the IKONOS image 
used), the resulting RMSEp would be of 0.71 pixels for 
RPC0, 0.75 pixels for RPC1 and 1.30 pixels for CCRS. 
On the other hand, for GeoEye-1 with 0.46 m of acquired 
nominal GSD, the normalized RMSEp would be of 0.74 
pixels, 0.78 pixels and 1.00 pixels for RPC0, RPC1 and 
CCRS respectively.  

With only a bias-compensation adjustment of the 
supplied RPCs (i.e., RPC0 model), geopositioning 
accuracy at 55 ICPs of 0.1 m (0.2 pixels) in planimetry 
and 0.25 m (0.5 pixels) in height were reported by Fraser 
and Ravanbakhsh  ([24] with a stereo-pair of GeoEye-1 
and a single GCP. This level of metric performance will 
surpasses both the design expectations of the system 

and those inferred from experience with IKONOS. 
However, these wonderful results have not been 
generated from our single image. 

 

GCPs ICPs Model RMSEx 
(m) 

RMSEy 
(m) 

9 

112 RPC0 0.22 0.24 

112 RPC1 0.22 0.21 

112 RPC2 0.09 0.20 

112 CCRS 0.02 0.14 

Tab. 2 RMSE at X and Y axes obtained from GCPs during the 
sensor orientation of the GeoEye-1 satellite image. 

 

GCPs ICPs Model RMSEx 
(m) 

RMSEy 
(m) 

RMSEp 
(m) 

9 

112 RPC0 0.22 0.26 0.34 

112 RPC1 0.26 0.25 0.36 

112 RPC2 0.33 0.25 0.41 

112 CCRS 0.31 0.34 0.46 

Tab. 3 RMSE at X and Y, and planimetric RMSE (RMSEp) 
obtained from ICPs during the sensor orientation of the 

GeoEye-1 satellite image. 

 
6.2 Orthorectification Errors 

An assessment of the geometric accuracy was done for 
the orthoimage generated by RPC0 sensor model with 9 
GCPs. 43 ICPs located on the ground were used to 
compute the final RMSEp in the orthoimage. The final 
panchromatic orthoimage had a planimetric accuracy of 
around 0.87 m. Although it can seem a very raised value 
(almost 1.9 times the acquires nominal GSD), you must 
bearing in mind the high off-nadir angle for our image 
(20.59º) and the relatively low accuracy of the DEM used 
(RMSEz of 1.34 m in the study area). 

 Using a similar DEM, planimetric accuracies of 1.04 m 
and 1.15 m were attained form orthoimages generated 
from QuickBird basic and IKONOS Geo Ortho Kit imagery 
[8].  

 
6.3 Comparison from 1956 to 2010 

The recent process of concentration of economic 
activities and population undergone by this coastal region 
has produced serious landscape and environmental 
alterations. The present work shows the changes 
happened in a section of the Almería coast included 
between Garrucha and Villaricos harbours during the last 
half century, concretely from 1956 to 2010. 

In the beaches of Almería, the erosion processes have 
been very strong. Thus, between 1957 and 1996, more 
than 2.8 millions square meters of these beaches have 
been lost [38]. The main reasons for that erosive 
tendency, especially in the beach of Quitapellejos, are 
promoted by sediment reduction as results of an 
increasing urbanization of the littoral areas that provokes 
impervious zones that do not contribute sediments to the 
sea and the excessive extractions of sand from beach for 
the soil preparation in culture greenhouse.  
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Fig. 4  Orthoimage from American flight (year 1956) at 

nowadays as named Puerto Rey private state. 

The construction of a dam at Cuevas del Almanzora 
and the canalization of the Almanzora river are events 
that have also diminished the contribution of sediments 
proceeding from this river. In this sense, Fig. 4 and 5 are 
showing the amazing proliferation of urbanizations in our 
study area during the last 50 years at the area nowadays 
occupied for the private state named as Puerto Rey. 

On the other hand, shorelines, defined as the interface 
between sea and land, tend to retreat, with over 70% of 
the world’s beaches experiencing coastal erosion. This 
presents a serious hazard to many coastal regions, where 
it is estimated that about 25% of productivity occurs and 
60% of the population lives. Climate change, particularly 
accelerated sea-level rise, is expected to exacerbate this 
problem meaning that sensible management strategies 
are increasingly required to deal with the risks arising 
from coastal erosion. In addition to present day 
monitoring campaigns, coastal management relies on 
information about historic shoreline location and 
movement, and on predictions of future change. 

With regards to our study area, Fig. 6 and 7 show the 
evolution of the shoreline at Quitapellejos beach from 
1956 to 2010. Although numerous and expensive 
performances have been fulfilled during the last 15 years, 
such as breakwaters or regenerations of sands, these 
actions have not managed to stop the high rates of 
erosion in this zone.  

 
 
 
 
 
 
 
 

 

 

Fig. 5  Orthoimage from GeoEye-1 (year 2010) at nowadays 

named as Puerto Rey private state. 

 

 

Fig. 6  Shorelines of 1956 (yellow) and 2010 (red) over 

orthoimage from American flight (year 1956) at Quitapellejos 

beach. 
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Fig. 7  Shorelines of 1956 (yellow) and 2010 (red) over 

orthoimage from GeoEye-1 (year 2010) at Quitapellejos 

beach. 

 
6.4 Further works 

The growth in agriculture, increased urbanization and 
natural processes all contribute to the changing nature of 
land use and land cover around the globe. Remote 
sensing has been identified as a critical tool in 
understanding changes on a large and small scale, and 
currently several satellites are being employed to monitor 
and study the globe. 

The high spatial resolution of GeoEye-1 (Fig. 8) or 
WorldView-2 enables the discrimination of fine details, 
like vehicles, shallow reefs and even individual trees in an 
orchard, and the high spectral resolution (especially in the 
case of WorldView-2) provides detailed information on 
such diverse areas as the quality of the road surfaces, the 
depth of the ocean, and the health of plants. 

Four-band pan-sharpened, half-meter resolution 
imagery from GeoEye-1 have already used for accurately 
mapping red and grey canopy cover (to within 1.7 percent 
of field estimates), which are indicators of the severity of a 
current outbreak of mountain pine beetles in a lodge pole 
pine-dominated forest [23]. 

In our Research Projects the four-band of GeoEye-1 
(Fig. 8), included in multispectral imagery with a spatial 
resolution of 2 m and fused imagery with a spatial 
resolution of 0.5 m, are going to be used to impervious 
zones classification in the study area, using object-
oriented classification methods for mapping urban 
features .  

These types of satellite imagery are going to be used 
for mapping beds of Posidonia oceanica in the 
Mediterranean Sea, where it is a dominant species 
forming monospecific beds in a structurally simple 
environment. As with other seagrass species, they play 
an important role in many coastal processes, contributing 
to sediment deposition, attenuating currents and wave 
energy and stabilizing unconsolidated sediments. The 
widespread loss of this species is attributed to excessive 
antropic pressure and other large-scale environmental 
changes. Some research works related to this focus have 
already been published using other satellite imagery such 
as SPOT 5 [39] and IKONOS [40]. Fig. 9 shows Near 
Infrared response of the seagrass at shallow waters in an 
area detailed in Fig. 8. 

 

Fig. 8  Multispectral Orthoimage from GeoEye-1 (Nir,G,R). 

 

Fig. 9  Multispectral Orthoimage from GeoEye-1 (Nir,G,R) 

showing underwater coast detail. 

One step further, with 8 tightly focused spectral 
sensors ranging from visible to near infrared, combined 
with 1.8 meter spatial resolution, WorldView-2 brings a 
high degree of detail to classification process, enabling a 
finer level of discrimination and improving decision-
making. Coastlines, shoals and reefs are some of the 
most dynamic and constantly changing regions of the 
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globe. Monitoring and measuring these changes is critical 
to marine navigation and an important tool in 
understanding our environment. For our coastal project, 
near shore bathymetry has a great importance. It is 
currently being calculated using high-resolution 
multispectral satellite imagery. However, with the 
introduction of WorldView-2’s higher resolution, increased 
agility and Coastal Blue band (400-450 nm), bathymetric 
measurements could be substantially improve both in 
depth and accuracy [25].    

7 Conclusions 
 

The best results in the sensor orientation phase for 
GeoEye-1 Geo panchromatic image were obtained when 
RPC0 model was used although followed very closely by 
RPC1. The RMSEp for sensor orientation phase was of 
0.34 m. RPC2 and CCRS models showed the worst 
geometric accuracies.  

With regards to the orthorectified images from 
GeoEye-1, the planimetric RMSE at final orthoimage 
presented a value of 0.87 m. In any case, the sensor 
model RPC0 generated the best results. Because of it, 
when we have the vendor’s RPC file, RPC0 should be the 
method used in the process of orthorectification of 
GeoEye-1 Geo imagery. 

The new possibilities of the last generation of Very 
High Resolution satellites due to both geometrical and 
spectral resolution for feature classification, bathymetric 
measurements, vegetative analysis or change detection 
are still for exploring.   
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Abstract 

Knowledge of the development of hydrographic networks can be useful for a number of 
research works in hydraulic engineering. We thus, intend to analyse the cartography 
regarding the first work that systematically encompasses the entire hydrographic network: 
Tomas Lopez’s Geographic Atlas of Spain (1787). In order to achieve this goal, we will first 
analyze –by way of the Geographic Information System (GIS) – both the present and referred 
historical cartographies. In comparing them, we will use the then-existing population centres 
that correspond to modern ones. The aim is to compare the following research variables in 
the hydrographic network: former toponyms, length of riverbeds and distance to population 
centres. The results of this study will show the variation in the riverbeds and the probable 
change in their denomination. 
 

1 Introduction 
The historical context surrounding Tomás López´s 

cartographic work has its origins in the ascendance of 
Philip V to the throne of Spain and the establishment of 
his territorial policy. His prime minister, the Marquis of 
Ensenada (1702-1781), devised a set of reforms to 
improve the administration of the Spanish territories. To 
accomplish these reforms required a national 
cartographic base on which to quantify taxes. This 
political environment was crucial to the development of 
national cartography.  

 
At that time, the theory that the Earth conforms to an 

ellipsoid of revolution (disproving the idea of a spherical 
Earth) was already known [1]. A dilemma arose as to 
whether the flattening of the ellipsoid was produced at the 
poles or the Equator. This led to expeditions run and 
financed by the Academy of Sciences of Paris in 1735 [2] 
to obtain conclusions regarding the real shape of the 
Earth. On the one side, the Cartesian theory presented by 
J.Cassini advocated flattening along the Equator while on 
the other the Newtonian theory argued that it occurred 
along the polar axis. For this, the measurements of 
meridian arcs in Quito (1735-1743) and Lapland (1736-
1737), respectively were studied in parallel. Conclusions 
obtained from the studies sided with Newton and his 
“orange” model for the planet against Cassini´s “lemon” 
model.     

 
A Spanish technical committee formed by Jorge Juan y 

Santacilia (1713-1773) and Antonio de Ulloa (1716-1795) 
was able to participate in the expedition to the Equator 
because the territories belonged to Spain. Subsequently, 
in 1751, Jorge Juan presented a report to the Secretary of 

State. In this report, he specified the scientific 
methodology that could be used for the creation of a 
general map of Spain at a scale of 1:100.000. A priority 
objective for the monarchy at the time was to provide to 
the eighteenth-century Spanish society with the 
knowledge that they demanded –accurate information 
about their territories´geography- through the 
dissemination of national and local maps. In this regard, 
Jorge Juan reported to the Marquis of Ensenada a 
concern that there was no qualified staff in Spain to 
collaborate on this project [3]. For this reason, it was a 
feasible measure for the Government to send 
representatives abroad to be instructed in cartographic 
techniques, and to amortize the measure politically with 
the subsequent production of cartographic material which 
would do a great service to the country.    

 
 
Tomás López was one of those chosen for this 

important task. In the period between 1752 and 1760, as 
a beneficiary of the king, he studied in Paris under the 
teachings of D´Anville –famous cartographer to the 
French king- who in turn had been a disciple of 
F.Chevalier [4]. Both created a school of studio 
cartographers [5]. 

 
 
By the time Tomás López returned to Spain in 1760 to 

fully practice the profession he had learned, the Marquis 
of Ensenada had lost his position (in 1754) leaving his 
cartography project unfinished. López then began a 
successful career during which he produced more than 
200 maps. Together with his sons, he founded the first 
cartographic publishing company, which was based at his 
home.    
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Charles III (1716-1788) appointed López as 
“Geographer to His Majesty´s Dominions” in 1770 as a 
result of the “interrogation” work that López had initiated 
in 1766. From that moment on, it was easier for him to 
access all existing information, having carte blanche to 
continue his tireless effort of data compilation throughout 
Spain [6]. 

 
López´s method -learned from his teacher D´Anville- 

is what has been called “studio cartography”. He has 
been branded as imprecise for dispensing with 
astronomical and geometric observations and for not 
supporting with field work the large volume of 
information he was able to gather [5]. He specialized in 
a compilatory methodology that united his talents for 
synthesizing and solving. Furthermore, during his training 
period in France, he had learned the art and craft of 
engraving very well and he used it in all of his works [7]. 
He created his maps from a collection of previously 
existing ones, which were supplemented with information 
from his “interrogations”. He sometimes created maps ex 
novo from this data. The “interrogation” was a 
questionnaire, directed at those responsible for each 
diocese or parish, containing 15 questions about the most 
relevant data, varied in nature, pertaining to their 
communities [8-9]. López requested a small map of a 
three-league radius surrounding each territory, in which 
all of this information was to be included [10]. 

 
The aim of this study is to check the cartographic 

accuracy of the hydrographic network in Tomás López´s 
work. For this we have used page number 64 of the 
Geographic Atlas of Spain (Spanish acronym AGE), 
corresponding to the Kingdom of Jaén, in order to 
compare it with the current hydrographic network. GIS will 
be used on two levels in order to analyze the degree of 
approximation of the information contained in the maps: 
first, the position of the population centres in Tomás 
López´s cartography relative to their current position. 
Secondly, the relative position of the hydrographic 
network with respect to the population centres in both 
cartographies in order to later make a final comparative 
analysis. 

2 Methodology 
Our methodology is divided in two parts: first, the 

analysis of the population centres on which the 
hydrographic network will be based (1-14) and, secondly, 
the specific methodology applied to the study of rivers 
(15-20). The software used in our work is ArcGIS 9 v.3.  

 
Because each page of the Geographic Atlas of Spain 

(see Figure 1) was designed using a frame of graduated 
geographical coordinates of latitude and longitude, it is 
possible to georeference it in a space using a GIS. As 
preliminary work, we selected the reference ellipsoid. We 
chose the European Datum 1950 (ED50), which is based 
on the Hayford or International Ellipsoid of 1950 because 
most current maps of Spain are created with this 
reference. It is understood that the ellipsoid will not affect 
the accuracy of the map.    

 
On the other hand, graphical scales are checked in 

both X (longitude) and Y (latitude) axes. It is found that 
the leagues to 20 degrees are identical in latitude but are 
reduced by a factor of 0.8 in longitude. This is valid for our 
ellipsoid ED50 at the latitude concerned. 

2.1 Analysis of the accuracy of population 
centres 

1.Georeferencing Tomás López´s scanned map using 
the frame: We georeference in GIS with the coordinates of 
the frame of page 64 (see Table 1) 

Tab. 1 Points for georeferencing of page 64.  

2. Shifting the origin of latitude: We shift the origin of 
longitude from the Peak of Teide (the origin of longitude in 
López´s cartography) to the Greenwich Meridian (the 
origin in our comparative cartography). For this, we load 
and modify the frame of coordinates of step 2 and add to 
the geodetic longitude the value -16.6409096611º. With 
this we obtain an MSE (mean square error) of 0.00356 
degrees for this plate, which would be equivalent to 
0.3957 km (0.00356 degrees x 111.17773 Km/degree). 
This is due to possible errors in the graduation of the 
frame.  

3. Digitizing Tomás López´s cities in geographic 
coordinates: The process of digitizing the different 
population sites, creating for each city a point-type 
graphical entity.  

 
4. Calculation of coordinates and exportation of the 

Tomás López Cities database (Spanish acronym CTL): 
From this attribute table, the GIS can calculate latitude 
and longitude. 

  
5. Importation of Current Population Centres (Spanish 

acronym NA) in geographic coordinates and ED50: The 
obtainment of the coordinates of the current population 
centres. For this, we used as a cartographic base the map 
of Cultivation and Land Use (Cultivos y 
Aprovechamientos) produced by the Andalusian Ministry 
of Agriculture and Fisheries (Consejería de Agricultura y 
Pesca de la Junta de Andalucía), corresponding to the 
province of Jaén.  

 
6. Calculation of coordinates and exportation of the NA 

database: Using GIS, we calculated the coordinates of the 
current population centres and exported this second table.  

 
7. Comparison of common toponyms between the CTL 

and NA databases: We process the data of both tables 
using the spreadsheet, ordering alphabetically both cities 
and population centres and grouping them into “matched” 
and “mismatched”.  

 
8. Calculation of displacement between CTL and NA 

and average displacement in longitude and latitude: Once 
the search phase of matched and mismatched population 
centres and cities is finished, we have a total of 85 
matching sites to work with. We then calculate in degrees 
the differences in longitude and latitude coordinates of 
both groups, and the average of these differences.  

9, 10. Displacement of the average value in GIS, 
calculation of coordinates, and exportation of the CTL-
Displaced database: Using GIS, we apply as the average 
displacement the average error in X and Y, for latitude 

Page Point 
LATITUDE-Y LONGITUDE-X 

DEGREES MINUTES DEGREES MINUTES 

64 

1 37 30 13 0 

2 38 35 13 0 

3 38 0 12 15 

4 38 0 13 42.13 
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and longitude, obtained in the previous phase. By doing 
this we can avoid a possible systematic displacement 
error in the absolute coordinates between both 
cartographies. Then, the coordinates of Tomás López´s 
cities are recalculated and re-exported.  

 
11. Calculation of longitude and latitude errors in 

degrees, kilometers and total distance error: Longitude 
and latitude errors in degrees are computed and 
converted into kilometric distances, taking into account 
that 1 degree of latitude is equivalent to 0.8 degrees of 
longitude considering the sphericity of the Earth at mid-
latitude 38º. Finally, the total distance error (ETd ) is 
calculated for each city:    

 
ETd  (Km)= √( x2+y2) 

 
The scale obtained from the representation of the map 

(E), according to the estimation error (RMS= 2.7472 Km) 
follows the scale (E), as E= 1/M and 0. 2mm x M = error, 
then M = 2.7472 x 103 / 0.2 x 10-3 =  13. 7 x 106, ie E= 1/ 
13.700.000.  

 
12, 13, 14. Checking ETd<20 Km, selection and 

confirmation of verified cities: In this we make sure that 
there is no city whose ETd is greater than 20 Km.  Any 
cities failing to meet this criterion are dismissed. Thus, 85 
sites are considered as verified and a file is prepared with 
the coordinates and distance errors, in kilometres, of each 
“Ciudad Tomás López” (“Tomás López City”). 

2.2  Study of Rivers 

15. Digitization of Rivers: Rivers are digitized and 
represented by line-type graphic entities.  

 
16. Loading of current hydrographic network 

information: The current hydrographic network layer is 
imported from REDIAM, the environmental information 
network of the Andalusian Ministry of Environment 
(Consejería de Medio Ambiente de la Junta de 
Andalucía). This allows us to compare both networks, as 
shown in Figure 2 (magenta shows the current network 
and blue shows the network as drawn by Tomás López). 

17. Preliminary observation of the hydrographic 
networks´ routes: Once both networks are observed, we 
can observe noticeable similarities, particularly in the 
principal water courses. However, we observe neither 
lineal overlaps nor overlaps in the relative locations of the 
water courses with respect to the previously referenced 
population centres.  

  
18. Calculation of river buffers: After the above 

observation, we proceed to use GIS to analyze the 
relative location of population centres in relation to rivers. 
Because of the complexity of the network, this study is 
limited to the Guadalquivir River in the Kingdom of Jaén 
(Figure 3). Using GIS, areas of influence or buffers are 
drawn parallel to the rivers with a distance range from 0.5 
Km to a maximum distance of 2 Km, both for Tomás 
López´s representation of the Guadalquivir River and the 
current one. The result of this process is shown in Figure 
4, in which green shows buffers every 0.5 Km for López´s 
representation while blue does the same for the current 
river. 

19. Intersection with matching population centres: The 
next step is to perform the intersection of these buffers 
with the matching centres obtained in step 7. This 
analysis is done independently for each river (the current 

river and Tomás López´s) because the existing 
displacements were already checked in the preliminary 
study of population centres. It would therefore not be 
logical to perform the intersection of both buffers because 
they do not have the same relative location. In this way 
we obtain the number of population centres contained 
within each river´s buffer.  

 
20. Comparative study of matching population centres 

in each buffer range: In each of the four buffer ranges of 
the Guadalquivir River, we compare the population 
centres with those found within the same buffer ranges of 
Tomás López´s representation and calculate the number 
of them that overlap. 
  

3 Results 
In the preliminary study of the population centres, 160 

sites of different rank were obtained from T.López´s 
cartography. Of these sites, a total of 85 (matching 
population centres) could be identified in the current 
cartography while 75 could not. In short, only 53.12% of 
the cities of Tomás López are identified with present ones.  

 
 
As for the distance errors of the Tomás López´s cities 

with respect to their coincidence with their modern 
equivalents, it was observed that the minimum value of 
1.4 km belongs to the population centre of Mancha Real 
and the maximum value of 17.9 km belongs to Santa Ana, 
in the South of the province.  

 
In the analysis of the hydrographic network, given the 

linear nature of the entity and the level of inaccuracy 
found a priori in a visual inspection, a type of analysis has 
been chosen that correlates the location of the population 
centres within a band of approximation around the river. In 
this way, we obtain a percentage of agreement between 
both areas of influence depending on each established 
range and the population centres in the cartography with 
which is compared, whether it is Tomás López´s or the 
current one. We begin with the analysis of the 85 
population centres that have been found to overlap 
between the two groups mentioned (Tomás 
López/current). These results are shown in Table 2. 

 
                           Buffer (Km) 

 
Population Centres  Ç   Rivers 

0.5 1 1.5 2 

TOMÁS LÓPEZ (A) 1 3 6 8 

CURRENT (B) 5 10 10 13 

A  Ç   B  (C) 0 3 6 7 

% C with respect to A 0  100 100 87.5 

% C with respect to B 0 30 60 53.85  

Tab. 2 Results of GIS analysis, intersection of the 
Guadalquivir River with the population centres of both 

cartographies 

Although at first glance (Figure 3), it seems that the two 
representations of the Guadalquivir River bear little 
resemblance to each other –as there is a large difference 
between the two paths, the GIS analysis shows the 
following:  

Regarding Tomás López´s cartography, there are no 
overlapping centres for a 0.5 km area of influence despite 
the fact that both cartographies contain population centres 
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within that area of influence. Therefore, we can assume 
that the representation of the proximity between rivers 
and population centres in Tomás López´s cartography is 
beyond that distance. If we converted this distance to 
leagues, that figure would be 0.09. Bearing in mind that 
this is a work of studio cartography composed of three-
league diameter sketches, the accuracy achieved in this 
type of cartography is surprisingly adequate in terms of 
baseline information.   

 
Paradoxically, increasing the area of influence of the 

river should increase the number of overlapping 
population centres between the two maps. Nevertheless, 
this does not occur (see Figure 3) as to the right we can 
observe a diversion of Tomás López´s river toward the 
north. Thus, when we increase the areas of influence, we 
find more than 85 overlapping population centres 
between both cartographies, but the rate of intersection of 
the population centres does not increase because of 
López´s error in charting the river´s path. 

4 Conclusion 
We see how after more than two centuries, thanks to 

geographic information tools, it is feasible to return to the 
Geographic Atlas of Spain to analyze it and obtain very 
interesting results when contrasting them with the 
currently known information. While providing new 
information, this work is also useful in proposing a 
methodology of analysis based on GIS that makes it 
possible to analyze the paths of rivers with respect to their 
proximity to population centres. The method used in the 
cartographic analysis is systematic and rigorous as it 
always uses the coordinates of the cities and population 
centres of the different sites. Working with large areas is 
easier thanks to the power and versatility of the GIS tool, 
which allows us to manage all data associated with each 
point in the territory. It offers a wide range of possibilities 
for processing, analyzing and presenting results.  

 
The results obtained in this work have shown that only 

53% of the population centres overlap in both 
cartographies. Taking into account the calculations made 
with the sample of 85 matching centres of population, 
errors in distance with an average of 7.5 km are obtained. 
A lack of homogeneity can be seen in the map scale, 
which is very obvious after the study of the rivers.  

 
The accuracy achieved by this studio cartography in 

the studied hydrographic network, the Kingdom of Jaén, 
is unexpectedly adequate in terms of baseline 
information, as the population centres of this cartography 
are relatively well located regarding distance from the 
river. The errors in this map can be attributed to the 
sources of López´s work and his processing of 
information, a key point in the cartographer´s 
methodology. T. López described himself as a “studio 
geographer” and based his maps on pre-existing ones 
which he completed using the information he obtained 
through his questionnaires. 

 

Fig. 1 Kingdom of Jaen. Tomás López. 1787.   

 

Fig. 2 Hydrographic networks in the Kingdom of Jaén (¾ 

current network; ¾ T. López´s network) 
 

 

Fig. 3  Overlay of the route of the Guadalquivir River (¾T. 

López´s network;   ¾ current network). 
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Fig. 4  Overlay of the buffers drawn for both Tomás López´s 
representation of the route of the Guadalquivir River and the 

river´s current route (¾T. López´s network;   ¾ current 
network). 
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Abstract 

Shoreline represents a coastal evolution indicator. Hence there is a necessity to 
develop new methods of shoreline mapping. Nowadays the most widely used 
method to compute the shoreline position is the so-called Cross Shore Profile 
method (CSP), which is based on computing a linear regression along different 
cross-shore profiles to interpolate the corresponding shoreline. However, the Mean 
Sea Level (MSL) datum makes difficult to get points under the datum elevation due 
to daily tidal variation, run-ups and waves. Therefore, it is necessary to develop a 
geometric extrapolation method to estimate the shoreline. 

The present work aims to validate a shoreline extraction method using the 
Elevation Gradient Trend Propagation method (EGTP), which extrapolates the 
local gradient until the desired datum is reached. This validation was also carried 
out over the CSP method. Due to the lack of reliable vertical data around the MSL 
datum, the 0.4 m. contour was used as the synthetic MSL because it was the 
lowest contour level not presenting noise effects. Both extrapolation methods were 
applied from different reference elevations: 0.6, 0.8 and 1.0 m. The vertical range 
needed for CSP adjustment took 0.4 m. above each of the aforementioned 
reference elevation. Moreover, an additional method was applied to the data 
consisting of a mixed two steps method: first, the extrapolated Digital Elevation 
Model (DEM) is computed from EGTP and, second, the final shoreline is extracted 
by applying CSP on the EGTP extrapolated. The standard deviation of the 
differences between the supposed shoreline truth and the estimated shoreline over 
14 homogeneous sample regions points out the accuracy of the applied method. 

The results of this work showed the goodness of EGTP shoreline extraction 
method compared to CSP one since the corresponding extracted shoreline was 
significantly more accurate. Moreover, the mixed method turned out to be very 
close to the original EGTP except in a few areas where it was proved the influence 
of profile orientation in CSP method. Finally, the influence of the starting 
extrapolation elevation was also proved, showing that the highest errors clearly 
matched the highest vertical differences between reference datum and starting 
extrapolation elevation. 
 

1 Introduction 
The coastal strip represents one of the more 

influential natural systems over economy and 
the style of living. More than half of the global 
population lives within 60 km. of the shoreline 
[1]. Specifically in Mediterranean Sea, coasts 
are being degraded progressively due to they 
constitute areas with a high dynamic economic 
activity that provides high profits from the tourist 

industry. Therefore, this provokes the need of a 
big amount of infrastructures [2]. On the other 
hand, health of coasts is vital to environment. In 
fact, they are one of the richest and changeable, 
but also fragile, systems. As a result, 
degradation and conservation of coast are being 
studied by international organizations like 
UNEP/MAP (United Nations Environment 
Programme, Mediterranean Action Plan) [2]. The 
high vulnerability and fragility make the 
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development of monitoring techniques essential 
to understand their morphological processes in 
order to mitigate the pernicious effects that are 
carried out over the coasts. One of the most 
important indicators to understand the coast 
behavior and evolution is the shoreline, which is 
defined as the physical interface between land 
and water [3]. The detailed analysis of shoreline 
evolution is the basis for modeling of what will 
happen in future, trying to mitigate the negative 
effects introduced by human activities. The long-
term or medium-term change shoreline rates 
studies are one of the widest applications in 
order to extrapolate the results [4], [5] and [6]. 
The lack of a unique and stable method to 
extract the shoreline makes difficult a regional-
national coastal comparison. In this work, a new 
approach and its validation are introduced. 

The geomatic techniques, such as 
photogrammetry and remote sensing, have been 
widely employed in order to extract the shoreline 
[4] and [8]. Digitalization has been the most 
usual method, by identifying the visual land-
water border over aerial images or orthoimages 
[4], [9] and [10]. Recently, the set of methods 
has been increased as a result of the 
development of new technologies like digital 
image analysis or ALS (Airborne Laser 
Scanning). Three groups of indicators to extract 
a functional shoreline are commonly established 
[4]: indicators that are visible for human eye –
identification of high water line–, tidal datum by 
DEM intersection –digital elevation model– and 
a specific tidal elevation and linear features 
extracted by image or DEM analysis [11], [12] 
and [13]. The use of DEMs in order to extract the 
shoreline has been increased by ALS 
techniques [15] development, which has allowed 
the acquisition of highly dense and accurate 
DEMs [15]. Thus, shoreline can be extracted 
from some approaches like contouring [16] or 
profile regression to intersect a DEM with a tidal 
datum [17] and [18] –called Cross Shore Profile 
(CSP)–. ALS techniques enable other kind of 
applications, especially when bathymetric LIDAR 
is applied [14], [15] and [16]. Other approaches 
to prepare the DEM can be required, e.g. 
elimination of water returns [20] and the 
additional processing has to be standardized. 

The use of tidal indicators has been extended 
[4] since are a long-period average elevation 
instead of instantaneous tidal conditions. 
Moreover, they are official elevation datum such 
as MHW (Mean High Water) in the USA [21] or 
MSL (Mean Sea Level) in Spain. The second 
one has been chosen to carry out this work. The 
difficulty of extract the 0 m level contour –official 
MSL in Spain– by ALS data in a microtidal 
environment and the noisy data caused by 
waves run-up have required a DEM 
extrapolation from a higher elevation in order to 
extract the shoreline [5]. This work applies the 
extrapolation method in a higher datum to be 
able to validate the approach by comparing with 
the “ground truth” DEM. Additionally, the most 
common method, that is CSP, has been also 

applied in order to compare both extrapolation 
methods for extracting the shoreline. 

2 Methodology 
In order to validate the proposed method and 

the CSP one, ALS data over a Mediterranean 
area in the Almeria province in Spain was used. 
These data were properly processed to their 
registration in ETRS89 system. The orthometric 
vertical datum was chosen based in Spanish 
official network REDNAP [22]. The area covers 
around 12 km long and 1 km cross coastline. 
The data were collected with a density of 
approximately 1.6 points/m2 comprising four 
overlapping strips. As a result, a one meter 
resolution DEM was extracted with a vertical 
accuracy of 0.084 m computed on a set of 33 
DGPS check points. 

The aforementioned DEM was used to extract 
the shoreline through geometric methods. One 
of them was the Cross Shore Profile method 
based on linear regression over the profile point 
data [17]. On the other hand, a new method 
proposed by the authors, named Elevation 
Gradient Trend Propagation (EGTP), was 
applied. It is based on the extrapolation of the 
local gradient in the foreshore in order to reach 
the shoreline position [5]. 

2.1 Shoreline extraction methods. 

 

2.1.1 Cross Shore Profile method. 

 
CSP method has been widely used to extract 

the shoreline by linear interpolation over a set of 
elevation profiles which are previously extracted 
from a DEM [16], [17], [18]. The behavior of this 
method in the extrapolation case will be tested. 
In a previous work [5] has been deduced the 
theoretical accuracy of CSP method: 

 (1) 

 (2) 

 

(3) 

 
where  represents horizontal accuracy 

due to vertical uncertainty,  is the 
estimated accuracy due to the least squares 
adjustment –general theory of errors 
propagation [24]–;  is the DEM vertical 
accuracy derived from check points.  and  
represent the slope and intercept respectively 
and their corresponding variance values are 
given by  and , obtained from the variance-
covariance matrix as a result of a typical least 
squares adjustment (regression line). Finally,  
is the datum in which the shoreline is defined, 
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that is, the MSL or orthometric elevation 0 m in 
this particular case. 

 
Vertical 

range (m) median  
median  

(m) 
data points 

<5 m. 

A (0.8-0.2) 0.853 1.166 1952 (76%) 

B (0.8-0.4) 0.964 0.982 2095 (82%) 

C (1.0-0.2) 0.860 1.216 2065 (81%) 

D (1.0-0.4) 0.960 0.966 2074 (81%) 

E (2.5-0.2) 0.716 1.460 1303 (51%) 

F (todos) 0.736 3.989 1109 (43%) 

Table 1.  of CSP regression adjustment and 
estimated accuracy for several data ranges. 

The profiles used in extracting the shoreline 
were coincident with the profiles or transects 
from which the shorelines were compared. 
Therefore an interpolation process between 
profiles was not required.  

It should be noted that the data range used to 
carry out the adjustment is significant. In usual 
applications, it is recommended to choose a 
range of 0.50 m above and below the desired 
datum (1 m altogether, e.g. [17]). A simple 
simulation (tab. 1) carried out over the dataset to 
extract the MSL shoreline can show that the 
range of data should be quite lesser since the 
best results are from the range of 0.4 to 0.8 m, 
that is a range of only 0.40 m. This short range 
implies a less number of points for each profile 
and highlights the presence of noisy data under 
the 0.40 m. contour. 

2.1.2 Elevation Gradient Trend 
Propagation method. 

EGTP method is introduced against CSP as 
an approach based on the extrapolation of the 
local elevation gradient from a foreshore specific 
elevation until the desired datum is reached. As 
a resume of [5], the stages of the approach are 
the following: 

1) The DEM must be cleaned up for 
LiDAR sea-points, but at the same time assuring 
the absence of noise due to the presence of 
waves and run-ups. So it is necessary to select 
an appropriate reference elevation (i.e. the 
lowest possible height but avoiding the effects of 
waves and run-ups). The final result should be a 
non-noisy DEM. 

2) Gradient calculation in both directions X 
and Y by means of a gradient filter applied over 
the DEM. Sobel filter was used [25] since it 
preponderates the nearest cells to the central 
one within a 3x3 window. 

 

 

(4) 

where ,  are, respectively, the gradient in 
X and Y direction applied over the cleaned-up 
DEM.  represents convolution operator. The 
variance of the gradient is expressed in eq. 5. 

 (5) 

where  and  are the variances of 
the gradient computed along X and Y directions, 
 is the DEM spatial resolution and  is the 

DEM accuracy. 
3) The previously estimated gradient is 

extrapolated, in both X and Y directions, towards 
the adjacent empty cells. The inverse distance 
weighted was used in order to extrapolate the 
gradient. This operation will cause an 
uncertainty over the extrapolated gradient (eq. 
6). 

 

 

(6) 

where  is the variance caused by 
extrapolation,  is each horizontal distance 
between the central cell and the others and , 

 is the gradient for the adjacent cells. 
4) The Z coordinate is estimated by the 

elevation of adjacent cells and their appropriate 
gradients. This step makes the process iterative, 
estimating only the positions for which the 
gradient is negative –the aim is to continuously 
reduce the elevation–. 

5) The iterative extrapolation process is 
locally stopped in those cells where Z coordinate 
is under the desired shoreline datum. 

6) The last step is the shoreline extraction 
from a grid DEM, that is mapping the estimated 
shoreline through those points presenting 
elevations slightly above or below the desired 
datum. The variance or uncertainty originated 
from this linear interpolation is given by eq. 7. 

 

 

 

(7) 

Being  the slope corresponding to the 
current cell –or slope–,  is the last positive 
elevation and  is the variance of horizontal 
position. 

7) Finally, an additional interpolation is 
carried out in order to calculate the final 
shoreline positions within each reference 
transect. This process is carried out by the 
intersection between the estimated shoreline 
and every transect. The variance of these 
interpolated points can be expressed as 

 [26], being both i and j shoreline 
points between which the point within the 
transect is interpolated. 

2.1.3 Mixed extrapolation method. 

A third approach tested in this work was the 
use of both aforementioned methods in order to 
obtain the shoreline following two steps: i) The 
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DEM is extrapoled by means of the EGTP 
method without the transect intersection 
extraction. ii) The final shoreline is extracted by 
applying CSP over the extrapoled DEM. 

It is important to notice that the CSP method 
will be only applied over the DEM extrapolated 
area. 

This approach should be able to identify what 
additional factors may affect the CSP method 
accuracy. 

2.2 Validation of extrapolation methods. 

The high performance of established methods 
like CSP to extract shorelines by interpolating 
data is well-known. However, the DEMs 
extrapolation is a process whose performance 
must be tested. Linear regression by least 
squares adjustment has been proved as a 
robust method within the known data limits [27]. 
But it is not necessarily true for data outside the 
sample area. Therefore, a linear regression 
process is expected to be a suitable method to 
interpolate the datum position within a profile, 
but not in the case of extrapolation since the 
beach profile may be unpredictably changeable 
in the data range close to land-water interface. 

A validation method has been carried out in 
order to check the accuracy of the tested 
methods to extract the shoreline by 
extrapolation.. It is assumed the 0.4 m contour 
as the reference datum since is the lowest 
elevation maintaining a low level of noisy data. 

The accuracy of the extrapolation method is 
given by the standard deviation of the 
differences between the ground truth –contour of 
0.4 m from DEM– and the shoreline extracted by 
extrapolation. Those differences will be 
referenced to the transects system. Moreover, 
the reference elevation is defined as the least 
height from which the DEM is extrapolated and 
the extrapolated amplitude is the difference 
between the reference elevation and the desired 
datum. The difference between the reference 
elevation and the highest height used in profile 
adjustment, in the CSP method, is the data 
range. 

In order to measure the accuracy of the 
methods and test the effect of the extrapolated 
amplitude, three reference elevations have been 
employed: 0.6, 0.8 and 1.0 m, which have meant 
the amplitudes of 0.2, 0.4 and 0.6 m, 
respectively. A data range of 0.4 m has been 
used in all CSP cases. 

With the purpose of deriving a suitable 
sample to evaluate the performance of the 
methods, 14 subareas within study area have 
been extracted. Those samples represent places 
that are either constant morphology beaches or 
more complex shapes like berms. The samples 
size was variable but it was tried to maintain a 
minimum number of transects –observations– 
near to 100, in order to have enough population 
for the analysis. The transects spacing was set 
up 5 m. 

2.2.1 Shoreline comparation 

The observed variable is not the shoreline 
position, but the differences between the 
estimated shoreline and the ground truth along 
each transect. Thus, some aggregated results 
such as mean, mean of absolute value and 
standard deviation of differences could be 
extracted for each sample area. 

The widely known 3 sigma rule [28] was 
applied to remove anomalous values or outliers 
in differences and shoreline accuracy. That is an 
essential step to make suitable the reading of 
the results. Besides, the number of anomalous 
observations could be significant to report about 
the level of noise produced by every method. 

2.2.2 Systematic error and accuracy. 

As the extrapolated gradient –estimated by 
EGTP or CSP method– could not be the true 
gradient, an unknown error could arise. This 
systematic difference could become into an 
offset or bias error to be taken into account. 

According to fig. 1, the values of extrapolated 
and true gradients are given by the following 
expression: 

 
(8) 

From eq. 8 can be extracted that the 
differences between both  corresponds to: 

 (9) 

So the extrapolated shoreline could be 
estimated by: 

 (10) 

 

 

Figure 1. Systematic error or offset. 

Note that the mentioned offset between the 
true shoreline and the extrapolated shoreline 
depends on the extrapolated amplitude ( ), as 
well as the difference between the inverse 
gradients (eq. 9). 

In order to perform a simulation of the 
estimated shoreline accuracy regarding to the 
extrapolated amplitude one can follow the 
variance propagation theory over eq. 9 and 10: 

Δ  (11) 
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Δ  (12) 

being Δ  the variance of the difference 
between the true shoreline and the estimated 
one. 

In fig. 2 it is shown the influence of the 
differences between real gradient and 
extrapolated one, as well as the influence of the 
extrapolated amplitude over the performed offset 
(eq. 9). The sample 10 has a mean extrapolated 
gradient of 0.105 and the true gradients used 
were from 0.050 to 0.250, while the gradient in 
sample 3 was 0.233 and the true gradients used 
were from 0.100 to 0.300. 

The influence of error estimation in gradient is 
much bigger in slow-sloped areas, e.g. the area 
10, than in high-sloped areas (e.g. the area 3). 
Moreover, both cases show the influence of 
extrapolated amplitude. As a result, the bigger 
the amplitude is, the bigger the shoreline 
estimation error. 

In order to estimate the shoreline accuracy, 
eq. 11 and 12 have been used, assuming the 
same value in true gradient accuracy and 
estimated gradient accuracy. The horizontal 
accuracy of the real shoreline is the vertical 
DEM accuracy –expressed as standard 
deviation– divided by simulated true gradient. 

 
Figure 2. Systematic error (Y axis) vs. true gradient 

difference (X axis) in areas 3 and 10. 

Fig. 3 points out to the slope as the variable 
which has the most important influence over 
shoreline accuracy. In addition, it is noted the 
influence of the estimated gradient in area 10, in 
which the accuracy variation is about 2 m, being 
only about 0.50 m in area 3. Thus, if the 
estimated gradients were the same than the real 
ones, there were no systematic errors but the 
shoreline estimated accuracy would mainly 
depend on both extrapolation amplitude and 
estimated slope. 

The previous results could be quantitatively 
questionable since the mathematical models 
could result too simples. However, an evident 
relation between the estimated shoreline offset 
and the theoretical difference between the real 
gradient and the extrapolated one has been 
highlighted qualitatively. That could be called as 
‘information loss’ [29] since an extrapolation is 
being applied over previous information, without 
an exact knowledge about the DEM behavior in 
that area. 

 
Figure 3. Estimated acuracy (Y axis) vs. Real 

gradient (X axis) in m. Areas 10 and 3.  

3 Results and discussion 
The results related to the comparisons 

between estimated shorelines and the well-
known contour of 0.4 m is introduced in the next 
subsections. The main result, or observed 
variable, is the standard deviation of the 
differences. In addition, the mean of those 
differences represents the systematic offset, 
which could also be a relevant result. The 
number of outliers is also a parameter under 
analysis. 

3.1 Experiment design 

Every comparison carried out for each 
elevation reference and within each area is 
shown in tab. 2. In all, 126 observations were 
obtained. 

 

Method 
Reference 
elevation 

(m.) 

Data 
range 
(m.) 

Alias 

EGTP 0.6 - EGTP06 

EGTP 0.8 - EGTP08 

EGTP 1.0 - EGTP10 

CSP 0.6 1.0 – 0.6 CSP06 

CSP 0.8 1.2 – 0.8 CSP08 
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CSP 1.0 1.4 – 1.0 CSP10 
CSP-
EGTP 

0.6 0.7 – 0.0 CSP_EGTP06 

CSP-
EGTP 

0.8 0.9 – 0.0 CSP_EGTP08 

CSP-
EGTP 

1.0 1.1 – 0.0 CSP_EGTP10 

Table 2. Resume of experiment carried out for each 
one of the 14 sample areas. 

3.2 Results depending on the observed 
area. 

The results are changeable depending on the 
sample data area. The qualitative study has 
been subdivided in several parts depending on 
the evaluated variable. 

3.2.1 Rocky and high-sloped areas 

Areas 1 and 2, in the North, and 14, in the 
South, have been included in this set of 
samples. These areas correspond with rocky 
shores with some beaches within them. 

Generally, the standard deviation values 
indicate a low divergence between estimated 
shorelines and the ground truth. The best results 
are reached by EGTP method (0.5 – 2.0 m 
standard deviation). Differences between EGTP 
and mixed method are noted only in area 1 (fig. 
4a and b) due to the transects orientation does 
not match the maximum slope orientation. 

CSP method clearly offers the worst accuracy 
results (1.0 – 4.0 m. standard deviation). This 
fact is due to changes in gradient trend along the 
data range used in extrapolation regression. On 
the other hand, the local gradient used in EGTP 
is more similar to the real one. 

As a result, EGTP method seems to be more 
suitable in this type of shores because the 
applied gradient will be close to the real one 
since the variability in rocky areas data can 
substantially affect the CSP adjustment. 

 
Figure 4. a- Standard Deviation (S.D.) and b-

Residual Average (R.A.) corresponding to area 1. 

3.2.2 Sandy and moderate-sloped 
beaches areas 

The areas included were the 3 and 13 ones. 
The sample 3 is currently under an important 
erosive process which is currently unaffected of 
artificial regeneration, in contrast to other areas 
in the study site. The sample 13 is located at the 
South and its morphology is characterized by a 
soft beach and a strong slope in the water-sand 
interaction face, which could indicate a high 
erosive process. 

 
Figure 5. a- Standard Deviation (S.D.) and b-

Residual Average (R.A.) corresponding to area 3. 

The EGTP and mixed method results are very 
similar but not for the CSP case, which shows a 
considerably higher standard deviation (fig. 5a). 
Sample 3 yields better results in accuracy (0.3 – 
2.0 m.) than sample 13 (0.5-5-0 m.) since area 
13 presented a more variable slope. Moreover, 
the transects orientation did not influence in 
EGTP-mixed method differences. 

The finer results in CSP, especially for 
sample 3, are due to the lack of significant slope 
changes within the diverse adjusted range of 
data. Note that in uniform slope beaches, EGTP 
accuracy is similar from every reference 
elevation (fig. 5a). 
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Figure 6. a- Standard Deviation (S.D.) and b-

Residual Average (R.A.) corresponding to area 10. 

3.2.3 Sandy and slow-sloped beaches 
areas 

Samples 10 and 4 have been included in this 
samples typology in which the beach slope is 
approximately constant in the adjustment data 
range. 

The similarity between CSP and iterative 
extrapolation methods, both in standard 
deviation and residual average (offset), is shown 
in fig. 6a and 6b. 

Every applied method can be deemed as 
highly accurate in this case (standard deviation 
below 2m. in every case). Moreover, the offset 
value results in barely 1 m.  

3.2.4 Non-classified areas 

Generally, the shore areas included in this 
study site present typical berm morphology in 
the sandy beaches areas. When the adjusted 
data are computed over these areas, the 
estimated gradient becomes quite erroneous, 
especially in the case of CSP method 
application. 

As explained above, EGTP method 
extrapolates the gradient towards negative 
values cells. Because of that, areas showing 
peak positive values affect seriously the 
extrapolated shoreline, which can be deduced 
from the low number of effective transects. 

The biggest differences between CSP and 
EGTP methods are shown in this sort of 
samples. As a general rule, CSP method yields 
an irregular behavior since the differences 
respect to the ground truth are not fine enough. 
The standard deviation results are much bigger 
than those supplied by EGTP method. 

A special mention is deserved by sample 11, 
which comprises around 600 m long coastline 
and has a high variable morphology and certain 
data noise due to run-ups. The shorelines 
yielded by CSP method within every range data 

results inadmissible in spite of applying the 
outliers removal based on 3-sigma rule 
(standard deviation 30-300 m.). 

3.3 Results by method 

 

3.3.1 EGTP results. 

Standard deviation results show the high 
accuracy of EGTP method and how it is affected 
by the reference elevation (fig. 7). At reference 
elevation of 0.6 m., the accuracy is over 1 m. 
and quite stable. At 0.8 m. the results are 
between 1 and 2 m. Note that in 1.0 m. 
reference level, the areas number 8 and 12 have 
been removed since the extrapolation turned out 
to be erroneous (positive local gradient). It is 
shown that the CSP values are similar until area 
5, whereas from sample 6 the results are clearly 
distinguishable. The offset value clearly growths 
with the reference elevation. 

 
Figure 7. a- Standard deviation y b- Residual 

average of the EGTP method 

 
According to the results, it can be concluded 

that the EGTP accuracy depends on the 
extrapolated amplitude. It was shown that the 
results agree properly in nearest distances (0.2 
m) whereas the deviations are greater for farther 
distances (0.6 m) depending on the discrepancy 
between the modeled morphology and the true 
one. The offset values proved that the gradient 
varies depending on the selected reference 
elevation. Thus, it is proved that the best 
reference elevation should be the nearest as 
possible to the desired datum, in order to 
minimize the difference between the true 
gradient and the extrapolated one. 

3.3.2 CSP results 

As it is shown in fig. 8a and 8b, the best 
accuracy is yielded by CSP for the lowest 
reference elevation (0.6 m) with a general 
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standard deviation of 2 m. It could be explained 
because the foreshore situation is within the 
data range adjustment (0.6 – 1.0 m) 
approximately. In fact, that result is proved in the 
other reference elevations, where the berm 
areas looked like different from the other ones. 
This behavior is also stepped up by the offset 
results. 

Therefore, the reference elevation has been 
underlined as the main parameter for the CSP 
method application since the beach areas have 
a significant variation in those elevation ranges. 

 
Figure 8. . a- Standard deviation y b- Residual 

average of the CSP method 

3.3.3 CSP-EGTP mixed method results 

The results for mixed method are similar to 
the EGTP ones, excluding the sample 8 for the 
reference 1.0 m, where is found an atypical 
value (too high standard deviation). A higher 
level of offset is detected for the reference 
elevation of 1.0 m which will be examined in the 
section 3.4. 

3.4 Results by reference elevation 

A better understanding about the behavior of 
every method can be achieved examining the 
accuracy results regarding the reference 
elevation. The results of standard deviations in 
each reference elevation are shown through fig. 
9a, b and c. 

 

 

 
Figure 9. Accuracy (standard deviation) for every 

extrapolated amplitude. 

According to the results depicted in the 
figures, the EGTP method has proved to be the 
more suitable in every reference elevation. On 
the other hand, CPS seems to be much more 
dependent on the used data range since the 
results are, generally, less accurate than EGTP. 
However, it could be noted that the results are 
still appropriate for the 0.6 m reference because 
they are not been affected by the berm effects. 
On the contrary, the results became worse when 
higher reference levels were used, especially in 
berm areas. Finally, the results are quite similar 
for EGTP and mixed method comparison, 
excepting for samples 1 and 6 where mixed 
method presented less accuracy mainly due to 
the orientation of transects. 
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4 Conclusions 
The previous sections have proved the 

satisfactory results yielded by the local gradient 
extrapolation methods in order to estimate the 
shoreline where the interpolation methods 
cannot be used. Thus, the accuracy results 
depend mainly on the extrapolated amplitude. 
The higher the amplitude, the higher the 
standard deviation is found. There have been 
some areas in which the method was not 
suitable since the local gradient was found 
positive for the higher tested reference elevation 
of 1 m. 

The CSP method was found much more 
dependent on the terrain morphology (e.g. 
berms) and reference elevation. The differences 
between the true gradient and the estimated one 
are much more obvious where a sharp variation 
of local gradient occurs. While the application 
from reference elevation of 0.6 m. turned out to 
be similar to the EGTP method, for upper 
reference elevations the berm areas appear 
strongly distinguishable since they yield a higher 
standard deviation. 

The third method has been the mixed method 
or CSP-EGTP, which offers very similar results 
to the original EGTP, excepting for some areas 
where the transects orientation and the buffer 
size seem to play an important role. Anyway, it is 
out of the scope of this work. 

It should be taken into account that the used 
datum was a synthetic one (0.40 m.), since the 
desired datum is the MSL (0 m.). This fact 
implies that the errors found in this work related 
to the case of CSP applications could change 
when a 0 m. reference datum was used, since 
the berm effect has been proved to start from a 
certain elevation (0.8 m. approximately). 
Therefore, meanwhile the employed data range 
was below the berm, results in both methods 
could be more similar. 

On the other hand, an extrapolation method 
instead of an interpolation one leads to commit a 
general bias as it has been indicated by the 
offset or systematic error results. As a 
consequence, data capture –ALS in this case– 
must be done in order to be able to apply an 
interpolation method, or when the extrapolated 
amplitude is minimum and the differences 
between the true gradient and the estimated one 
are also minimum. The usage of extrapolation 
method could be advisable in microtidal shores 
as Mediterranean ones, especially when the 
more suitable datum is the 0 m. level. 
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Abstract 

Digital elevation models (DEMs) are widely used in GIS to predict the impact of coastal 
flooding and Sea Level Rise in coastal areas. Furthermore, DEM change detection within a 
certain time period may be also used to automatically quantify the coastal landscape 
changes. In this sense many researchers have adopted 3D surface matching techniques 
without control points (GCPs) to automatically co-register multi-temporal DEMs. 
In this paper a new approach based on robust surface matching for DEM 3D geo-referencing 
is proposed to avoid the costly and time-consuming necessity of GCPs. The algorithm starts 
from a coarse orientation of the historical DEM where the stereo model y-parallax is removed 
by means of an Automatic Relative Orientation. Additionally, it is necessary to manually mark 
three control points to apply a coarse Helmert 3D transformation, obtaining a preoriented 
stereo-pair which turned out to be helpful to improve and speed up the subsequent surface 
matching process. Absolute z-differences between reference and historical DEMs are 
calculated, allowing for the application of the widely known K-means algorithm to cluster up to 
four groups of homogeneous absolute differences. The two clusters showing the high values 
are considered as outliers or areas where terrain has significantly changed. The remaining 
areas are deemed as potentially matching areas where the robust surface matching can be 
applied using the M-estimator called Tukey’s Biweight (TB). In this way the diagonal weight 
matrix, regarding TB function, is introduced in an iterative least square routine to compute the 
Helmert 3D transformation parameters. 
The proposed methodology was tested for geo-referencing a historical grid format DEM, 
comprising a little coastal area of Almeria (South Spain), obtained by digital stereo-
photogrammetry from a B&W photogrammetric flight taken in 1977 at an approximated scale 
of 1:18000. The reference DEM was the 10 m grid-spacing digital elevation model produced 
by the Andalusia Regional Government (Spain) from a 1:20000 scale B&W photogrammetric 
flight taken in 2001. As well, we counted on two accurate DEMs based on LiDAR technology 
(ground truth) taken in 2005 and 2009 respectively. 
The results obtained from this work may be deemed as very promising, showing a high 
efficiency and accuracy for historical DEM 3D geo-referencing. After the application of the 
robust surface matching for non-altered or stable areas, the computed uncertainty, measured 
as standard deviation of DEM z-differences, turned out to be 1.08 m. That is quite similar to 
the estimated uncertainty for the reference model (around 1.03 m). 

  

1 Introduction 
 
Spatial registration of multidate data is required for 

many applications in remote sensing, such as change 
detection, the construction of image mosaics, Digital 
Elevation Models (DEMs) generation from stereo pairs, 
and orthorectification. The geometric correction must be 
accurate enough, because misalignments of features at 
the same location could render the results useless.  

On the other hand, DEMs are widely used in GIS to 
predict the impact of coastal flooding and Sea Level Rise 
(SLR) in coastal areas. Furthermore, DEM change 
detection within a certain time period may be also used to 
automatically quantify the coastal landscape changes. In 
this sense many researchers have adopted 3D surface 
matching techniques without control points to 
automatically co-register multi-temporal DEMs, usually 
using the newer DEM as the reference surface to achieve 

the 3D registration of an older and generally less accurate 
DEM [1], [2], [3], [4] and [5]. 

In fact, nowadays DEM production is efficiently 
accomplished by means of LiDAR technology which is 
contributing, often coupled with passive optical imaging, to 
a wide range of coastal scientific investigations [6]. 
Nonetheless, as LiDAR is a relatively new technology, 
historical data beyond the past decade are practically 
unavailable [7]. This is the reason why most of the studies 
headed up to extract shoreline position and evolution 
along a certain period of time (i.e. monitoring studies) are 
mainly based on rectified aerial photographs, beach 
profiles from surveying techniques and topographic maps. 

 Despite DEMs are deemed as the best choice to 
extract accurate shoreline position [8], few attempts have 
involved stereo-photography and thus 3D information 
extraction to monitoring shoreline evolution. Taking into 
account that the accuracy of DEMs is clearly bound to the 
accuracy of the derived variables via error propagation [9], 
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it is crucial to start from the best possible DEM, both for 
newly-made DEMs and for historical DEMs mostly 
compiled from historic stereo photogrammetric flights. 

  The same could be said about terrain change 
detection from multitemporal stereo-photogrammetric 
flights [7] where it is necessary to count on a precise and 
well distributed set of ground control points (GCPs) to 
georeference the generated DEM. However those GCPs 
are cumbersome to obtain in remote areas or from 
relatively old flights, simply because historical features 
are difficult to be currently localized and measured or 
even pointed out onto the digital images (fig. 1) 
depending on their scale, resolution and radiometric 
quality. 

Furthermore, the current process of manual GCP 
measurement can be prohibitively labor-intensive for large 
projects under operational conditions, and it does not 
enforce subpixel level correlation between images due to 
the limitation of human visual interpretation. 

In this way, the main goal of this work is to develop, 
test and validate a new rapid, efficient and robust surface 
matching algorithm, non sensitive to true terrain changes 
(considered as outliers in the surface matching jargon), 
able to georeference coarse-oriented historical DEMs 
using a newer DEM as the reference surface without the 
need of GCPs. In this sense, the paper is structured as 
follows: In section 2 the skeleton and workflow 
corresponding to the new robust surface matching 
approach are presented. The study site and datasets are 
subjects of section 3. In section 4 the results are 
presented and discussed, followed by the conclusions 
and outlook on future studies in section 5.              

  

Fig. 1 Difficulty in ground control point location working on 

historical photogrammetric images (rough scales: 1956-

1:33000, 1977-1:18000, 2001-1:5000). 

 

2 Robust surface matching approach 
 
The basic flow chart diagram regarding the new 

robust surface matching fundamentals is shown in fig. 2. 
Briefly, the proposed method starts from a coarse relative 
orientation of the historical DEM, applied onto previously 
digitized photographs, where the stereo model y-parallax 
is removed by means of an Automatic Relative 
Orientation (ARO).  

Subsequently, suitable photogrammetric software 
must be utilised to carry out the interior orientation and 

the ARO processes. In this case ImageStation Digital 
Mensuration software (ISDM 4.0® from Z/I Imaging) was 
employed. As it is widely known, ARO is the process that 
determines the relationship between two overlapping 
images, providing the position and attitude of one image 
with respect to another image by automatically matching 
tie points. Thus it is an unattended process. Nonetheless 
it is worthy to manually mark three control points (two full 
points XYZ and one only Z point) to apply a coarse seven 
parameters Helmert 3D transformation, obtaining a 
preoriented stereo-pair which will be very helpful to 
improve and speed up the convergence of the subsequent 
robust surface matching process. It is important to notice 
that those ground points only have to present 
approximated coordinates, both horizontal and vertical, so 
they can be easily extracted from available orthophotos 
(horizontal) and supposing a common Z (e.g. an average 
ground height for the whole working area).  

In this way, a Digital Surface Model (DSM) or, after 
applying a filtering process, a DTM (Digital Terrain Model), 
can be obtained by means of digital stereo image 
matching techniques [10]. ImageStation Automatic 
Elevations (ISAE 4.0® from Z/I Imaging) was the software 
utilised to automatically generate a large number of DSM 
points. 

 

 

Fig. 2 Flow chart diagram showing the algorithm 
fundamentals.  

 
The next step consisted of using a reference DEM (a 

more recently obtained and already georeferenced DEM) 
as a reference topographic surface to robustly register the 
preoriented historical DEM. The conjugate points were 
extracted by planimetrically overlapping both DEMs (e.g. 
map projection UTM ETRS89 and heights above GRS80 
ellipsoid) using bilinear interpolation over the reference 

Automatic Relative Orientation for 

each stereo-pair

Course Absolute Orientation (Helmert 3D) through 2 approximated full 

ground points (X,Y,Z) and 1 approximated Z point  

Digitized images 

(historical 

photographs)

Interior Orientation for each 

photograph

Pre-oriented DSM generation by 

automatic image stereo matching

Transformation to a common 

geodetic reference system 

(geocentric coordinates X, Y and Z)

Computation of absolute Z-

differences between historical and 

reference DEMs  

Calculation of 4 clusters based on 

absolute Z-differences by means of the K-

means algorithm. Only the two clusters 

showing the less mean absolute Z-

differences will be considered as 

potential matching points   

Application of the estimated 

transformation parameters to the 

pre-oriented DSM to obtain the final 

absolute orientation 

Oriented DEM used as reference 

for surface matching

Iterative Weighted Least Squares 

estimation of the seven parameters 

corresponding to a 3D Helmert

transformation between historical 

and reference DEMs using all of the 

Z-difference-weighted (Tukey’s

biweight function) matching points    
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DEM to obtain different and planimetrically corresponding 
elevations (one for each DEM). At this time, those non-
overlapping points detected have to be pointed out and 
excluded from the matching process from here onwards 
(i.e. each observation is assigned a weight 0). In this way, 
a dense dataset of residuals or Z-differences (ri) between 
historical and reference DEM for every grid point can be 
computed. 

The widely known K-means clustering method was 
employed to take into account potential divergences 
between new and old DEM elevations due to true terrain 
change. Those true changes are deemed here as outliers, 
and thus they have to be excluded from the surface 
matching process. In K-means clustering we are given a 
large dataset of N absolute z-differences data points in a 
2-dimensional space and an integer K (K=4 for our 
particular application), and the problem is to separate the 
N observations into K clusters by means of an iterative 
algorithm that minimizes the sum of distances from each 
object to its cluster centroid, over all clusters. This 
algorithm moves points between clusters until the sum 
cannot be decreased further. The result is a set of K 
clusters that are as compact and well-separated as 
possible [11]. In this way, once the four clusters involving 
absolute z-differences are computed, the two clusters 
presenting higher mean absolute z-differences are to be 
considered as potentially altered areas and so discarded 
to be applied in the subsequent matching process. The 
remaining clusters are considered as potentially matching 
areas where the robust surface matching can be applied 
using the M-estimator called Tukey’s Biweight (TB). TB 
function is one of the most commonly-utilised M-
estimators, and as noted by [12], is difficult to surpass in 
terms of delivering good performance in most situations. 
The weight function is defined as follows: 
 

 

 
Being ui the standardised least-squares residuals 

(ri/σ), where σ is the standard deviation of all the residuals 
potentially selected to intervene in the surface matching 
process. In this way the diagonal weight matrix regarding 
TB function (w(ui) in eq. 1) is introduced in an iterative 
and massive least square weighted solution ([2], [13]) to 
compute the so-called Molodensky-Badekas seven-
parameters transformation: 

 
Δ
Δ
Δ

 

 
 

Where λ is a global scale non-dimensional factor and 
ΔX, ΔY and ΔZ (m) are the three translations along the 
coordinate axes. The orthonormal rotation matrix is 
represented by 3x3 elements which are trigonometric 
functions of the rotation angles Ω, Φ and Κ. The 
coordinates of both reference systems must be previously 
transformed to geocentric coordinates.   

Afterwards estimating the seven transformation 
parameters, the resulting 3D transformation was applied 
to the historical DEM (using geocentric coordinates) to 
orientate it. All the processes constituting this basis 
framework, except for ARO and DEM generation, were 
programmed using MATLAB® code (fig. 3).  

   

 

 

Fig. 3 Software developed to carry out the proposed 
methodology based on Matlab© code. 

 

3 Study site and datasets 
 

3.1 Study site 

 
The previously described robust surface matching 

method was tested on one stereo-pair belonging to a 
historical photogrammetric flight which will be described in 
the next section. The study area comprised a heavily 
developed coastal area of Almería (Mediterranean Sea, 
Southeast Spain). It was situated between the harbor of 
Garrucha and Antas dry-ravine mouth (fig. 4). This is 
currently a high risk inundation zone joined to an urban 
area of high cultural density.  

3.2 Datasets 

 

3.1 Dataset corresponding to 1977 (Historical Flight) 

 
It comes from an analogic W&B stereo-pair belonging 

to the so-called “Agriculture Photogrammetric Flight”. This 
flight presented an approximated scale of 1:18000 and 
focal distance around 152.77 mm. It was taken in 1977. A 
10 m grid-spacing DSM was carried out by means of 
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stereo matching techniques (ISAE 4.0® from Z/I Imaging) 
ranking over previously digitized images (15 microns per 
pixel ≈ 30 cm ground sample distance) with a radiometric 
resolution of 8 bits. ISDM 4.0®, from Z/I Imaging, was 
used to carry out the preliminary coarse orientation by 
means of automatic relative orientation (see section 2). 

To test the capability of the developed method to deal 
with highly deformed DEMs (i.e. not quite well 
preoriented), different rotations, translations and scale 
changes were applied to the original preoriented DEM to 
obtain three synthetic deformed DEMs, as it is described 
in tab. 1.  

  
 

Parameters 

Shifts, rotations and scale change applied to 
the preoriented DSM 1977 to produce 

synthetic deformations 
Version 1 Version 2 Version 3 

ΔX 10 m 50 m 100 m 

ΔY 10 m 50 m 100 m 

ΔZ 10 m 50 m 100 m 

ΔΩ 10º 30º 45º 

ΔΦ 10º 30º 45º 

ΔΚ 10º 30º 45º 

Δλ 0.9 0.7 0.5 

Tab. 1 Synthetic deformations applied to the preoriented 
DSM 1977. 

 
 

 
Fig. 4 Image of the study site along the Almeria coast. 
 

3.2. Reference dataset corresponding to 2001 

 
The reference DEM corresponding to 2001 consisted 

of a 10 m grid-spacing DTM produced by the Andalusia 
Regional Government (Spain) throughout a 
photogrammetric flight taken in 2001 at an approximated 
scale of 1:20000. This original DTM was transformed from 
UTM European Datum 1950 and orthometric heights to 
the new Spanish official geodetic system called the 
European Terrestrial Reference System (ETRS89) and 
elipsoidic heights above GRS80 ellipsoid. The 
corresponding DTM accuracy was estimated upon 62 
DGPS check points located at open terrain, yielding a 
standard deviation value close to 1.03 m. The historical 
DEM to georeference (1977) and the reference DEM 
(2001) are depicted in fig. 5 as 3D surface maps. 

 

 

 
 

Fig. 5 Photogrammetrically-derived DEMs corresponding 
to 1977 (left) and 2001 (right). Reference system UTM-
ETRS89. 

 
 

3.3 Validation datasets 

 
Two validation datasets were used in this work to test 

the accuracy of the Robust Surface Matching (RSM) 
oriented historical DEM.  

The first one consisted of a LiDAR dataset taken 
during August and September 2004 in the framework of a 
project led by the Water Andalusian Agency (Andalusia 
Regional Government) to carry out a flood risk mapping 
study in Andalusia, Spain. The LiDAR data capture was 
handled by the Cartographic Institute of Calalunya (Spain) 
by means of an Optech ALTM 3025 LiDAR sensor. 
Among its main operational parameters, we highlighted 
the following ones: flight height 2300 m, point density 1 
point/m2 and computed vertical accuracy between 6 cm 
and 15 cm depending on the land cover. The accurate 
and high resolution (1 m grid spacing) raw DSM was 
filtered and decimated using TerraScan© software to 
produce a 3 m grid spacing DTM comprising a non 
urbanized zone along the Antas dry-ravine bed and within 
the working area (vid. fig. 8). 

The second one constituted a very recent DEM taken 
in 2009 in the context of a research project funded by the 
Andalusia Regional Government comprising the whole 
working area (vid. fig. 9). This second DEM was a high 
accuracy and resolution LiDAR-derived DEM. The flight 
height above ground was about 1000 m, using a Leica 
ALS60 airborne laser scanner with 35º FOV, 1.61 
points/m2 average point density. The estimated vertical 
accuracy computed from 62 DGPS high accuracy check 
points distributed over the whole working area offered a 
vertical accuracy (measured as standard deviation) of 8.9 
cm. All the processes to filter the laser point cloud, 
adjusting the four flight-lines strips and managing LiDAR 
data were carried out by means of TerraMatch® and 
TerraScan® software. The initial very high resolution DEM 
was resampled to an easier to handle 5x5 m grid DEM.   

GARRUCHA

VILLARICOS

Antas dry-ravine mouth

Almanzora river mouth
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4 Results and discussion 
 

4.1  Coarse preoriented DEM using ARO 

 
The initial preoriented historical DEM presented a 

clearly diagonal-rotated (N-W to S-E direction) leaning as 
compared with the 2001 reference DEM. It originated a 
sparse histogram of signed vertical residuals, as can be 
observed in fig. 6.    

 

 

Fig. 6 Distribution of signed vertical residuals (initial 
preoriented DSM 1977 – DTM 2001 within the overlap 
area) and the corresponding histogram. 

 
The mean error took a value of 16.12 m (tab. 3), 

indicating a notable overall bias or systematic error in the 
pre-orientation process as could be expected given the 
approximated coordinates of the ground points utilised to 
compute the absolute orientation. At the same time, 
random errors also were very large as can be deduced 
from the high standard deviation of the whole Z-
differences (tab. 3). Thus the starting pre-orientation 
should be improved a lot to allow an acceptable terrain 
change detection analysis. In this case it is necessary to 
cope with these high local deformations by treating them 
as outliers, and the designed algorithm, as a robust 
estimator technique, should be less sensitive to the 
existence of outliers. It is a non easy to resolve problem 
because there will be coexisting matching points, gross 
errors (significant surface differences due to the passage 
of time) and boundary outliers (i.e. points within the 
transition area). In the remaining sections the proposed 
algorithm will be tested to check its ability to afford that 
intriguing challenge.  

4.2 Iterative least-squares weighted solution 

 
According to the results depicted in tab. 2, and 

incorporating the weight matrix aforementioned in section 
2, the seven parameters for the 3D Helmert 
transformation can be computed by means of an iterative 
least-squares weighted estimation. The shifts and 
rotations can be considered as relatively small, which it 
was expected owing to a not excessively bad pre-
orientation. The accuracy for the estimated parameters, 
calculated through the dispersion matrix, is very high. It 

was due to the huge number of matching points what 
confers to the process an important soundness.  Despite 
the matching area, once excluded the potentially outliers 
from the K-means algorithm, was quite reduced (around 
42% of the whole points were employed to carry out the 
RSM; vid. fig. 6), the number of steps till reaching the final 
convergence through the iterative algorithm was always 
lower than 10 and normally lower than five.   

 

Parameters 
Estimated parameters 

value accuracy 
ΔX -3.319 m 0.0031 m 

ΔY 0.177 m 0.0031 m 

ΔZ -2.439 m 0.0057 m 

ΔΩ 0.630º 3.64E-04º 

ΔΦ 0.974º 3.75E-06º 

ΔΚ -0.744º 3.18E-06º 

λ 0.9998 4.79E-06 

Tab. 2 Estimated parameters and corresponding accuracy 
for the 3D Helmert iterative least-squares adjustment 

 

4.3 Robust surface matching validation 

 
Afterwards using the RSM algorithm, the initial 1977 

historical DEM position respect to the 2001 reference 
DEM has been notably corrected and the matching results 
have been clearly improved (fig.7). In fact, signed vertical 
error distribution showed a non-disperse histogram 
without systematic error and low uncertainty (mean error 
around -0.14 m and standard deviation of 2.17 m; vid. tab. 
3). Furthermore the spatial error distribution turned out to 
be quite stable and homogeneous over the whole working 
area, what indicated a good performance of the matching 
algorithm able to correct the poor pre-orientation of the 
original historical DEM (cf. fig. 7 and 8).      

 

 

Fig. 7 Distribution of signed vertical residuals (RSM 
oriented DSM 1977 – DTM 2001 within the overlap area) 
and the corresponding histogram. 

 

The same could be said about the validation results 
regarding the LiDAR DTM corresponding to the Antas dry-
ravine (fig. 8). This area can be supposed as non-altered 
during the last decades and so reasonably free of change. 
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In this sense the maximum and minimum errors were the 
lowest, while the matching accuracy worked the best 
(standard deviation of 1.08 m; tab. 3), even being lower 
than the estimated uncertainty for the reference model of 
around 1.34 m. That was a good new, demonstrating the 
great capacity of this method to obtain excellent multidate 
surface registrations without costly and time-consuming 
ground points. 

        

 

Fig. 8 Distribution of signed vertical residuals (RSM 
oriented DSM 1977 – Antas dry-ravine DTM 2004 within 
the overlap area) and the corresponding histogram. 

 

 

Fig. 9 Distribution of signed vertical residuals (RSM 
oriented DSM 1977 – Lidar dataset DTM 2009 within the 
overlap area) and the corresponding histogram. 

 

Notice that the validation matching results coming 
from the 2009 LiDAR dataset were slightly poorer than 
those achieved in the case of Antas dry-ravine. It was 
likely due to the larger number of years passed since 
1977 and, above all, the presence of new urbanizations in 
this heavily developed coastal area which, somehow, 
means a lesser correspondence between 1977 and 2009 
DEMs. Shortly, this area can be deemed as more 
contaminated and altered and so the number of 
potentially matching points has decreased (fig. 9 and tab. 
3). In other words, the height changes between multidate 

DEMs contain three main parts: random errors, terrain 
deformations and matching errors. Random errors come 
from DEM generation while terrain deformations are 
mainly caused by anthropogenic activities (constructions, 
land use changes, etc.). Obviously the area embraced by 
the 2009 LiDAR DEM is more tending to suffer terrain 
deformations than the 2004 LiDAR DEM.   

 

 

Signed residual statistics 

Mean 

(m) 

Standard 

deviation 

(m) 

Maximum 

(m) 

Minimum 

(m) 

Preoriented DSM 

1977 -  DTM 

2001 

16.12 22.15 63.29 -35.03 

RSM oriented 

DSM 1977 – 

DTM 2001 

-0.14 

 

2.17 

 

9.84 

 

-16.40 

 

RSM oriented 

DSM 1977 – 

Antas dry-ravine 

DTM 2004 

-0.50 

 

1.08 

 

3.39 

 

-7.24 

 

RSM oriented 

DSM 1977 – 

Lidar dataset 

DTM 2009 

-0.59 

 

1.57 

 

7.34 

 

-15.10 

 

Tab. 3 Signed residuals statistics for the overlap area 
corresponding to the comparison between DSM 1977 
(preoriented and RSM oriented) and multidate reference 
DTMs. 

 

4.4 Terrain change detection 

 
Detecting regions of change in DEM for the same area 

taken at different times is of widespread interest due to a 
large number of applications in land cover or land use 
studies [14]. Furthermore, terrain changes could be 
relevant to studies such as shoreline evolution, soil 
sealing, flooding analysis and so on. Anyway the goal is to 
identify the set of points (pixels in a raster context) that 
are significantly different between the last DEM of the 
sequence and the previous DEMs; these pixels comprise 
the “change mask”. The methods usually used in this 
discipline can be very sophisticated when they are applied 
to images, but are notably simplified working on DEMs 
because there is no need to apply pre-processing 
methods (radiometric/intensity adjustments, sudden 
changes in illumination, shadows, etc.) except for 
geometric adjustments (just matching as best as possible 
all the compared DEMs as it has be already done via 
RSM algorithm).  

Several methodologies have been developed for 
change detection, from the simplest one (simple 
differencing), to the more sophisticated such as those 
based on significance and hypothesis tests, predictive 
models, shading models, background modelling, etc [15]. 
In this case, and just as an approximation attempt, a 
mixed approach has been used involving simple 
differencing and significance tests supposing that the z-
differences follow a normal distribution. In fact, a 95% 
confidence interval has been computed from the 
reference DEM estimated uncertainty (Sd ≈ 1.03 m; vid. 
section 3.2). Thus the symmetric upper and lower limits 
would adopt the values ±1.96.Sd = ±2.02 m (supposing as 
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0 the mean of z-differences). This methodology has been 
applied to the working area highlighting a few and defined 
areas where there have likely been changes between 
1997 and 2001 (fig. 10). Those areas were concentrated 
in high relief zones and, in some cases, may be partially 
due to the different quality of the compared DEMs (fig. 5), 
being the 1977 DEM smother and worse defined than the 
2001 DEM. Actually the results can be visually tested 
turning out to be relatively reliable. Additionally most of 
the working area presented z-differences within the 
computed confidence interval (vid. the corresponding 
histogram in fig. 10 on the right).  

Summarising, the percentage of significant terrain 
change within the tested area from 1977 to 2001 (24 
years) could be estimated as 11.51% as much while the 
fill earthworks (63.7%) clearly prevailed over cut 
earthworks (36.3%).    

 

 

Fig. 10 Discrete distribution of signed vertical residuals 
(RSM oriented DSM 1977 – DTM 2001 within the overlap 
area) showing dark grey colour for areas within the 
tolerance of ±2.02 m (95% confidence interval) 

 

4.4  Highly deformed DEMs 

 
The most important problems when registering multi-

temporal DEMs are i) the intensity of temporal 
deformation or change occurred between the period of 
the study and ii) the quality of the previous preorientation 
because, somehow, accentuates the problems related to 
local deformations. In most surface matching algorithms 
the deformation area is restricted to not much more than 
50% by introducing the so-called differential model and 
improving the classic least z-difference or LZD algorithm, 
but it is rather complex and needs a previous rough co-
registration or knowing about the approximated 
transformation to carry out [4]. Our RSM approach was 
not able to fully correct any type of the synthetic 
deformations applied to the original preoriented 1977 
DEM, as it can be observed in tab. 4, though it is worth 
noting that those deformations are not usual under 
operational conditions.    

Summing up, it is needed a relatively well preoriented 
historical DEM to obtain accurate results. In this way our 
research group has investigated to apply one previous 

procedure consisting of the so-called shaded relief image 
matching [16], which could be used making up an 
integrated method comprising a two steps robust surface 
matching. The first step should render a well coarse 
oriented historical DEM by means of the aforementioned 
shaded relief image matching (an automatic and 
unattended process). The second step would refine the 
initial coarse orientation using the RSM algorithm 
presented and evaluated along this paper. In this way, it 
would be possible to deal even with highly bad 
preoriented DEMs also presenting a high rate of change 
regarding the reference DEM.     

 

 

Signed residual statistics 

Mean 

(m) 

Standard 

deviation 

(m) 

Maximum 

(m) 

Minimum 

(m) 

Raw version 

1DSM 1977 -  

DTM 2001 

-0.80 47.03 80.84 -81.48 

RSM- oriented 

version 1DSM 

1977 -  DTM 

2001 

-1.40 8.31 25.46 -36.88 

Raw version 

2DSM 1977 – 

DTM 2001 

0.89 45.93 78.91 -79.51 

RSM-oriented 

version 2DSM 

1977 – DTM 

2001 

-2.78 23.25 48.56 -49.68 

Raw version 3 

DSM 1977 – 

DTM 2001 

-0.10 30.10 51.59 -52.00 

RSM-oriented 

version 3 DSM 

1977 – DTM 

2001 

5.94 15.73 38.13 -28.30 

Tab. 4 Signed residuals statistics for the overlap area 
corresponding to the comparison between different 
versions of deformed DSM 1977 and reference DEM. 

 

5 Conclusions 
 
The results obtained from this work may be deemed 

as very promising, showing a good co-registration 
between reference and historical DEMs in heavily 
developed coastal areas. The last demonstrated to be 
true when the needed preoriented historical DEM was not 
excessively deformed respect to the reference DEM. In 
the case of highly deformed DEMs, it is necessary to 
count on a previous step headed up to correct such 
deformations, which can be afforded by shaded-relief 
image matching (vid. reference [16]). In such situations, 
the RSM method proposed along this work could be 
applied as a refining method to polish subtle deficiencies 
coming from the first step.  

The point is the high efficiency and robustness 
demonstrated by our Robust Surface Matching approach 
for historical DEM 3D georeferencing, especially when it is 
compared to costly and time-consuming traditional 
methods such as photogrammetric absolute orientation 
based on surveyed ground control points and, very often, 
self-calibrating bundle adjustment techniques.      
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Abstract 

At present the urban representation is largely entrusted to management of cartographic 
information by the GIS-Geographic Information System, reduced to a simple archive system 
of the cartography now currently in use. 
But this procedure is very inadequate, because the cities are the result of the passing of time 
and stratifications of slow changes and projects of radical reform.  
Therefore, the urban representation must introduce the time dimension and include also the 
carto-iconographic historical heritage. 
A representation system so extended makes it possible to: 
- describe the changes over time of the whole city or of its single sites, as well as the 
language with which the city itself has built its portrait and has communicated its identity 
through time; 
- favour the preservation and the divulgation of the archival heritage, often scattered in 
different archives. 
The research project “Portraits of cities in an interior” (co-ordinated by the Department of 
Architectural Design of Milan and to which participate the Universities of Bologna and 
RomaTre) have the objective to build a portal for an online access to the GIS of the heritage 
of cartography and iconography of Milan, Bologna and Rome. 
The project, currently in progress, thanks to the versatility of the webGIS - that permits to 
explore a heritage not homogeneous in terms of aims, representation system and scale - is 
able to create the conditions for knowledge about urban formation, transmittable to the most 
varied levels (from the specialist studies to the possibility of creating paths dedicated to 
school users or even to the planning of personalised museum journeys etc.). 
Moreover, among the most interesting potentialities there is the application to the definition of 
the “portraits of lost cities”, that is erased by the urban changes and the “portraits of possible 
cities”, consisting in the recomposition of the urban frames that could have derived from the 
realization of projects which remained on paper, as in the section dedicated to the big 
transformation projects of the Illuminist and Napoleonic Milan.  

1 Introduction 
The widespread success of territory visualisation 

practices such as Google Earth or Bing maps, to name 
the most commonly used, demonstrates how nowadays 
the need of broadening individual perspectives is 
generalised, coinciding with the usual individual life 
context. 

In the past, things were different, only for a cultured 
traveller or an expert was it possible to know, and 
therefore to recognize as his own, wider territories and a 
bigger world which he could feel part of. 

Such a drastic change is the result of an evolutionary 
process due to the popularization of cartography1 through 
printing, as until then, and for many centuries, it had been 
the fruit of the initiatory knowledge of the court’s 
cartographer and was approachable only by a small circle 
of privileged people. 

The widespread accessibility of maps, following the 
push towards the democratisation and universalisation of 
knowledge that characterised the Age of Enlightenment 

                                                 
1 Regarding the role of printing in the democratisation process 
see: E. Eisenstein [1]. In contrast, an openly critical analysis of 
the process of replacing the physical reality of places with their 
description on the printed map, maintaining that this was a purely 
political process with specifically authoritarian, was produced by 
F. Farinelli [2]. 

and together with the practice of the Grand Tour, 
contributed to forging the most cosmopolitan spirit of the 
European intelligentia. 

 
With a similar role such as the one performed by 

printing, today the computer network has enormously 
accelerated the widening process of the need for 
knowledge also in the spatial area. Nevertheless, the 
visualisation practices mentioned above can only respond 
to this need in a very superficial way. 

As a matter of fact, such systems replace with 
photographic images (at most integrated by toponymic 
information) what used to be the description of places, 
which was the specific goal of the traditional paper 
cartographies. Nevertheless, they offer only an unlikely 
surrogate to real spatial knowledge, founded in the 
description of the identity of places and of the topologic 
relations that interconnect them, even if this surrogate is 
covered by an incredible amount of data, granted by the 
extremely high definition of the photographic shooting. 

Also, in a more specifically technical field, the network 
represents today the preferred diffusion channel for the 
territorial information estate, as even in the smaller local 
administrations the access to the cartographic material 
happens now almost exclusively by webGIS, Geographic 
Information System, the structure of which is that of a 
database, increasable without limits over time. 
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Nevertheless even within this area dedicated to users 
which are supposed to be technically qualified, we see an 
under use of the cognitive possibilities of this means, 
since it is reduced to a bare filing and automatic 
distribution system for the maps currently in use, that can 
be downloaded in different versions and/or printable 
formats. 

 
But this quantitative and qualitative richness of the 

current cartographic production – which has replaced 
paper, intended as a unique document, with an integrated 
system of multiple mapping – is only apparent, since it 
reduces the represented object, the city and the territory, 
to a purely spatial phenomenon, omitting to consider its 
peculiar nature as a product of historical stratification and 
to recognise, along the time coordinate, permanency lines 
and changes, which are signalled by the tracks imprinted 
in an indelible way in the shape of places by events 
sometimes very far away in time, but the effects of which 
remain engraved as tattoos on the live skin of the urban 
soul. 

On the contrary, digital cartography, if it is extended to 
include also the historical carto-iconographical heritage of 
a city, can constitute a truly new representation system, 
able to build not only the spatial description of places, but 
also to introduce the time dimension, joining and making it 
possible, even for non experts and following different 
queries, to consult at the same time cartographic and 
iconographic documents not homogeneous among 
themselves in kind, purpose, representation system, scale 
and date. 

 
A digital representation system, organised as a GIS, 

but extended to include also the cartography, iconography 
and in a broader sense, any historical document aimed at 
describing the physical arrangement of a determined 
place, allows us to: 
- favour the preservation and divulgation of the 
documentary heritage, often scattered in different 
archives; 
- describe the change over time of a city or of its single 
parts; 
- decipher the language and ways in which every city has 
progressively built its own portrait and communicated its 
own identity. 

2 Milan in space and time 
It is with the intent of experimenting these specific 

potentialities that the research project  “Portraits of a city 
in an interior has been activated. To consolidate the 
collective memory of the city through the computerization 
and the divulgation of historical cartography”, having as 
its object the building of a telematic access portal to the 
GIS of the cartography and iconography of Milan, 
Bologna and Rome.  

Within this project and on the research line on Milan, 
the enlightenment and Napoleonic Age turned out to be 
the crucial moment during which this city outlined and 
divulged the image it intended giving of itself. 

In the space-time representation frame, conveniently 
reassembled thanks to the aid of the new information 
systems, the documentary heritage referable to that time 
and space has made it possible to decipher and describe 
the urban physiognomy, the face of that same city that 
everyone still walks around and perceives, as the fruit of a 
stratification of multiple representation intentions – each 

one moulded both on its own specific purpose and on its 
general vision of the world expressed by its age 2 – and of 
different and sometimes contrasting ideas of form, 
materialized by the whole of the projects developed for 
the city. 

In a portrait conceived in this manner, the projects that 
the city has developed and stored, be they realized or left 
on paper, assume the same specific weight and almost 
the same material consistency of actually existing roads 
and buildings, constituting a reality lacking only in 
existence (and sometimes for totally short-term reasons) 
to be such. In fact, it happens that in the memory of the 
city, every sign, once traced, transforms a hope into a 
defined fact, from which those who will come in the future 
won’t be able to prescind from anymore, should that be 
only to contradict it3. 

So, along the time and culture line of each city, what is 
not there anymore interweaves with what already exists 
hic et nunc and also with what could have been. 

In the case of Milan this weaving shows the 
overlapping and intersection over time of two ideas of city 
very different and conceptually opposing each other: on 
one side the city almost re-founded by the proud tracing of 
the new Enlightenment straight stretches, “roady”, to use 
Tessenow’s description4, in contrast with the “squary” 
Milan of the landscape artists interwoven into the weave 
of the living fabric, so wisely described by the system of 
the Teresian Land Registry. 

In the space-time portrait of Milan, in fact, a 
disappeared city is outlined. A city made of houses, 
markets and waterways, submerged in its impetuous 
growing process, but that the engravings and paintings of 
the Lombard landscape artists can still evoke. As if 
watermarked, the project of a great “wish Milan” also 
appears, that cosmopolitan Capital of the Kingdom of Italy 
for the realization of which the survey shown in the Carta 
degli Astronomi (Astronomer’s Charter) was created, that 
city that the Enlightenment architects – Cagnola, 
Canonica, Antolini – dared to dream of, projected over the 
border of the Spanish walls and based in the grandeure of 
the idea of civic magnificence.  

2.1 Lost Milan 

The spatially correct description of the current 
arrangement of certain places of the city finds its sense in 
the relation with the image of how each one of these 
places was in the past, and, at the same time, of how it 
could have been, if the great projects edited in the short 
yet intense season represented by the first decade of the 
XIX century had actually been realized. 

                                                 
2 Regarding the influence of the overall historical perspective on 
cartographic representations see: U. Tucci [3]. 
3 W. Faulkner [4] stated exactly the irrevocable nature of the 
stratification of urban events when he has one of his characters 
say, about the founding of a small city: «In fifty years time you will 
try to change it in the name of what you call progress. But you 
won’t succed; you will never free yourselves of it». 
4 In a slightly humorous conference held in 1926 at the 
Kunstbibliothek and published on 2.3.1926 in Die Deutsche 
Zeitung, Tessenow [5] stated: «Young cultures are “roady”, 

animated by growth and what they are becoming, immature. 
When the culture gains stability the roads start to cross, a point of 
tranquillity is formed and the culture develops in height and 
depth, tall buildings dominate, quiet gains ground, femininity, 
intimacy and squares take over (...). Contemporary man is 
“roady”, and yet he carries within him the nostalgia for the 
outlined space of squares, for femininity. Conservatives are the 
opposite of this».  
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We need to consider, in fact, the strongly dialectic 
relation established by the architectural culture of the 
Enlightenment with the inherited city, of which until the 
Sixteenth century amazed travellers had described5 the 
abundance of available goods. Among these were the 
manufactured products deriving from the traditional 
processing of silks and brocades, of steel and crystal, 
produced in the handicraft workshops aggregated in 
specific and well identifiable urban areas, while the 
foodstuffs came into town through the Navigli waterways. 

A commercial character which physically translated 
into a weave of little semi-detached houses, only seldom 
interrupted by high-class buildings, built after the second 
half of the Seventeenth century (and therefore very late in 
comparison to the tradition of the urban building, greatly 
cultivated in Florence, Rome and Venice since the end of 
the Fifteenth Century) to substitute small groups of 
houses. A morphologic structure oriented on the radial 
system of the Gates and the hierarchic organisation of the 
many religious buildings, among which until 1768 it was 
possible to count 300 convents [7]. 

This minute building fabric, evoked by the long shot 
perspectives of the 22 watercolour views by Giovan 
Battista Riccardi, is comprehensively described by the 
complex classification method of the Teresian Land 
Registry, the Maps of which – edited in 1721-23 in a 
1/2000 scale and completed, as far as the inside the walls 
territory is concerned, by the Iconography of the City and 
Castle of Milan, edited in 1722 by engineer G.Filippini – 
are integrated by an analytic description, conducted 
house by house, parish by parish, door by door, by the 
The new cadstral survey tables of the Land Registries 
Fund. 

For this reason the eighteenth century views and the 
cadastral survey contribute to compose an image of a 
unitary city, made up of single places, usually coinciding 
with the seats of civil and religious institutions, in respect 
of which the residential fabric that contains them, 
surrounded by the semirural areas around the limiting 
perimeter of the walls, conglomerates. 

A city made then by progressive inclusions, places 
gathered and contained in the bigger perimeter of the 
surrounding walls. 

Once the Bonapartist climate ended, the restored 
Austrian administration and, even more, the Risorgimento 
municipality paid great attention, on the strategic choices 
level, not to throw away the transformation process of 
Milan into a city structurally and spatially open – a 
transformation supported during the Napoleonic Age – by 
following and boosting the land valorisation processes 
already started. In the iconographic area, on the other 
hand, especially referring to the experience of the 
“vedutismo”, the ancient will of wanting the peculiar 
identity of the single places to prevail in comparison to the 
description of the new spatial relations on an urban scale, 
regains vigour. 

Differently from the Neapolitan and Venetian 
“vedutismo”, the representations of which take strength 
from the exaltation of the relationship between city and 
nature, or from the Roman one, that has its leitmotiv in 
the always present archeological heritage, the Milanese 
“vedutismo” takes the urban landscape as it is as its 
privileged object and it constantly refers back to it, even 
when it represent an inn outside the city walls. 

                                                 
5 Fora n overview of the descriptions and topoi recurring in the 
Cahiers de voyage, in the guides and memoirs of the XVI and 
XVIII centuries, see: L. Gambi, M. L. Gozzoli [6]. 

But this leaning towards the “urban painting”, not being 
supported by celebrative nor monumental intents, 
sometimes provokes a shift towards the pictorial gender 
and the fragmented connotation, while in the most 
advanced declinations of the pictorial culture of that time, 
in the paintings by G. Migliara, G. Canella, L. Premazzi 
and most of all in the ones by Angelo Inganni, translates 
into the distressing transcription of a city that is 
disappearing, in the subdued flow of the Naviglio, erected 
as the Milan place par excellence, as the consciousness 
of its inevitable cancellation already emerged. 

3 A contribution to the study of 
Napoleonic Milan 

 

3.1 When Milan looked like Paris 

With the arrival, in May 1796, of the French troops and, 
in the following year, the proclamation of the Cisalpine 
republic and in 1805, of the Kingdom of Italy, Milan 
entered a period of political and institutional change that 
had the merit of brining about a reconsideration of the 
cultural conditions and social roles of the entire city; even 
if the general events and particular circumstances that 
that influenced the administrative organisation, urban 
activity and architectural transformation during the 
Napoleonic period are known, certain events will be 
recalled along the way so as to configure an frame within 
which to place the image of the new urban structure, 
taking shape between the end of the Sixteenth Century 
and the mid Eighteenth Century. 

 
The reference to Napoleon and to the progressive 

definition of a specific Napoleonic iconography, the 
influenced all the arts during the years of the republic, is 
fundamental because it makes it possible to place the 
study of Milan the Capital of the Kingdom of Italy within a 
milieu of particularly rich cultural and artistic exchanges, 
where the political role attributed to the city determined a 
radical change in the urban scene. 

The development of Napoleonic iconography can not in 
any way be separated from the creation of the image of 
the new Milan that, placed at the head of a formally 
autonomous nation and elevated to the rank of the great 
European capitals, was invaded by various 
transformations. If some of these can be ascribed to the 
sphere of historical celebration, the exaltation of the 
military enterprises of the emperor as well as political 
propaganda, in reality the thick web of urban interventions 
and structural adjustments projected between 1796 and 
1814, are a testimony to the hopes and ambitions that 
animated those years. 

At a time in which Milan looked like Paris – and aspired 
to be such – the great projects of the Napoleonic era, that 
for the most part were never or only partially realised, 
foresaw a city with ample width, which in its renewed 
relationship with the countryside constructs itself on broad 
lines, in contrast to the walled city inherited form the 
renaissance. On the wave of the revolutionary push, a city 
appears organised around institutional places and the 
collective life that is formally and architecturally defined by 
the different projects and tends to modify the urban 
topography of identified spaces, typical of the previous 
period. 

A comparison between the traditional landscape art of 
the end of the Eighteenth Century, epitomised by Aspari’s 
urban scenes – «that isolates specific places, 
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environments and moments in the city» [8] – and that of 
Galliari, only a few decades later, after the arrival of the 
French troops, illustrates the profound change the body of 
the city had undergone and explains the distance 
between the aristocratic Teresian Milan and the 
revolutionary Napoleonic one. The monumental breadth 
of Ascari’s engravings, where certain buildings in the 
ancient city provide a background to civic life with noble 
fixity and scenic grandeur, becomes a Jacobite love for a 
new society recognisable in the open spaces of court life 
and military exercises [9]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Superimposition of some urban maps, describe by the 

GIS. a. “Pianta di Milano”, G.B. Clarici, about 1580 (Academy 

of San Luca, Rome); b. “Iconografia della Città e del Castello 

di Milano”, G. Filippini, 1722 (Record Office of Milan); c. 

“Milano Capitale del Regno d’Italia”, Brera Astronomers, 

about 1810 (Record Office of Milan). 

Exemplary is the view of Saquirico (Pace celebrata al 
Foro Bonaparte il 10 Fiorile IX) on the occasion of laying 
the first stone of Foro Bonaparte in April 1801, as 
designed by the Roman architect Bargigli who foresaw, in 
the area in front of the castle, now free after the 
demolition of the Spanish fortifications, a series of 
provisional architectural structures glorifying Napoleonic 
magnificence6. 

                                                 
6
 «South of the ponderous protrusions of the Sforza castle, of 

colossal statute of Peace victorious , holding our a laurel and an 
olive branch, was raised on a cylindrical plinth, as if it were a 
section of the Trajan column, with spiral engravings and among 
gigantic trophies. On one side there arose a Doric rotunda, 
dominated by Victory crowning Bonapart, while between the 
columns there were the busts of French and other monuments 
hailed the other heroes of the Italian campaign, intrepid generals 
such as Joubert, who died at Novi, Desaix at Marengo and 
Championet also recently deceased. On the other side a vast 
podium held up an incense burner, on which the first stone of the 
Foro had been laid» [10]. 

Similarly to the preparations for republican 
celebrations, the plans of the architects involved at the 
numerous transformations foreseen for those years 
reveal, despite the variety of the particular models, the 
possibility of a “new and unexpected Milan”: Antolini’s 
Foro Bonaparte, as much as the subsequent proposals for 
the Canonica Castle, the Arena, the Botanical Gardens as 
well as the monumental city gates – ideal transcriptions of 
classical Rome, had they been realised, would have 
radically changed the appearance and structure of the 
city. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Iconographic documents joined-up urban maps: a. G. 

Antolini, Project for Foro Bonaparte, 1801 (Civic Archive A. 

Bertarelli, Milan); b. Anonymous, “Pace di Lunéville”, 1801 

(Museum of Milan); c. G. Galliari, “Spettacolo di Naumachia 

dato alla Città di Milano il 9 giugno 1811, nell'Anfiteatro”, 

1808 (Civic Archive A. Bertarelli, Milan). 

For the neoclassical architects called to work under 
Napoleon, Milan was not just a physical space, it was an 
opportunity to realise an urban utopia; an architectural 
idea that was in line with the shape of the city, looking 
towards the great European capitals and aspiring to 
embody classical ideals. The greatness of Rome, the 
eternal city, even with its weaknesses and compromises 
tied to the emphasis on celebration and on the ability of 
single individuals, was the recurring imagine in the many 
projects of that time, that were trying to modernise and 
adapt to the changed civil conditions the principles of 
classical composition.  

This lead to a hypothetical reconstruction of a possible 
history, the ‘lost Milan” of the ephemeral constructions 
erected for the celebration of the republic, the “virtual 
Milan” of the unrealised projected and, finally, the current 
Milan that in its architectural definition still reveals the 
traces of that heroic era. 

“Portraits of possible cities” that are measure each 
other in the multiple superimpositions and coexistence in 
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different images; parallel registers that, in the plurality of 
responses, have contributed to defining the layout of the 
city and its characteristic features. Examining these 
multiple “unrealised Milans” it is possible to rediscover a 
series of plans, designs and projects, almost all of them 
cancelled by subsequent transformations, or at least 
diluted by them. The value and role of the projects from 
that period have been progressively obscured until the 
have almost disappeared, to a degree that their 
interpretation is almost impossible for the layman and, 
indeed, not immediate even for historians and architects. 

Even if, therefore, the events and elements around 
which research is built belong to common knowledge, 
interpreting them and the criteria that guided them are 
tied to a specific idea of a city and its multiple 
declinations. Therefore, the research, utilizing the 
available historical materials, has hypothesised a 
“possible city” on a logical plain – Milan Capital of he 
Kingdom Of Italy – and it has attempted to verify its 
credibility on a disciplinary level. Thus, what was 
considered to be most important was not the historical 
validity of this hypothetical discovery – the concrete 
events and the true ambitions that guided the 
protagonists of the age – as much as rather the tuning of 
the analytical tools congruent to the formalization of a 
theoretical hypothesis.  

Form this stand point, an explanation of the tools used, 
without which the hypothesis put forward would remain in 
the abstract field, is considered essential for the 
understanding of the content of this research, and it 
becomes necessary to determine the scientific confines of 
this operation and its level of autonomy compared to 
neighbouring disciplines. 

3.2 The plan for Milan Capital city and its 
architectures 

In December 1806, the Italian government headed by 
Viceroy Eugenio from Beauharnais, nominated the 
Commission for the Architecture and Fine Arts, 
moderated by mayor Brivio and made up of Andrea 
Appiani, Giuseppe Bossi, Luigi Cagnola, Luigi Canonica 
and Giuseppe Zanoja. Canonica, nominated general 
superintendent for National Buildings and eventually, after 
the proclamation of the Kingdom of Italy, Royal Architect 
[11], became head of this Commission, that following an 
internal regulation arranged by abbot Zanoja, divided the 
city in five sectors, assigning the relevant jurisdictions to 
different commissioners. 

Since its constitution and until 1814, the Commission 
experimented and developed several effective procedures 
connected with the spatial control of the city. Even if 
originating from measures of the Austrian age and from 
the French urban tradition, such procedures will transform 
the specific methods of the project, foreseeing a totally 
uncommon image of Milan. In fact, concentrating in a 
single organism the definition of the land used as well as 
the management of the building activity of public and 
private undertaking7, the work of the Commission, even if 
with several political and economic difficulties that bound 
it, ratified the birth of a new urban vision, within which the 
means of the land used addressed all the resolutions of 
the single commissioners between 1807 and 1814. The 
double role covered by the Commission allowed to define 
the urban face of Milan, following an order and propriety 
principle thanks to which every element of each building 

                                                 
7
 See articles 4-5-6 e 7 of the Decree of January 9th 1807, Civic 

Historic Archive of Milan,Ornato Strade, I. 

adopted the most convenient and proper shape for its 
definition. 

The Piano dei Rettifili undoubtedly played a central role 
within the dynamics of transformation of Milan’s face. 
Expressly required by Napoleon of the Minister of the 
Interior Di Breme around the end of 1806 and formally 
solicited with the Decree of January 9th 1807, it was 
traced out by hand on Milan’s plan drawn in 1801 by 
building surveyor Giacomo Pinchetti (scale 1:6200) and 
re-printed in 1807 to draw on it the plan presented by 
Napoleon on December 1st that same year8. Such events 
took place despite Minister Di Breme commissioning to 
the Brera Astronomers the editing of what would 
eventually be the map Milan Capital of the Kingdom of 
Italy at the disposal of the Ornato Commission only after 
January 1809. This map, at first submitted on a 1:3000 
scale, was later drawn in 27 pieces of paper on a 1:1000 
scale, but the difficulties occurred during the realization 
delayed the finishing of it, so much that the Commission 
could not use it for drawing the plan that had to be 
submitted to Napoleon9.  

If on, one hand and in brief, these are the events 
around the editing of the Piano dei Rettifili, it is also 
important to consider how in fact it had been the internal 
structure of the Commission itself that offered the 
institutional base to concentrate in one unique organism 
the definition of the general urban plan, the editing of 
specific projects and the control of the single interventions 
on building discipline, allowing in this way a reciprocal 
commensuration between the architectures and the plan, 
as well as between the plan and its architectures. This 
statement, far from being tautological, reveals how the 
composition scheme identified through the well known 
Piano dei Rettifili could not become concrete but in the 
single projects, through a deeply modern modality that 
involving a tendentious ante litteram reading identifies 
within the value of single elements the possibility of the 
formation process of the whole structure. It doesn’t look in 
any way casual that the confrontation between the editing 
dates of some projects – especially by Cagnola and 
Canonica – with the editing of the plan shows how the 
work of the two architects, in relation with the projects 
connected to the realisation of the plan, coincides, if it 
doesn’t anticipate, its editing and therefore on that could 

                                                 
8

 The descriptive report attached to the plan was submitted to 
Napoleon on September 17th 1807. Unfortunately this document, 
possibly countersigned by Cagnola, is no longer traceable among 
the papers of the Civic Historic Archive of Milan where Ettore 
Verga reports he consulted it at the time of the editing of his 
essay [12]. The map quotes below the handwritten caption: 
«Pianta rappresentante i Progetti dei nuovi 
Rettifili/Avvertenza/Tutte le aree coperte di cerasa denotano le 
demolizioni da farsi per i nuovi Rettifili/Tutti gli spazi tinti in nero 
segnano i ritagli delle attuali contrade da concentrarsi/nelle case 
vicine». On the right: «I. Decembre 1807/Progetto di rettifili 
presentato/a S.M. l’Imperatore e Re». We still have a 1808 
edition of the Pinchetti Map, besides the 1801 version and the 
colour copy on which the plan was drawn: on this edition in place 
of the Foro Bonaparte by Antolini, is represented the Castle with 
its surroundings settled with Boschetti, the Piazza d’Armi, the 
Arena and the Arco della Pace under construction. 

9
 «The map is the fruit of the necessity of having a detailed, 

updated and precise cartographic means, foreseeing those 
interventions that should have adapted Milan to the role of Capital 
of the Kingdom of Italy: a task that the Pinchetti Map, despite its 
graphic quality, certainly could not discharge. To grant the 
scientific level of the result, around the end of 1806 the 
Government charged the astronomers of Brera with making the 
survey» [13]. 
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depend the definition of the formal structure recorded on 
the Pinchetti Map. 

It is supposed that the drawing of the plan is measured 
by the architectures and exactly in that sense a new 
critical reading of it is necessary. A reading that, even 
considering the vast tradition of studies on this subject, 
cannot be read by itself but through the single projects, 
making the architecture speak, the architecture that 
connect the formation process of the new urban structure 
to a specific building moment, as a skeleton without which 
the architecture itself would not be explainable, but that 
only the projects and their reciprocal relations are able to 
reveal. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 To be able to define an intervention frame that 

includes the compact city within the Spanish walls and the 

necessary to mount about a hundred pieces of paper of the 

Corpi Santi from the Teresian Land Registry from 1722 This 

was necessary to create the picture of the portion between 

the ground of the walls and the current outer ring-road, in 

order to realize a combined document of the “Iconografia 

della Città e del Castello di Milano” by Engineer Giovanni 

Filippini (1722) with the above mentioned papers and a twin 

document that associates the same land registry papers to 

the plan “Milano Capitale del Regno d’Italia”. For example: 

Porta Ticinese. 

The relationship between the plan for Milan Capital city 
and the architectures that would have made its realisation 
possible, swings between two different poles: the 
assertive one of the straight stretches drawn on the 
Pinchetti Map, a wonderful product that the Commission 
defines in relation to the great number of decrees that 
follow in the first years of the Nineteenth century on roads 

and building regulations, and on the other hand the 
fragmented one of collation of the single architectures 
designed in those years, often alternatives very radical 
among them, fruit of a rewriting work of the same themes 
by different hands. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Fig. 4 Iconographic documents and projects joined-up urban 

maps: a. L. Canonica, Project for Porta Marengo, 1810 (Civic 

Archive A. Bertarelli, Milan); b. L. Cagnola, Project for Porta 

Ticinese, 1807-1815 (Civic Archive A. Bertarelli, Milan); c. G. 

Migliara, “Ponte del Trofeo a Porta Ticinese” (Museum of 

Milan). 

Right in the constructive value of the projects reside the 
several development possibilities of the city, to such an 
extent that taking into consideration the single 
interventions – and in particular the many studies 
produced around the theme of the urban doors, 
concentrated on the heads of the radiocentric mesh of 
Milan – these would apparently seem to contradict the 
cardodecumanic order principle, which represents the 
very foundation of the plan10. The critical reading of the 
materials gives back a relationship of reciprocal exchange 

                                                 
10

 It is paradoxical that the project by Canonica for the Bonaparte 
City, able to show more than any other the implicit character of 
the drawing of the straight lines is not represented on the Map 
Pinchetti, even if for congenital reasons totally alien from the 
architectonical contents of the plan itself. 



976

M.P. Iarossi, F. Belloni Portraits of lost and possible cities 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

between the real city and the city imagined by the Ornato 
Commission and shows how the cardodecumanic system 
rediscovered by the Piano dei Rettifili [14] was not read in 
contrast with the radiocentrism congenital to the urban 
structure. Rather than this, in the specific declination of 
the single projects, the two hypothesis, apparently 
antithetic, define themselves reciprocally and in 
relationship with the regained territorial dimension. The 
many projects for the gates coexist with the tracing of the 
Stradone Bonaparte, new main axis of the urban structure 
that joins the ancient Roman cardo in proximity of the 
Ospedale Maggiore: the real body of the city is included 
and transformed within the new vision of the land use. 

Emblematic in this sense is the confrontation between 
the project for Foro Bonaparte presented in 1801 by 
Antolini and the one edited in 1807 by Canonica: this last 
one not only accepts the bourgeois condition of the city, 
but builds an original image of it, where the big void of 
Piazza d’Armi refers back to a paratactic composition of 
elements – see for example the position of the Castle in 
relation with the Arena and the Arco della Pace – that 
organises the whole north-western portion of the city in 
relation with the axis of the Sempione. 

The drawing of the plan substantiates not only in its 
graphic definition, but most of all in the single projects, 
especially in the not realised ones – then again the plan 
itself was left in great part unrealised – that once 
recomposed in an unitary frame would allow a reading 
that could go beyond the simple and fundamental 
geometric indications recorded on the Pinchetti Map.  

The intrinsic and objective need of the project for the 
real transformation of the city and for its pre-configuration 
is clear. Just to think of Milan as a new capital city – some 
historians spoke of a virtual capital [11] – makes the plan 
and its projects essential, able to substantiate the urban 
value. It is not by chance that Napoleon himself 
demanded the editing of it and promoted it, establishing a 
commission in charge of this specific assignment11. It is a 
progressive development of awareness of the structure of 
the city operated through means congruous to its 
disclosure: the editing of the maps as images of the 
anatomy and physiology of the urban body and of the 
territorial continuum in which the city itself is collocated, 
the compilation of the geometric-particle land registry and 
the definition of the new face of the city through formally 
identified projects. The idea itself of Milan Capital City 
takes shape through the development of a culture of the 
project which aspires to join with the urban body and to 
last within it, even when it is not possible to reach its 
actual realization. 

3.3 The drawing of an unknown Milan 

The comparison between Milan and its virtual doubles, 
together with the analysis of the projects which were left 
on paper during the Napoleonic Age, puts the focus of the 
research on the role of drawing and the disciplinary value 
that resides in the sedimentation of different urban ideas. 
Since the city is not given just by the simple sum of 
physical facts that conditioned its shape and since its 
identity depends most of all on the projects of which it has 
been invested in over time, we tried to discover the 
territorial logics of the land use from 1807, both in respect 

                                                 
11

 «…the greatest impulse towards the transformation of Milan 
from a medieval to a modern city was given by Napoleon: it is 
well known how with a pen he imperiously traced on a map of 
Milan the plan of the avenue that should have joined the Castle 
with the Royal Palace» [15]. 

to the definition of the single straight stretches and in 
relation with radial layouts going out from Milan, starting 
from the cartographic production of that time and from the 
project drawings. 

If what brings together the single interventions, even in 
the variety of their specific configurations, is the renovated 
relationship between the city and its territory, followed by 
the pulling down of the Spanish walls, the substitution 
process of the urban gates and the tracing of the straight 
stretches scheduled in the plan participate in one same 
drawing. Their simultaneous reading reveals a Milan as 
not necessarily radiocentric and hovering around the 
Duomo, but a multi-focus city alluding to a congenital 
multiplicity of central places, showing its collective 
character through the great voids of the Piazza d’Armi and 
of the Lazzaretto. 

Such unpublished Milan, fruit of the aspirations of the 
plan and of the direct confrontation with the conditions of 
the existing city, never found a concrete realization. The 
political changes that followed the arrival of the Austrians 
in 1814 contributed to weaken the ideals of the 
Napoleonic Age, and we witnessed the progressive 
chipping of the plan into multiple partial interventions, 
often only formally heirs of that unitary idea of city that the 
Ornato Commission had been able to foresee. 

4 Conclusion 
Therefore, the space-time representation of the city of 

Milan, put together following the mentioned modes and 
procedures, outlines not a univocal urban physiognomy, 
but a multiplicity of portraits that refer one to the other, 
almost as a multiple mirror game in which each one of the 
reflected images carries its own truth, even if without ever 
managing to set itself as a exhaustive description of the 
complexity of the urban phenomenon. 

Anyway, it is exactly in the awareness of the impossible 
continuity of the past and on the other hand in the 
confirmed necessity of finding continuity lines and 
elements in the past that one of the main modernity 
lesson of the neoclassicist heritage lays. 

Appendix 
Paragraphs 1, 2 (2.1) and 4 are edited by Maria 

Pompeiana Iarossi; paragraph 3 (3.1, 3.2 and 3.3) is 
edited by Francesca Belloni. 

 
The project, funded from Fondazione Cariplo, is 

commit to M.P. Iarossi, from the DPA - Architectural 
Projects Department of Politecnico di Milano, as the work 
of the Research Unit of Milan. The partners of that Unit 
are: Record Office of Milan, Civic Archive A. Bertarelli, SIT 
Service and Cartography of the Municipality of Milan, 
Sovrintendenza of Brera, Record Office of Cantone Ticino 
of Bellinzona, Archive of the Moderno of Mendrisio. The 
Research Unit of Bologna is co-manage by M. Savini of 
DAPT - Architecture and Territorial Planning, and by G. 
Bitelli of DISTART – Structure, Transport, Water, 
Surveying and Land Engineering Departement of the 
University of Bologna . The partners of that Unit are: 
Record Office of Bologna, Fondazione Collegio Artistico 
Angelo Venturoli and Service Geographic Information 
Systems and Cartographic Archives of the Emilia-
Romagna. The Research Unit of Rome is manage by P. 
Micalizzi of DipSU - Department of Urban Studies of 
“Roma Tre” University. The partners of that Unit are: 
Record Office of Rome, Sovraintendenza Archeologica 
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and Department VI° “Politiche Programmazione e 
Pianificazione del Territorio” of the Municipality of Rome. 
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Abstract 

For nearly two decades, computer graphics technologies have been employed in several 
fields for various purposes. The safeguard, the protection and the fruition of the remains of 
the past have gained a powerful tool, thanks to the potentialities of immersive visualization 
and 3D reconstruction. Nevertheless, on many occasions, the graphic information handled by 
people working in the cultural heritage sector is still in two dimensional models. This paper 
presents the research carried out to fill a gap in the 3D cultural heritage registration of 
Malaga, in Southern Spain, by virtual recreation techniques. It illustrates a complete 
methodology to create a virtual exhibition system, based on archaeological finds and 
graphical-historical information of the Carmen’s Spa Park. The model developed allows the 
study and displays the historical representation of this cultural heritage. 

1. Introduction 
Nowadays, data acquisition techniques allow very 

accurate 3D data sets.Thanks tothese technological 
advances, 3D models are now being used in various 
fields suchas engineering and architectural studies. As a 
consequence, 3D data sets are quite useful in research 
projects dealing with 3D reconstruction of heritage 
monuments. By means of these technologies, 
environments, scenes, buildings and machines can be 
generated and illustrated in images enabling virtual 
walkthrough.  

However, while the data is readily available,modeling 
is a time-consuming process which requires a 
computational high cost, since, for instance, buildings are 
usually characterized by a complex geometry. On the 
other hand, modeling architectural detailsis no easy 
matter. Indeed, when tackling the problem of describing 
theirgeometry, the elaboration of a distinct 3D model for 
each of theexisting scenarios can be a tedious task. This 
research project deals with the historical and graphical 
restoration of a much appreciated area by Málaga 
citizens. 

2. Historical context 
The Carmen’s Spa Parkdates from the 1918, and is 

located on some land gained from the sea, on the beach 
of San Telmo, Málaga(Spain). Years ago a pier was used 
there for the transportation of stones extracted from San 
Telmo’squarry, which suppliedthe new breakwaters for 
the works at Málaga’sharbor with raw materials. After 
discarding the quarry, the site was re-landed leaving a 
large space for beaches and lagoons, where 
subsequently the Spa Park would be built. 
 

According to [1], the first historical review related to the 
Spa, dates back to 1778 in Dieppe, France called “Maisón 

de Santé”. It was located in the center of the beach, and 
often visited by those who believed in its healing powers. 
Since then, there is a talk on the therapeutic effects of 
bathing in the sea, air baths and sunbathing. Right here, 
the Earl of Brancas founded the first permanent sea baths 
in 1822, popularized by the Duchess of Berry in 1824. 

Spas arrived in Malaga in 1843 with the Diana’s Spa. 
Baths at these Spas were taken in a similar way to 
thermal or minero-medicinal water resorts. Inside the 
building there were compartments to take the baths where 
cold or warm water was poured in stone, marble or 
wooden bathtubs. Later, sea baths supply would be 
completed with similar buildings, for instance, the Star’s 
Spa in 1859 and Apollo’s in 1879. They usually had a 
temporary nature as only one year concessions were 
granted. They were built out to sea on iron pillars, divided 
into individual departments for women, men and families.  

The Diana’s Spa extended from the “Customs’ building” 
to the “Baños de la Estrella” (currently, “PuertaOscura 
Gardens”), while theEstrella’s Spa was built on the 
“Pescadoresbeach”(currently,“Heredia’sdock”),and 
movedin 1862 to the ‘Beach of the ciegos’.Apollo Spa was 
inaugurated in 1879 in front of the ‘Postigo de los 
Abades’, neartoDiana’s and The Estrella’sbaths; actually 
not being the most suitable place for sea baths (fig. 1), 
since sewer drainage and residues of ships mooring at 
the harbor were poured at this point. 

As a consequence of the lack of hygiene,the baths and 
any Spa establishment were banned in these beaches, so 
they were moved to the “Malagueta” in 1874. 
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Fig. 1 Spa located in the city of Malaga. 1867-1887. 
 

The Carmen’s Spa Parkwould be established annexed 
to the “Cerro de San Telmo”, which is a mountainous 
stone terrain with the military watchtower at the top 
receiving the same name; a 6.8 m high watchtower of the 
Arab period. The stream of San Telmo, which flows into 
these beaches, goes by the west watercourse and is 
currently channeled underground, where the main 
entrance to “Cerrado de Calderón” housing development 
is found. Though, these beaches were originallya 
rectilinear edgethatwe cannot notice nowadays. 
 

 
Fig. 2 San Telmo’s Beach, the coastal route and temporary 
deviation to Almeria. Rafael Yagüe 21/2/1878. Port file. 
1163/24/4. 
 

After the re-landing of its former port, the area of the 
beaches of San Telmoturned into large beachesused for 
recreation and bathing practice so far only been used by 
fishermen.In addition, the railroad bridge facilitated the 
arrival in this place. The administrative process began on 
January 10 (fig. 3). 
 

 
Fig. 3Map of Spa, signed by the Engineer Carlos Loring 

Martínez. 1918. Costas file.  
 

The spa was limited to the West by the “Arroyo de San 
Telmo”, to the East by the “CareneroNogueras 
(AstillerosNereo)” and to the North by the railway line. 
The entrance to the spa was established from the outset 
by its current access,consisting on a way beginning at the 
road to Almería (JoaquínSorolla Avenue) and coming out 
into the beach, crossing the railway line and bridging the 
gap between the beach and the access level. These 
facilities would already have a building near the railroad 

tracks, with "U" shapefor the restaurant, inside which bath 
tubs, considered quite usual till then, were offered.  
 

 
Fig. 4 Portable huts 

 
The rest of the site, as shown in the floor plan of 

Charles Loring (fig. 3),is set up by the gardens that 
surround the main building, the lagoon lying to the East 
and the beaches that weredivided into gentlemen to 
theWest and ladies to the East, where wooden portable 
huts were evenly spread along the coastline, allowing the 
attire change of the bather, (fig. 4). Thus, the Carmen’s 
Spa Park was inaugurated on 16 July 1918, which offered 
a new way of taking baths already introduced in the 
Spanish territory as the beaches of San Sebastian and 
Santander, proving to be a great success.The houses and 
the fence which used to separate the women area from 
the men and family area remained the same until being 
destroyed by the storms in 1990. They would never be 
rebuilt due to the judicial process that the community 
concessionairesuffered as a consequence of the ending 
of free access to the beaches finished by the Directorate 
General of Ports and Coasts.  
 

 

 
Fig. 5Photograph of two-store houses. 60's. Manchester 

Municipal archive. 

3. Methodology 
Information is providedby means of:maps and plans, 

drawing and sketches, texts, contemporary photos and 
slides, photos taken from satellites, scale models, 
bibliographical references, etc. 

Later, the main objective is to digitize every piece of 
information. Therefore, the different components of the 
Spa and its structure must be analyzed, in order to be 
able to compound the whole “puzzle” afterwards. 

3.1 Elements descriptions 

3.1.1 The facade of the Old Spa 

The façade (fig. 7 y 8)is the only entrance to the 
spaand is the symbol that represents and distinguishes 
the place.Related to its construction, itis a clear example 



980

E.B. Blázquez et al. Registration and 3D virtual reconstruction of the old Carmen's Spa Park (Málaga) 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

of regional architecture, which combines theuse of brick, 
tile and wood.  
 

 
Fig. 6The facade of Carmen’s Spa. Photograph of the 20's. 

 
The house is built on six pillars made of brick: four at 

the corners and two intermediate which are connected to 
those corresponding to the front door; as a whole, this 
structure together with the exterior façade compound its 
front face.  

The two stretches that form the facade are made with 
a base of brickin the bottom, pretending masonry bond, 
and ended by moldings of the same material across the 
pilasters. The moldings have a gorge and right heel 
shape resulting in a mixed compound molding, with an 
arch profile made out of a concave form in its upper side, 
tangent to a convex form in its lower side.  
 
 

 
Fig. 7Molding Profile 

 
The top of the enclosure is finished in tile with blue and 

white zoomorphic motifs built-in among double rows of 
brick and a brick cornice with molding formation in the first 
stretchwhile the parapet is finished off in vitrified tiles. The 
corner pilasters annexed to the east fence are also 
decorated with the same ceramic mosaics and ceramic 
amphorae made of clay over right molding on brick. 
 

 
Fig. 8b Main elevation of the cover 

 
Fig. 8a Façade graphic reconstruction 

 

 
Fig. 9 Tile zoomorphic and carved doors  

 
The roof consists in sloped gables made of Arab 

vitrified colored tile, alternating blue and whiterows, and 
topped with ceramic vitrified pinnacles (fig 12). 
 

 
Fig. 10Pinnacle, and forges vane. 

 
The head profiles of corbels describea sinuous contour 

characteristic of the architecture at that time.The other 
facades of the gatehouse are within the enclosure and are 
much more simplified.  

3.1.2 Fencing 

The fence of the resort is made in the same line as the 
facadeusing partitions of enclosure which are divided by 
the pilasters. Each pier is constructed with a brick base, 
and brick molding pieces that cross the pillars topping the 
base on its upper and lower side, in a similar way to the 
façade. The rest of the enclosure walls are finished with 
white painting on plaster cement, describing a concave 
curve topped with pieces of white and blue glazed 
Moorish tiles. 

3.1.3 Entranceand terrace 

A slight slope takes us down to the colonnade that 
leads to the interior. This gate, which goes through the 
terrace and it is interrupted by the restaurant, is formed by 
Ionic-Corinthian-stylecolumns. 
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The columns are distributed as follows: six couples 
from the entrance to the restaurant and four more pairs 
forward the restaurant (fig. 11 y 12). These groups of 
columns are not completely the same as up to five 
different types of capital decoration can be found on the 
remaining columns when looking closer at them. 
 

 
Fig. 11The entrance colonnade and typologies 

 

 
Fig. 12a Colonnade, 20’s. Original Postal, own collection. 

 

 
Fig. 12b Virtual recreation down the colonnade 

 
The terrace, next to the restaurant is the center of 

gravity of the resort, and is part of the construction of the 
pier made in 1920. It was one of the most expensive and 
laborious works carried out then, where lots of landfill 
material was poured, having to wait until its consolidation. 

The terrace consists in an open platform built right on 
the coastal line, raised 1.30 meters above sea level and 
looking South-West which is protected from the sea bya 
short stone wall. The platform is provided with a 
protection wall towards the sea, which is divided into 
partitions reinforced with pilasters every 3 meters along 
the terrace edge, only interrupted by the pier bridge. 

The partitions were used to hang some advertisements 
through mosaics, a very common methodology also 
located at every element of the Spa; illumination posts 
were distributed over every two pilasters forming 
connected figures forked in two arms supporting the 
spotlights. 

The Restaurant is located in the center of the terrace, 
and mainly composed of a one-store building made of 
wood which would be replaced in 1933 by the current 
building, designed by architect Daniel Rubio. 

3.1.4 The restaurant 

Firstly, it consisted of a lightweight building with 
wooden walls, pillars and large windows bringing great 
luminosity to the inside. The roof was composed of 
wooden boards forming the slope gables over visible 
small beams supported by slender wooden pillars. 
 

 
Fig. 13The  restaurant, 20’s. Websiteof the chess club. 

Málaga. 

3.1.5 The Pier 

The pier is a long narrow platform that goes into the 
sea, supported by wooden posts resting in an 
intermediate concrete prism. 

On each side of the platform, steel posts are fixed with 
a rope joining them working as a handrail; the boarding is 
facilitated by lowering and widening the handrail at the 
end. 
 

 
Fig. 14 Photograph of pier 20's. Website chess club. Malaga 

3.1.6 The kiosk of the wheel 

The kiosk of the wheel corresponds to a wooden shed 
on the terrace. It consisted on a covered hexagonal kiosk 
made out from a high platform, pillars and wooden gables 
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On each side of the pedestal six numbers were plotted, 
making a total of thirty-six which corresponded to the 
numbering at one sideof the wheel (fig. 15).  
 

 
Fig. 15 Photograph of the dance-floor roulette, years 20. 

Website chess pieces chess club. Malaga. 

3.1.7 Tennis court 

These were three adjacent courtsof bounded clay with 
lime lines where playing in pairs was possible.  
 

 
Fig. 16 Tennis court, 20’s. 

3.1.8 Gardens 

The gardens were located at the back of the 
restaurant, going from the entrance to the end of the 
colonnade on a wedge formationthat combined different 
shapes, square and triangular. 

The vegetation was extensive and surrounded 
everything. In fact, every corner of the spa was decorated 
with various plants and flowers. 
 

 
Fig. 17Current picture of theGarden cage  

3.1.9 The wine fountain 

This fountain was located in the gardens of the Spa. It had 
the particularity of flowing sherry instead of water. 
The fountain consists of an eight-pointed star shaped 
basin set into the tiled floor which was made of square 
patterns alternating white and green as a checkerboard, 
and finished off with blue pieces at the edges. 
 

 
Fig. 18a The wine fountain, years 20. 

 
Fig. 18bCurrent picture of the wine fountain 

 

 
Fig. 19 Virtual representation of the tiles and the wine 

fountain.  

3.1.10 The football field 

The entrance to the pitch was established by the 
"Parsley Alley, a narrow alley, on the environs of the Spa. 

3.1.11 Other components 

Skating rink(1927) 
Aquarius(1929) 
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Amusement Halls 
Lake of ducks (1930) 
New restaurant(1933), it is a new building according to 

the celebrity and the renown of the place, replacing the 
former construction. This project was entrusted the 
illustrious architect from Málaga, Daniel Rubio, resulting 
in a two-storey building in close relationship with the 
others works on the Spa and the façade, following the 
regional architecture, and perfectly integrated with other 
components of the terrace; It kept the same orientation 
than the former one. 
 

 
Fig. 20View of the restaurant, Daniel Rubio, 1933.  

 
The floor of the restaurant rises on exterior 

rectangular-shaped pillars spread along the enclosure 
combining with the outside columns. Inside the building 
there are only four circular large-diameter pillars, thus 
defining a rectangular structural grid. 

3.2 Virtual reconstruction 

The image-based modelingallows performing 3D 
models at low cost, though generally with high manual 
intervention.The digital information for three dimensions 
involves a complex data processing and includes the 
command of several tools as digital imaging software 
among which AutoCAD and 3D Studio MAX are used for 
modeling and mapping of reconstituted buildings, and 
CorelDRAW Graphics Suite is used for the digitalization 
of documents and picture retouching, etc. 

3.2.1 Data processing 

The first step is visiting the Old Carmen’s Spa where 
we can measure andsketch all the remaining elements 
and structures for the late virtual reconstruction, and for 
scale reference. Furthermore, it is necessary to choose 
the right photo in order to make out a digitalized replica 
and analyze the shapes. Once the photo has been 
elected, (fig. 21), we will work on Corel PhotoPaint to crop 
the studied area so as to enhance it for later processing. 
 

 
Fig.21. Images and picture processing. 

 

 
Fig. 22 Enhancing the cut piece 

 
In this piece, a freehand sketch is performed. When it 

is done, we insert it as image in AutoCAD.  

3.2.2 Digitization 

Once in AutoCAD, we reproduce the sketch. Although 
the size is not previously established, the proportions will 
be taken on account. 

 

 
Fig. 23 Reproduction of sketch in AutoCAD 

 
In case of fig. 23, the purpose of the mosaics drawn in 

AutoCAD is to color the shapes with CorelDRAW. Firstly, 
the drawings are exportedto create closed contours, made 
of shading polylines oneach area. In order to define the 
polylines, the figures must be properly drawn, exporting 
the drawings and saving them in swap files (. DXF), since, 
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it providesa greater effectiveness in the exporting 
process. 
 

 
Fig. 24 Color application with Corel DRAW 

 
The process of coloring is easier using 

CorelDRAWShaderafter having defined closed contours. 
With the filling tool, textures with colors aredefined 
simulating the glazed tile. 

When coloring the tile, a bitmap is generated in order 
to apply some effects which provide greater realism. 
 

 
Fig. 25 Results obtained 

 
This process will be carried out for every different type 

of tile. 
Once the images have been converted, each part of 

the bench is made up in CorelDRAW (fig. 26).  
These frames are composed of small pieces 

manufactured in CorelDRAW, which are pasted on the 
model in 3D Studio MAX afterwards. 
 

 
Fig. 26 Composition of images 

 
After reproducing the tiles is the time for the seat. In 

Autocad, the dimensions of the seat will be drawnonly in 
the floor plan. As the seat does not exist anymore, the 
proportions have been obtained from pictures, by 
comparison to the width of the colonnade.  

In case that the contours will be going to be extruded, 
we need to convert them into closed polylines before 
transferring the files to 3D Studio MAX. The exchange 
method applied here consists on assigning one color to 
each polyline, so that each entity will be defined by a 
different color in the 3D Studio Max file. MAX allows direct 
importation from AutoCAD (.dwg) files, always 
remembering to draw near the reference system origin to 
avoid frights in the exchange process.  

By using 3D Studio MAX, we will extrude and rise 
every polyline (splines) obtaining the seat model in an 
easy and simple way. We will apply the materials on it, 
from the mosaic pattern that we have already built. 
 

 
Fig.27 Dealing with 3DStudio 

3.2.3 Modeling 

Next step consists in studying each part ofthe building, 
and finding its mainfeatures and resemblances.  

These operations are achieved with specific computer 
programs that help to build the frame, the so-called 
‘structure in wire’. 

The building is made out of hundreds or thousands of 
faces, using different materials as tile, marble or wood. 
We can obtain these materials directly from pictures or 
from computer-generated images.  

The last step is a matter of lightening. Lighting 
parameters must be carefully set in order to get a proper 
highlight, such as the number, position and intensity.  
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As final result, a quite accurate visual reconstruction of 
the old Carmen Spa is achieved by using all these tools. 
 

 
Fig. 28 Virtual Recreation 1 

 

 
Fig. 29 Virtual Recreation 2 

 

 

 
Fig. 30 Virtual Recreation 3 

 

 
Fig. 31 Virtual Recreation 4 

4. Conclusion 
In this paper, we have presented the project of the 

virtual reconstruction of the old Carmen's Spa Park 
(Málaga). 

The techniques approach suggested in this paper 
prove to be effective in the 3D modeling of complex 
cultural heritage sites. Some considerations about 3D 
modeling of complex architectures have been dealt with 
here. 

Aworking methodology has been elaborated to facilitate 
future works on historical and graphical restoration, 
helping the optimization of sources and personnel. 

Finally, citizens of Malaga have been able to visualize 
how the Carmen’s Spa Park used to be years ago. 
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Abstract 
In this paper we present the creation of a GIS with the use of graphical representation as well 
as a data base with referenced elements of the new building of the Engineering’s School. The 
objective is to manage the distribution and the efficient use of the building. 

As parts of the work we will show these different phases: 

- Introduction of graphical data provided as cad drawings 

- Development of a data base referring the different areas of the building, their use, persons 
related to them, timetables, etc.; and the complex relations taken into account, needed to 
create an efficient system. 

- Integration of the previously elaborated data in a GIS platform (Geomedia-Intergraph) 

- Consults development 

- Publication as web system. 

The main difference with a traditional GIS is that we are not using geographically referenced 
data, but just graphical data. We are using a GIS system to support the management of a 
building. Besides we give access to the system to all the members of the university via 
internet. 

We show our results and explore new use of GIS as a management tool.   

1 Introduction 
 

This project is located within the study area of Geographic 
Information Systems (GIS). 

 
Geographic Information Systems are a technology that is 
part of the larger field of Information Systems. The 
general context in which they arise is that of "information 
society", which is essential to the rapid availability of 
information, to solve problems and answer questions in a 
fluent way. 
 

2 Object 
 
The purpose of this work is to design a search engine 
using GIS for planning and management of the 
Engineering Building's infrastructure, where actually are  
located the School of Industrial Engineering and 
Technical Engieneering. 
 
The GIS should provide an adequate response, in an 
easy and interactive way, about information needs and 
organization of school space. The information will come 
from a database and will use a graphical and friendly 

interface in the consultation and treatment database, for 
solving spatial problems. It also aims to ease its 
operational use by the users, both students and university 
staff. 
 
In the database you will find information concerning 
university organization, such as schools, departments, 
areas, teachers, classrooms, laboratories or subjects. 
 
In essence, our goals are: 
- Develop a space management system of a building. 
- Customize for a user profile with no GIS knowledge. 
- Get different answers Systems: Locations, occupation, 
availability, etc. 
- Publish results in a web format. 
- Test the possibility of use via phone, PDA or similar. 
 

3 Planning 
The phases of the work will be: 

- Collection of basic documentation on geographic 
information systems (definitions, types, functions, 
...) and databases. Present graphically the 
proportion, distribution and use of area of each 
center, department and area 

- Election of the solving proposal and planning 
stages (Here we will describe how you will 
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implement the project, in terms of next steps and 
tools to use). 

- Construction of the plant model of the school. 
- Display units that are desirable. 
- Design the database using the data provided by 

the School 
- Implement the design that allows linking the 

database with the model, in order to take full 
advantage by accessing information from each 
of the data elements that are geographically 
selected by the user, or accessing information 
from the database using the link to the graphical 
representation shown as degrees, courses, etc.. 

- Development of queries to test the level of 
compliance with the objectives. Ask for their 
appointment, the location of each of the 
occupied units, such as classrooms, 
laboratories, offices, library, or any other 
functional unit to be operational on campus. It 
could make the following queries 

o Check Dependencies, by geographical 
location. 

o Visit the classroom capacity, schedule, 
etc. 

o Consult laboratories, according to area 
or department they belong 

- The GIS should enable users to extract the 
information contained in the database. To do 
this, you must have a working interface as 
intuitive as possible for those staff who are not 
familiar with tools such as CAD or databases. 

 

4 TYPE OF REPRESENTATION 
 
We will take advantage of the vector data type that is 
more compact, in terms of volume of storage, than raster. 
In our model appear items such as classrooms, 
laboratories, offices, library, study rooms, etc. We need to 
classify the model in the shortest possible number of 
layers to display the different elements of the graphical 
representation in a direct and simple way. 
 
To represent each of the main objects we first need to 
simplify the CAD model because usually it has excessive 
information. We divide the plane in the plants that has the 
building and work according to these areas. The most 
complex problem in which we find ourselves, is being able 
to modify the layers, that created the authors of the 
drawings to facilitate their task of representing the 
building and "complicate" ours. These objects are in 
different layers forming a solid block, and if we modify the 
layers, without previously opening the blocks the program 
generates an error. 
 

 
Fig. 1 CAD without modifying. 

 

 
Fig. 2 elaborated  CAD 

 
Besides, it has been necessary a lot of work with layers in 
order to have a good export-import procedure, and get the 
right representation y the GIS program. 
 
Finally, in the CAD system we can create polylines or 
regions, but to work with the GIS program it will be better 
to create contour polyline, which has the feature to group 
multiple lines of different elements into a single. In this 
way we achieve that every element that is of our interest 
us (classrooms, laboratories, etc.) behaves as a block, ie 
all the walls belong to the same element. This task has 
also been very laborious. 
 
When all previous things have been done, we can work 
with data in our GIS program (Geomedia). 
 

 
Fig. 3 Working in Geomedia 

 

5 DATABASES 
 
We need to make a database in which to store all the 
information we have about the School. It will be divided 
into three main parts: 

- a database with the graphical representation 
(this model will be implemented as Geomedia 
imports the CAD drawings) 

- a database with the Information of the School, 
that will contain the location, names and 
attributes of all elements of the School. It is 
performed manually and then integrated with the 
graphical database to get the information from 
one point to a number of features 

- and a database with the queries on the program 
Geomedia, with which we will work the website. 
These queries are likely to be modified, creating 
new fields or adding new queries 

 
The database program used to manage all data has been 
Microsoft Access. We have to highlight the importance of 
this phase of the work. Depending on the quality of the 
data and its organization, it will ease the query creation 
and its results, 
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Due to this we are going to use the relational database 
model, that will allow us to manage complex relations 
between different tables. Besides, this model is easy to 
extend with more data. 
 
The following objets must appear in our system: 

- the school building 
- different areas like laboratories, office, 

classrooms, etc. 
- the departments and knowledge areas that 

teaches at the school 
- professors 
- careers teached at the school 
- subjets 
- time tables 

 
As an example we can see the following figure: 
 

 
Fig4: interrelationship between three tables 

 
The following image shows the complex interrelationship 
between the different tables of the database. 
 

 Fig5: tables used 
 
We have used more than thirty tables in our database, 
and established a complex relationship between them. 
 

6 WEB REPRESENTATION 
 
After gathering all the information in Geomedia and 
georeference all elements of the school, we can go on to 
develop the website, where students, teachers, and other 
university staff can access to make inquiries. 
 

To manage this object, we have used Geomedia Webmap 
Professional. It is not an easy tool to use, because of the 
configuration requirements. 
 
The most difficult part of this item is that exporting 
inquiries to a web system means needing to program 
those inquiries. The program language used has been 
Visual Basic 
 

 
Fig6: web representation 

 

 
Fig7: Inquiry example 

 
In the web representation we have studied with special 
care the legend and the results representation of the 
queries, so as to make the use of this system most 
friendly. 
 

7 CONCLUSIONS AND FUTURE WORK 
 

- We have found that having a GIS application for 
managing space on a college campus, allowing 
real-time information to manage and locate 
graphically, is very important and innovative 

- It has been shown how it is possible to build a 
GIS software with some CAD tools, such as 
AutoCad or Microstation (which allow connection 
to databases) and database managers. 

- You could complete the database with 
information on new careers and the inclusion of 
the practices of each subject, trying to get the 
occupation of all laboratories, in addition to the 
classroom 

- Creating new inquiries, improving specifications 
across programming in Visual Basic. 

- Perform a GIS for the entire university complex in 
Malaga. 

- Integrate the maintenance management of the 
building in the GIS. 
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Abstract 

The object of this study is the economic evaluation of goods that have no clear market, and to 
reflect the value that society places on them with regard to their tourist and recreational 
attraction and the ecological characteristics they possess. The contribution of valuable 
management and data information could prove useful in decision-making - both on policies 
relating to environmental protection and to  recreational use by visitors. To this end, and with 
the aim of determining the value of recreational visitors to the Hornachuelos Natural Park 
(Córdoba), 416 questionnaires were carried out during the period of October 2008 to May 
2009, using the Travel Cost Method (TCM), the Contingent Valuation Method (CVM), and a 
Geographic Information System (GIS) to identify characteristics of natural beauty. These 
methods were combined to determine the value of the natural area. 

1 Introduction 
The Sierra de Hornachuelos Natural Park is located in 

the western sector of the province of Córdoba (Spain) and 
belongs to the Sierra Morena massif, named for the dark 
colour of its rocks, mainly composed of shale. Bordering 
the province of Seville, its coordinates are 37 ° 56'N, 5 ° 
14'W, with an altitude between 190 and 722 m above sea 
level. 

The Natural Park (PN) was established in 1989 and 
covers an area of 60,032 ha (600.3 km²). This includes the 
municipalities of Almodóvar del Río, Posadas, Villaviciosa 
de Córdoba and Córdoba, with a population of 
approximately 341,169 inhabitants. 

 
In the integral evaluation of an ecosystem all aspects 

must be taken into account, independent of any private, 
public or mixed assets. (Pigou, 1924)[6], (Coase, 1960)[4] 
and (Romero, 1994)[9]  

For this purpose all productive, recreational and 
ecological aspects must be considered.  From this 
evaluation we will be in a position to take steps to manage, 
protect and benefit from the natural heritage of the 
Hornachuelos Natural Park of Córdoba, as well as improve 
the quality of life for society without compromising the 
environmental values of the area. To  determine the full 
economic value of the natural resources of the Park with 
all its variability and the location of each resource, access 
roads, distances to other points in the area, etc., a 
Geographic Information System (GIS), (Bourrough PA, 
1992)[2] was used which is a powerful tool in devloping 
planning activities, as well as analyzing and managing 
them. As you can see, my starting point is very down-to-

earth, and it may seem to some that I have treated a very 
spiritual matter in too terrestrial a fashion, but if I may be 
permitted to observe, the Greek Gods were not enthroned 
in the seventh or tenth heaven, but on MountOlympus, 
taking a giant-sized stride - not from sun to sun, but from 
mountain to mountain. 

2 OBJECTIVE 
The aim of the research is to focus on obtaining an 

economic value of the actual recreational use of the Sierra 
de Hornachuelos  Natural Park of Cordoba  reflecting the 
value society places on the existence of a natural 
environment, both from a tourist and recreational point of 
view, and for the ecological assets it possesses. This 
evaluation will reflect the satisfaction of the public through 
the consumption of goods and services whether 
commercial or environmental. The need for environmental 
management of an area requires having adequate 
knowledge of the resources that exist within it, and the   
relationship between natural and human elements that 
have affected it in the past and continue to do so. 

This involves integrating elements of the physical 
environment with biotic and abiotic production systems that 
are implemented on these resources. These traditional 
approaches of addressing a new social vision of the 
environment are suffering an innovative change from the 
point of view of the interrelationship of the information used 
to analyse and manage the environment. This is due to 
advances in new information technologies, such as 
Geographic Information Systems (GIS) and remote 
sensing from space, which represent a better way of 
working and allow for improved comprehensive analysis of 
the environment itself. 
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3 MATERIAL AND METHODS 
Two evaluation methods were used by means of a 

survey carried out by the Park´s Visitors Center. One 
being the Travel Cost Method (TCM), based on 
conventional markets (prices) to estimate the social value 
of an area of environmental and recreational interest. The 
other, the Contingent Valuation Method (CVM) by way of 
simulating a hypothetical market, in order to estimate the 
value  of  the provision of a defined quality environment by 
questioning the public directly. 

 
To estimate the economic value of the surrounding, 416 

questionnaires were carried out at random, through 
personal interviews. The survey consisted of 37 questions, 
divided into three groups: multiple choice, single response 
and control. 

 
The first section includes 18 questions (using the Travel 

Cost Method) to define the profile of the visitor and the 
visit. The second section consists of 11 questions applying 
the Contingent Valuation Method seeking out information 
with regard to the willingness of visitors to contribute 
financially towards the conservation of the Park, their 
willingness to donate voluntarily to conserve it for future 
generations and to preserve its on-going existence. The 
last section consists of 8 questions aimed at providing 
data on the socioeconomic characteristics of visitors to 
parks: educational level, sex, age, marital status, income, 
number of people sharing the same household, etc. This 
section includes two questions to elicit the views of visitors 
- one to identify the reasons for visiting the park and the 
other to elicit their views as to what aspects they felt would 
enhance the area and thus increase their willingness to 
pay towards these facilities. 

 
Finally, a section for “suggestions and comments” is 

included,allowing visitors to freely express what they deem 
appropriate, thus enabling us to pass on suggestions to 
those responsible for managing the park. 

 
In order to identify the prime features of the natural area 

and to determine the full value of the protected natural 
resources of Cordoba, we used a Geographic Information 
System (GIS). This method allows us to locate 
geographically, in layers agricultural features, hunting, 
forestry and livestock, access routes, and information to 
give to the "Environmental Information Network of 
Andalusia (REDIAM)." 

3.1 Travel Cost Method. 

This is an indirect evaluation method that analyses the 
cost of access to natural areas by which a study was 
carried out on a series of expenses incurred on reaching a 
chosen location, such as fuel, public transportation, 
overnight accommodation, entrance fees, if any, etc. 
Usually the closer one lives to a natural area, the lower the 
access costs and an increase in the number of visits, thus 
enabling us to calculate the demand function of the area 
that is being evaluated and consequently consumer 
excess. 
 

The travel cost method (TCM) is based on Maler´s 
complimentariadad debil (weak demand) which exists 
between the demand for a natural environment  such as 
Hornachuelos Natural Park and some privately owned 
areas (Azqueta, 1996)[1]. For example, if one wanted to 
evaluate the improvement of a natural area, an increase in 

consumption would be likely and taking into account what 
is already established in private assets, there would be an 
increase in the demand for them. Knowing the demand 
function for private assets in terms of the environment 
would make it possible to estimate the proportionate 
benefits to the users. 

 
This requires calculating the consumer surplus, ie the 

difference between the maximum amount they would be 
disposed to pay for the number of assets they would like 
and the actual amount paid by the market. In this way, the 
recreational use value of a natural area can be calculated 
or the change in quality of a natural reserve before 
improvement or deterioration takes place. Thus, the travel 
Cost Method makes it possible to measure the value of 
fishing, hunting, canoeing, , etc. (Loomis, 2000)[5]. 

 
In this study, we applied the method of zonal travel cost 

-without relaxing the restriction between equidistant cost 
areas (Riera, Pere; García, Dolores; Kriström, Bengt; 
Brannlund, Runar, 2005)[8]. This procedure is the 
representation of points of travel cost and ratios Vij / Ni 
which assume a linear extrapolation (always negative 
slope)which calculate the consumer surplus of each 
population area, cumulatively, as the sum of the areas that 
fall below the demand curve to the end of each line, 
multiplying each one of these by the existing population in 
each zone. 

 
To determine the potential population of visitors in a 

catchment area of PN, we used a Geographic Information 
System that has ignored the assumption of straight-line 
distance and gives way to estimates of travel time  based 
on actual maps of communication routes. The number of 
inhabitants in each area (ring) was obtained by accessing 
the database INE. To calculate the number and rate of 
visitors to each area we have taken into account the 
population data of municipalities in each zone. We have 
been testing "buffers" of influence from the population data 
of municipalities in concentric rings. 

 
Travel time is not included as a cost because 100% of 

respondents deem it to be enjoyable. No opportunity  and 
included in many previous works, Riera et al (1994)[7], 
Campos et al. (1996)[3], Vidal et al. (2004)[10] among 
others. 

 
The model follows the following function: 

 ( )SjYiCijf
Ni

Vij
,,=  (1) 

 
Where: 
 
Vij is the total number of journeys made by people from   

zone i to zone j per unit of time, usually one year.. 
 
Ni is the population of zone i 
 
Vij / Ni is the average propensity of visitors to zone i to 

evaluated zone j 
 
Cij is the cost of travel in the zone I to the study zone j 
 
Yi is a vector of socioeconomic characteristics of the 

area i 
 
Sj is a vector of areas substituted  by evaluated area j in 

zone i. 
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If placed on the vertical axis the number of times people 

visit the Natural Park, on average, from a given area 
(independent variable) and the horizontal axis travel costs 
(dependent variable), would result in different points of a 
hypothetical demand curve. This would then determine the 
consumer surplus of a representative visitor and, from 
there, aproximate the total value of recreational services 
that the surroundings proportion with the function of the 
number of visitors (Azqueta, 1996)[1]. 

3.2 The Contingent Valuation Method. 

This is based on the consumer rational theory  whereby 
individuals will make consumption decisions to maximize 
their enjoyment. And measures the willingness of visitors 
interviewed to contribute financially (WTP) towards 
changes in improving the environment - in our study  their 
maximum they would be willing to pay for the conservation 
of Natural Park. 

 
To obtain the value of the aggragate benefits of an 

asset without a market, individual benefits are extrapolated 
to the relevant population. We chose the mean value of 
willingness to pay. 

 
In the MVC by multivariate analysis model equation we 

express the use value of the park, which determines the 
socio-economic characteristics of visitors, which explains 
their maximum degree of willingness to pay for the 
recreational use of the park. 

4 Results and discussion 

4.1 Travel cost method. 

Five concentric geographical areas have been defined 
taking as their centre a recreational area where interviews 
were conducted. In this way, average propensity to visits 
to the park to each one of these zones, expressed an 
average ratio of visitors per thousand inhabitants. 

 
We went on to analyse the results obtained from 

implementing the Travel Cost Method for estimating the 
demand function. 

 
TABLE 1: Areas identified for the demand function 
 
HORNACHUELOS 

Zones 
Round-trip 
km 

visitors TOTAL RING 
visitors / 
population*100 

Unit cost 

1 0-160 364 2.164.269 2.164.269 0,01681861 22,4 

2 161-300 32 6.194.010 4.029.741 0,0007941 50,2 

3 301-500 14 10.012.079 3.818.069 0,00036668 105,78 

4 501-1000 4 26.582.344 16.570.265 2,414E-05 121,5 

5 >1000 2 46.157.822 19.575.478 1,0217E-05 458,5 

 416  

Source: Authors. 
 
The first section is defined by visitors travelling round 

trip, from 0 to 160 km - and it includes the closest locations 
to the Park. The second section consists of visitors who 
travel from 161 to 300 km, the third section includes 
visitors travelling from between 301 and 500 km. The 
fourth section is visitors who travel from 501 to 1000 km. 

And the fifth section is for those visitors who travel over 
1,000 km. 

 
Here and in accordance with Table 1 the demand 

function of the park is represented, we proceeded to 
determine the points of the demand function, representing 
the pairs of points of travel cost and ratios of Visitors / 
Residents, between those that assume a linear 
extrapolation and the results appear in the table. We 
define the highest cost of arriving to a site that no-one has 
visited (460 euros) and call it “the price of exclusion”. 

 
Figure 1 The role of demand Hornachuelos Mountains 

Natural Park. 
 

 
 

Source: Authors. Survey 2008/2009 
 
From this data different models of regression were 

adjusted, between those that were selected as more  
appropriate, which is the potential function of an average 
adjustment of R2 = 0.98 Significance = 0.01. 

 
The area blieved to be below the demand function 

would be the excess of visitors interviewed. 
 
TABLE 2: Total surplus of visitors to the PN Sierra de 

Hornachuelos 
 

Zones Area Surplus 

5 0,000212 4,588264889 

4 0,00600107 241,8276155 

3 0,0090729 346,4094777 

2 0,04133081 6848,6242 

1 0,28614745 56014,73072 

SUMA 0,34276422 63456,18027 

VISITOR SURPLUS 152,54 

TOTAL SURPLUS 2.467.469,16 

Source: Authors. 
 
Table 2 shows the surplus per visitor obtained which is 

152.54 euros. To get to the total of  2,467,469.64euros, we 
multiplied the surplus by the number of visitors in 2009 to 
the Park, which in our study is 16,176 people (Data from 
the Ministry of Environment. Provincial Delegation of 
Córdoba. Junta de Andalucía). 

4.2 The Contingent Valuation Method. 

In the analysis of the Contingent Valuation Method 
MVC, we worked with the 365 questionnaires because 
they excluded negative answers have and maintained the 

y = 4,9238x-0,355 
R² = 0,8719 
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legitimate zeros. In Tables 3 and 4, the reasons for their 
response.. 

 
TABLE 3. Answers legitimate protest and zeros 

 
Source: Authors. 2008 and 2009 questionnaires 

 
TABLE 4. Grounds for protest response and zero 

response 

 
Source: Authors. 2008 and 2009 questionnaires 

 
To get the value of the added benefits of a good free 

market the individual benefits are extrapolated to the 
relevant population. We chose the average maximum 
willingness to pay. 

 
Hornachuelos Sierra Park in 2009 has received 16,176 

visitors and the average willingness to pay is € 6.12. The 
recreational value of the MVC amounts to EUR 98,997.12 
per year. The value obtained by the MVC is lower than 
that achieved by the MVC. MVC is used so that the most 
conservative values are always identified. 

 
The results carry a heavy subjective element since they 

are based on personal opinions, so logically should not be 
considered accurate but only approximations to the 
environment´s values. However, the estimated values can 
be very helpful in making decisions about the future of the 
Park. 

 
TABLE 5. Maximum willingness to pay to keep the PN 

in €. 

 
Source: Authors. 

 
Using multivariate analysis different variable 

demographics were checked from information which had 
been obtained from the questionnaire, in order to see 
which of these individual characteristics have a significant 
impact on their DAP. We chose the dependent variable as 
the willingness to pay for conservation of the Natural Park 
and the independent variable number of people which 
form a family unit to expresses the value of use of the 
Park. The inverse function is the one that best explains the 
model of Maximum Disposition to Pay an entrance fee to 
the Park towards its conservation. 

 
TABLE 6. Model summary and parameter estimates 
 

 
 
 
 

Source: Authors. 
 
Standard error in parentheses. 
* Indicates significant differences with a maximum error 

of 3% 
 

5 Conclusions 
The results obtained in the economic evaluations of 

natural areas provide valuable management information 
that can be used in making decisions. However, they bring 
a heavy subjective burden, since it is based on personal 
opinions and thus logically should not be considered as  
accurate, but an approximate evaluation of the 
environment. 

 
The value obtained by the MVC is lower than that 

obtained by MCV (Azqueta, 1996)[2]. By using MVC the 
most conservative values are always employed. The 
recreational value of the Park according to MVC amounts 
to € 98,997.12 (similar results obtained in other studies in 
Spain). In turn, the MDP depends upon the variable 
number of people travelling in the same car as well as the 
visitors interviewed,  independent of income level. The 
recreational value obtained by the MCV is € 
2,467,469.164. 

 
From the MDP of visitors, we have calculated the value 

of the recreational use of the park, getting a value similar 
to those obtained in other studiescarried out in Spain, 
which together with the existing value of their productive 
function, environmental and ecological, etc., form the total 
economic value of the Park 
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Protest response 51 12,3 
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Must address the Public 
Admin 
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Is everyone conservation 17 1,2 

Legitimate 
zeros 
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Abstract 

Purpose: 
This contribute aim to explore 3D modelling and its practical applications investigating scales 
of representation and scales of contents from architecture to landscape. 

Method: 
The goal of this research work was to test the flexibility of modeling tools – in this case 
AutoCAD 2011® and Rhinoceros 4.8® – to different field of application and to draw shared 
methods, even if they are applied in so different context. 

Result: 
During the research occurred some problems that should be considered as central for future 
developments. They will drive the mainlines for the refinement of software and application 
technologies, but it must be remembered that, first of all, the direct experience and the 
validation with practical case studies must be absolutely taken into account.  

Discussion & Conclusion: 
The experience made and the reflections on the achievements allowed to compare digital 
techniques of representation for architecture and territory. On the basis of the outcomes and 
of research directions for the future, it has paved the way to thinking useful to the 
implementation of the method and to the management of the graphic results. 

 

1 Introduction 
This contribute aim to explore 3D modeling and its 

practical applications investigating scales of 
representation and scales of contents from architecture to 
landscape. Changing the scale, is obvious, the language 
change – because is necessary to recompose symbolic 
and iconographic elements – themes and scales of 
representation change. 

The goal of this research work was to test the flexibility 
of modeling tools – in this case AutoCAD 2011® and 
Rhinoceros 4.8® – to different field of application and to 
draw shared methods, even if they are applied in so 
different context. 

So is possible to pave the way to strictly disciplinary 
thinking on outcomes and on instrumental and 
methodological guidelines for further research.  

2 Simulation and virtual approaches: a 
3D models for the restoration project 

Elena Marchis 

2.1 Premise 

This paper will address some issues related to three-
dimensional modeling as a potential medium for 
subsequent restoration in order to assess their 
applicability in specific areas of importance to the 
restoration. This research was developed at the 
Department of Building and Territorial Engineering - 

DISET - Politecnico di Torino and was part of the more 
complex activities of the project around the restoration site 
of the Chiesa di San Giovanni Decollato della 
Confraternita della Misericordia (Church of the Mercy) in 
Turin started in 2008 and then followed and developed 
within my PhD thesis in Cultural Heritage is here 
presented. 

The activity started in January 2008 when the first relief 
operations were launched, and continued along the 
various phases of the yard until completion of the first 
batch of intervention in July 2009. 

The research team, coordinated by Professor 
Secondino Coppo, in cooperation with Professor Fulvio  
Rinaudo, was composed by a group of young 
researchers: the author of this paper, the engineers 
Maurizio Bocconcino and Paolo Piumatti, and the 
architect Marco Vitali. 

2.2 Method and results 

The presence along the various steps of the research, 
chronologically synthesized below, and the large 
collection of processed data, has allowed to obtain a 
comprehensive view of the yard, is in its most practical 
and concrete aspects as well as in its complexity. 

3D scanning technology is an outstanding medium for 
rapidly generating reliable inventory documentation in civil 
and structural engineering as well as for architectural 
recordings, especially in the heritage field. 

- January-February 2008: In this first phase a reliable 
inventory documentation of the church has been 
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performed using the total station and laser scans. The 
automatically acquired data have been integrated with 
local detailed analysis of critical areas and with traditional 
measures in order to obtain an efficient filtering of the 
data. Of significant importance was the photographic 
documentation.  

- March-May 2008: The graphical restitution of the 
acquired data and their elaboration took three months of 
intense work. The level of graphic detail and the 
information accuracy, needed to obtain a precision detail 
in 1:50 scale, often obliged the research team to review 
the data and to newly compare and directly verify them on 
site. The relief activities have been performed starting 
from the necessities of organizing the metric 
measurements. (fig. 1) 

The timing and delivery of the documents have been 
staged along a schedule based upon the needs of 
construction, and required a real time coordination in 
order to produce the results according to the exigencies 
foreseen and to those  unexpected in every job phase. 
The rigorous deadlines made the operation more complex 
than expected, because of the tight schedule and in 
particular of the difficulties of working in parallel on the 
same process. The final drawing preparation times were 
as follows:  

- 15 days for the plan drawings at different levels;  
- 20 days for the two longitudinal sections; 
- 15 days for the three cross-sections; 
- 7 days for the plan of the ceiling vaults; 
- 7 days for the details in 1:20 scale.  
Data processing of the space points has been 

performed via algorithms capable to build a surface model 
bounded to the measured points. 

- June 2008: all the drawing and attached papers were 
delivered made: sections, plans and details. The client, 
analyzing what has been achieved, required some 
additions on the drawings of architecture details. 

- September 2008 - July 2009: Restoration activities. 
The yard involved the workers and the technicians for a 
period of 10 months during which they performed the 
restoration and cleaning of the church internal walls. (fig. 
2) The removal of the paint film, a nineteenth-century 
stage, on the surface of the walls was needed to bring to 
light the decoration clearer and brighter below. The 
tearing of the frescoes with the four Evangelists located in 
the eyepiece of the vault of the hall and the six plumes in 
the dome with the angels have been taken off. This 
operation was necessary for the reopening of the original 
windows in order to restore the natural light as foreseen 
by the original project. In some areas it was necessary to 
integrate the paintings according to traditional methods. 
The site was continuously monitored with periodic visits, 
meetings with management, following the activities under 
the surveillance of the Ministry of Cultural Heritage 
representatives.  (fig. 3) 

 

In particular, the most significant actions were: 
- Removal of the various paint layers; 
- Mapping and recording of layers’ images; 
- Taking off of frescos in the surface of the vault, 

and opening of the oculi; (fig. 4) 
- Opening of the four round windows in the vault of 

the hall and lowering of the six pentagons located in 
the dome above the altar; (fig. 5) 

- Consolidation of the drum supporting the dome 
above the sanctuary;  

- Consolidation of the wall near the counter-
affected by a lesion evident. 

All operations were rigorously documented with 
photographs and technical drawings. (fig. 6) 

- September 2009 - December 2009: When the 
operations of the yard were completed, in order to be able 
to reach a critical review of work done, the team 
proceeded to the analysis of existing scientific literature. 
This was done with a direct comparison with the 
experience gained on site. During this period it was 
reached a fully consciousness of the importance of 
restoration yard activities, an experience that can hardly 
found in literature, even if supported by drawings and 
models. 

- January 2010 - December 2010: After the survey of 
the internal ambient of the Church of the Brotherhood of 
Mercy of Turin was fully completed, with a final 
reorganization of maps and data, the research has been 
directed toward the creation of an alternative support of 
the data concerning the areas needed for restoration. This 
“tool” has been designed to quantify, analyze and 
evaluate the areas of degradation and to foresee the 
needed actions. This computer based support will be 
organized no longer on a two-dimensional, but on a three-
dimensional frame. (fig. 7) 

The initial idea about this software tool was to create a 
three-dimensional mathematical model to serve as the 
basis for a database, and capable to assist during all 
operations and stages of "big" restoration sites. The data 
collected during the survey have been organized into a 
database, where data and images were not included in, 
but were simply connected to the grid. This aspect would 
not to overburden the system in reading, and so making 
easier the information query supported by a "light" 
structure of data.  

In the project, this information system would be 
combined to a dynamic three-dimensional model, but it 
has not been still completed for insurgent’s integration 
computer problems, having to interconnect different work 
packages. It is hoped that a future standardization of 
software and especially its portability and flexibility can 
make feasible the central idea of this research. 

The initial hypothesis was directed toward the 
preparation of a 3D GIS model, a local informative 
system, capable to be questioned at different levels of 
detail as required in the different research stages, but also 
suitable of improvements. Despite it were the most 
interesting and stimulating solution, already in the first  
steps of the research it was realized that the staff of 
technicians to whom refer and discuss with was not  
enough for supporting the initiative, and for this reason it 
was impossible to complete the experiment with this 
method. Currently, the tools available are still unable to 
support and develop the mass of information contained in 
the point cloud, which must be very detailed in order to 
describe and render the representation under 
consideration, and especially to describe the process of 
acquisition of the data necessary to calculate the areas of 
the degraded surfaces.  

The standard computers used in a yard or in a 
technical design studio are not capable to handle such a 
mass of data. Only a technical evolution of computing 
hardware and software can afford a solution in this sense. 

The model that the author of this paper tried to build, 
with special attention to data precision, conceived as a 
design idea, could also be used as a basis for structural 
controls in order to provide a simplified view of the stress 
and strain dynamics, but also for acoustic and illumination 
analysis. There are many cases in the literature using 



997

Marchis and Vitali                      Simulation and virtual approach: from architecture to landscape 

 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

three-dimensional models to communicate information, 
but also to study and to simulate a variety of possible 
interventions. The definition level of the selected model 
shall have a good precision level and be sufficiently 
reliable, but at the same time it must be easy to use. One 
of the key points of this research was the 
definition/creation of a method capable to be exported in 
other situations, with the necessary modifications 
according to the ambient where it can be suitable for 
operation. The method shall be economically sustainable 
for documentation and mapping of the areas of 
intervention, in the different working times of middle- and 
large-sized restoration yards. It is important to stress that 
this research is evolving and does not mark a definite end 
to it.  The model has to be developed to serve as support 
to project and to compute the surface contained within a 
polygonal, being this a damaged area, a painted zone, or 
variously decorated paintings. The regions, defined  by 
means of traditional techniques in order to project them 
on the model, must be vectorized. It should be paid close 
attention to the areas "spread" on the model so that they 
coincide with the real areas and that the real magnitude of 
the errors be acceptable. This process should be a tool to 
place in the 3D space the 2D mapped surfaces and to 
calculate the effective areas. (fig. 8) 

To create the model we started from the point cloud 
which was followed by their interpolation by means of the 
Sir-IO software, developed for managing data geomatics. 
With this software it is possible to get contour lines with a 
pitch of 10 cm, useful to create a "virtual surface" as close 
to reality as possible. (fig. 9) 

One of the main uses of this model is the mapping and 
quantification of the degradation of defined areas, for 
purposes as the accounting and the management of the 
yard. Such a system could be of great help to monitor and 
to quantify the work of craftsmen working in restoration 
projects and more. Interviews have been conducted by 
technicians and professionals, asking information about 
their use of tools for the calculation and quantification of 
the restoration work on complex surfaces and developed 
in three dimensions. Most of them now in fact are using 
tools very approximate, acting on 2D models. By simply 
multiplying by correction factors the interested surface 
areas applied to a curved surface projected on the plane, 
the errors  that occurr are significant and the calculations 
are inaccurate. Such evaluation of the measure of the 
curved surface areas cause errors in economic 
evaluation, that can be unacceptable especially in the 
case of construction yards of relevant importance. 

On the so created model it has been tested the 
magnitude of the errors that arise from the use of 
simplified systems in the evaluation of areas placed on 
vaulted and non linear surfaces. As a test is has been 
considered the simple case of a hemisphere, this being 
the geometry closer to the case of a curved ceiling typical 
of architectonic halls It follows that a simple use of the 
computations carried out on 2D projections can be taken 
neither as an absolute, nor as a relative reference. It is 
therefore necessary an exact evaluation of the curved 
surfaces; for such a computation shall be very useful 
those tools that use very accurate computational methods 
but are at the same time economically sustainable also 
with respect to the resources of a medium sized yard.  By 
analyzing the results, it can be inferred that most of the 
technicians are very concerned by the possibility of 
working on a dynamic three-dimensional model that can 
provide accurate data, but the fact is that most of them 
still work on two-dimensional media.  

Finally, it emerged the need of a three-dimensional 
digital model that can be used, even just for the 
communication to the "general public", which is 
increasingly interested in the restoration sites and their 
evolution. This tool would be extremely useful to 
document and to store the life story of the architectural 
“good”. The activity of mapping the degradation of a 
surface by acting directly on the three-dimensional solid 
picture results in 3D polylines that with the actual 
information tools are difficult to be used by the technicians 
operating on the yard. (fig. 4) 

Fig. 1 – Eidotype and architectonic survey 
 

 
 

Fig. 2 - Restoration site 
 

 
 

Fig. 3 - Removal of the various paint layers; 

 
 

Fig. 4 - Software Sir-IO, allows to operate directly on the 
three-dimensional model and specifically on the photo solid
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Fig. 5 - Opening of the six pentagons located in the dome 
above the altar after the untap the paint surface 

 
 

 
 

Fig. 6 - Mapping of degradation on a survey drawing 
 
 

 

Fig. 7 – Point cloud images created by the laser scanner 

 

  
 

Fig. 8 - Vectorization of the degradation mapping 
 
 
 
 

 
 

Fig. 9 - contour lines with a pitch of 10 cm, useful to create a 
"virtual surface" by the laser scanner 
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3 Simulation and virtual approaches: a 
3D models for analysis and 
representation of the territory 

Marco Vitali 
 

3.1 Premise 

This contribute shows the results of a work of analysis 
and representation at the territorial scale, realized for a 
project on a UNESCO (United Nations Educational, 
Scientific and Cultural Organization) nomination, 
presented in January 2011 for the site “The vineyard 
landscape of Piedmont: Langhe-Roero and Monferrato”. 
The presentation of the nomination dossier represent the 
concretization of years of work and cooperation between 
SiTI (Higher Institute on Territorial Systems for 
Innovation), the Piedmont Region, the Regional 
Directorate for cultural heritage and landscape assets of 
Piedmont and the Alessandria, Asti and Cuneo Province, 
that have strongly believed in it1. 

The proposed site is a serial site, constituted by nine 
“excellence areas” (Core Zones), for a total of 74 
Municipalities, distributed inside the administrative 
boundaries of the Alessandria, Asti and Cuneo Provinces. 
(fig.10). For this nomination Langhe, Roero and 
Monferrato, known in all the world for the production of 
high quality wines, constitute a Cultural Landscape, 
defined by UNESCO as “the result of the combined 
anthropic and natural action”: a landscape where culture 
and traditions related to the wine are deeply settled and 
they manifest itself in all the aspects of the daily life, 
including literature, arts, festivals, gastronomy, language. 

Together the selected areas represent the variety and 
the excellent quality of the vineyard landscape of 
Piedmont and of its products, for which a wide buffer zone 
was defined, with the aim of ensuring a higher protection 
of the nominee site and of giving continuity to the 
landscape of the individual areas, in the light of the close 
relationships between them related to territory, history 
and culture.  

3.2 Method and results 

In this context, that necessary involves 
multidisciplinary skills and considerable human resources, 
a strategic role was played by a work of representation 
aimed to study and analyze characters of uniqueness 
(related to the morphology of the territory, deeply 
influenced by humans) and at the same time elements of 
relationship and homogeneity at large scale  

In fact, the utilization of 3D modeling for the 
visualization and the understanding of the territory allows 
to put in relationship data from various sources and to 
verify some hypothesis, like that related to the perimeters 
of Core Zones, as well to highlight the peculiarities of 
each area and the common features that justify the 
seriality of the nomination.2. 

Early stage, for the creation of the 3D model two tests 
were made on the first Core Zone “Freisa”: the first test 

                                                 
1 AAVV, Unesco world heritage list - the vineyard landscape of 
Piedmont: langhe-roero and monferrato, Torino 2011. 
2
 EMPLER Tommaso, BIANCONI Fabio, BAGAGLI Roberto, 

Rappresentazione del paesaggio. Modelli virtuali per la 
progettazione ambientale e territoriale, DEI, Roma 2006. 

provided the realization of a surface model that uses as a 
basis the contours of the Regional Technical Map in 
1:10000 scale, the second allowed the construction of a 
mesh surface starting from points of DTM (Digital Terrain 
Model) of the Piedmont Region3. 

In the first case, from the technical point of view, the 
creation of the model is quite heavy: in fact starting from 
the vector contours of the Regional Technical Map, 
equidistant 10 meters, a series of steps in AutoCAD 
2011® are necessary, before exporting the data, in this 
case in Rhinoceros 4.8® for the construction of the 
surface model, with the plug-in Rhino Terrain. 

First, The Regional Technical Map (in .dwg format) is 
made in sections of small dimension (6500x5500 meters 
about): for this reason is necessary to join a quite number 
of sections to obtain a sufficiently large basis to make the 
model of the terrain of each Core Zone.  

Moreover it is necessary to: 
- purge the base map; 
- close each polyline – contour, to avoid 
anomalies in the model; 
- assign to each contour its altitude.   

After this it is possible to proceed to the exportation in 
Rhinoceros and to realize the surface model whit the 
special tools of Rhino Terrain  

This procedure guarantees the realization of an 
excellent surface model even if, as already said, definitely 
onerous in terms of time and work. The base material is, 
in fact, in a too big scale related to the dimension of the 
parts of territory to model (fig.11). On the other hand, the 
selection of contours with an equidistance of 50 meters 
produces a model that is too simplified. 

In the second case the construction of the model is 
significantly more simple and fast: the base material is 
constituted by a sampling of altitude points of the terrain, 
setted out in a square mesh of 50 meters and acquired 
with photogrammetric procedure with an accuracy of 
1/10000 scale. In Rhinoceros is very easy to mosaic the 
matrix of spatial points related to sections or folio of the 
Regional Technical Map and to realize the mesh surface 
of the terrain.  

In this case the surface model is less accurate than the 
first one, even if is capable to describe, with a acceptable 
level of discretization, the orographic shape of the terrain: 
considering the processing time and the obtained results 
(in relationship with the subsequent phase), it was 
decided to use this procedure for the creation of the 
models related to the other eight Core Zones. 

After this first phase it was possible to thematize the 
model according to slopes and gradients. The models 
thematized in this way allow: 

- analysis and thinking on the shape of the 
perimeters of the Core Zones, that necessary 
have to face with the morphological peculiarities 
of each core zone; 

- comparisons between the orographic 
characteristics of each excellence area. 

A further step was to thematize the model on the basis 

                                                 
3 RAO Sebastiano, Nota tecnica . Il Modello Altimetrico Digitale 
della Regione Piemonte, 
http://www.regione.piemonte.it/sit/argomenti/pianifica/cartografia/
dwd/dtm_notatecnica.pdf 
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of to the prevailing land use of Piedmont Land Cover4, a 
homogeneous geographic database on the territory of the 
region. For this phase was used a chromatic symbolism 
associated to the shape files of the Land Cover of the 
Alessandria, Asti and Cuneo Provinces: on the basis of 
the aims of this work the themes was grouped in 
categories like vineyards, urbanized areas, woods, 
shrubberies, pastures, fields, etc. 

Those processing was the tool to verify and 
communicate with images, especially to a specialized 
public, some hypothesis related to the position of 
vineyards and others themes on valleys and hills, that 
develop very different configurations under the 
morphological characteristics of each area, depending 
from dimension of vineyards and fields,  shape and 
distribution of woodlands, shrub zones and pastures. 

Further hybrid visualization was obtained overlapping 
on the model the projection of Land Cover map data with 
orthophotomaps mosaicking to make understandable 
data and suggestions also to a wider audience (fig.12) 

The models of each Core Zone, thematized in this 
way, was then used to obtain 2D images, to represent the 
considerations that support the serial nomination. 

With the aim to make comparable, also from a 
dimensional point of view, the characteristics of 
uniqueness and of seriality of the areas, for each, was 
chosen the position of section planes useful to realize 
typical sections that can allow a comparison, both from an 
orographic and morphological-landscape point of view. 

With a series of 3D operations it was possible to 
obtain, directly from the model, special characteristic 
profiles for each core zone (fig. 13-14): those special 
profiles represent also, with a symbolic-chromatic 
language, land cover data. With further section planes, 
parallels to the principal one, it was possible represent the 
most important hills for each core, to overlap in 
orthographic projection on the thematic section, to take 
care also of the landscape characteristics. 

The sections, as follows, was collected in summaries 
(fig. 15) and compared with: 

- pictures that allow an integrated reading of 
the landscape peculiarities 
- parts of thematic maps (zenith view of the 
3D model in 1:10.000 scale) with the indication 
of the section plane for the spatial profile. 

The reading of each summary and the comparative 
reading allow as a comparison between symbolic- 
technical and iconographic languages and an immediate 
representation of the salient features of each area of the 
serial site of the nomination. This comparison has also 
addressed this work to cognitive insights on the territory 
and on the representation techniques appropriate to 
describe it. 

3.3 Discussion and wrapping up 

Starting from considering that the urban and territorial 
landscape is the outcome of a collective process of 
stratification, where spontaneous and planned 
transformations, produced and induced, follows one 
another with continuity and caesura, in the analysis and in 
the preliminary studies on management and protection of 

                                                 
4
 DIEGOLI Barbara, GARRETTI Luigi, GOTTERO Franco, PETERLIN 

Gabriele, Land Cover Piemonte: progettazione di un database 
geografico sulla copertura e l’uso delle terre della Regione 
Piemonte, Atti 11a conferenza nazionale ASITA, Centro 
Congressi Lingotto, Torino 6-9 dicembre 2007.  

the landscape is common goal to preserve the identity 
features that qualify local contexts and to define the 
compatible changes in relation to the transform 
processes. It follows the utility to define compatibility 
criteria in relationship to identity of the countryside to 
protect existing landscapes. 

Accordingly, with the aim to pursuit a complete and 
comprehensive wealth of knowledge, after the phases of 
documentation and survey exploration in the field of 
intervisibility were taken, founded on the possibility of 
derive visual catchments (viewshed), related to viewpoints 
placed in strategic positions. 

This part of the work, still at the beginnings, provides 
the use of the 3D model of the territory for further 
processing, related to the modeling of principal urban 
sites, trough extrusion of the volumes of the built and of 
the most important architectures and of the most 
significant vegetations. This model, although  with a 
purely symbolic language, shows anyway quantitative 
features that make it particularly suitable to assessments 
related to intervisibility, that basing its operations on 
projective-geometric principles, can’t leave aside 
quantitative-numeric values. 

The definition of the intervisibility field, based on the 
construction of the 3D model, as well as to allow a 
immediate approach to the territory, provide a good 
contribution to the analysis of paths and views, to the 
definition of perimeters and areas of particular 
architectural/landscape value, as well to define the local 
architecture (defined by the morphology and by the 
identification of the visual barriers) and the landscape 
architecture (defined by the fundamental components of 
the landscape. The tool of analysis, prepared in this way, 
could allow making subsequent evaluations on perception 
and intervisibility of the elements that compose and 
structure the landscape. 

It is better to note that those hypotheses are strictly to 
the definition of the objectives of landscape quality in 
relationship to the features of the different landscape 
units, to the transformation dynamics, to the opportunities 
of compatible developments. To interpret the “dimension” 
of the landscape is the fundamental operation to 
individuate and implement the appropriate strategies of 
redevelopment, protection and compatible transformation. 

 

 
 

Fig. 10 – Map of the nominated site 
(E 392.269 – N 5.001.237; E 484.966 – N %.001.249 

E 392.139; N 4.915.186; E 485.001 – N 4.915.171
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Fig 11 - 3D model of the territory of Core Zone 1 “Freisa”, created starting from spatial points of DTM of the Piedmont Region 
points, subsequently thematized with Land Cover data. 

 

 

 

 

Fig.12 – 3D model of the territory of Core Zone 1 “Freisa”, 
created starting from contours of the Regional Technical Map 

of Piedmont (equidistance of 10 meters) 
. 

 

 
 

Fig 13 – Comparison between sections obtained from the 3D 
model: a) with the overlapping of themes related to IGM map 
and Land Cover b) with the overlapping of themes related to 

the orthophotomaps and Land Cover. 
 

 
 

Fig 14 – part of the in scale spatial profile obtained from the 
3D model. 

 
 

 
 
 
 
 
 
 
 
 
 

Fig 15- Summary related to the Core Zone 7 “Barolo”, drawn 
in 1:10000 scale. 
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4 Conclusion 
During the research, which had to struggle with quite a lot 
of critical aspects, there occurred some problems that 
should be considered as central for future developments. 
They will drive the mainlines for the refinement of 
software and application technologies, but it must be 
remembered that, first of all, the direct experience and the 
validation with practical case studies must be absolutely 
taken into account.  
This research has demonstrated that are the real practical 
needs that give the input to the development of new 
theories. Only a direct presence in contact with the reality 
of the yard can provide the correct pushes for the creation 
of new tools, even theoretical, from which depends the 
future of an integrated knowledge, in a society where 
operators and engines increasingly will find points of 
agreement.  
In conclusion, the experience made and the reflections on 
the achievements allowed to compare digital techniques 
of representation for architecture and territory and to 
prepare methods for the study and for the management of 
data at different scale: on the basis of the outcomes and 
of research directions for the future, it has paved the way 
to thinking useful to the implementation of the method and 
to the management of the graphic results, both in terms of 
contents and purely disciplinary. 
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Abstract 

Purpose: 
Landscape evaluation is a graphical approach to the previous study of highway sections 

which later will be travelled by car. 

Method: 
Through maps, diagrams and sketches we can get an idea of what we have found in the 
journeys, and so make better use of them. The first step is to select the section to analyze. 
We choose one section of the AP6 highway which runs between Villacastín and Navalcanto, 
because these villages are very close from our point of origin, Madrid (Spain), as well as 
being a journey with a variety of landscapes to be analyzed. . 
After selecting the section, we collect the information available on it, aerial photos, maps, 
kilometric points. 
With this initial map we went out to the road with a camera and a GPS (geographic position 
system) device, we travelled through the area and its nearby, in order to extend the visual 
information about the section. 
We developed a map of landscape quality from “Spanish Landscape Atlas” and 
“Cañas´Methodology for Assessing the Landscape”. 
We use the program ArcGIS to get the view shed from the highway, that is, eliminating from 
the map the areas from the road that we can´t appreciate.. 
The visual exposure areas depend on the distance at which objects are observed. From 0 to 
30 meters have immediate level, between 30-200 meters the foreground, 200-400 the middle 
ground, and from there, the background. 

Result: 
Rafael Mata’s “Atlas de los Paisajes de España” (Spain’s Landscapes Atlas) recognizes 32 
landscape typologies, each one including a variety of subtypes. Our study aims to go one 
step further in landscape characterization, reducing the scale of the approach (from 1/700000 
to 1/25000) and implementing the valuation methodology proposed by Ignacio Cañas. The 
result of the study will be a map representing the visual landscape.   

Discussion & Conclusion: 
A landscape interpretation map is a powerful tool in order to assess the design of future 
infrastructures, as it complements the information provided by cartography, land usage, 
topography and population information of a certain area, helping to determine the best tracing 
choices of a route depending on what we want or don’t want to be observed from it.. 

1 Introduction 
On the road-environment relationship, landscape 

studies importance arises as one of the most valuable 
aspects for the public opinion is the integration of the road 
on the natural landscape because it is their own principal 
link with the landscape.   

To incorporate movement conditions on the landscape 
valuation becomes a high interest issue for this purpose 
taking into account variables as vehicle speed, view shed, 
distance and background are important factors to be 
considered, as in this case perception is not reduced to 
static observation, it is affected by dynamic elements, a 
photograph is not enough for analysis as the route is an 
addition or concatenation of different and ever-changing 
pictures. 

 
This study is developed via a practical analysis 

valuating the route from Villalba to Adanero (80.3 km) in 
the AP-6 highway. 

This route crosses the provinces of Madrid, Ávila and 
Segovia, so it incorporates very different kinds of 
landscapes. It begins with the urban profile of the outskirts 
of Madrid, crossing several industrial areas too. Then 
comes Madrid‘s ‘sierra’ (mountain range), with less dense 
localities, a charmer, greener and more mountainous 
area. After this we enter the Castilian plains, intensely 
yellow and ocher-colored, with their distant hills and small 
isolated rural populations. Finally, we arrive Segovia 
province, with its enormous landscape contrasts, with 
heights varying from 750 m on its plainest spots to 2500 
m on the mountainous areas. 
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The perceptible environmental landscape surrounding 
this road will be analyzed, with the aim of systematizing 
the methodology for new linear infrastructure tracing 
valuation. The questions to be answered are the 
following:   

 
How to evaluate the landscape while moving? 
 
How to synthesize one route´s landscape? 
 
How to systematize the graphical analysis of all the 

landscapes crossed by the Spanish highway network?   

2  Method 
It has structured this method in five phases which are 

described in the follow sections. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.1 Section´s preparation  

 

Fig. 1 aerial photo with existing cartography 
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    For the preparation of this route´s study plenty of 
cartographical information is available [7]. It is a matter of 
interest to highlight in these working maps the most 
relevant physical attributes for the landscape 
characterization. These are: water (rivers, lakes, 
coasts…), landform, vegetation, buildings and other 
atrophic modifications, protected habitats and areas. In 
order to do this, thematic cartographies providing zonal 
distributions of these topics have been used. Official 
inventories have also been used for some punctual 
elements (humid area denominations, castles, hermitages 
and sanctuaries, archeological or geologically protected 
spaces, among others).      

    Aerial photographs and high-resolution road maps 
have also been available. The chosen scale for the study 
has been 1/25000; this means that 14.85 km will be 
studied on one page (considering one page as two 
horizontal A4 sheets together).   

 
 

2.2 Travel  

 

Fig. 2  photographic route from the road  
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Landscape characterization requires aesthetical 
attributes signalization. Chosen attributes are shape, color 
and texture; each one analyzed under three different 
criteria: diversity, contrast and compatibility.   

To obtain these attributes, pictures of the landscape 
taken from the road are needed. The ones used in this 
study have been obtained by Ana Pou Merina, member of 
the research team and designer of a complex device 
integrating different cameras with a GPS, a computer, and 
a car. This device takes stereoscopic pictures in regular 
distance intervals, generating two sets of images: the first 
one captured with the driver’s view scope and the second 
one, wider, capturing a 360º perspective for the complete 
study of the surrounding landscape.   

The roads have been photographed in both ways, at a 
maximum speed of 90 km/h, so that the pictures remain 
clear enough. The goal is to register the landscape 
changes all along the route and obtain a photographic 
collection of the pilot and copilot’s vision. For a better 
documentation of the studied region, hand-made pictures 
are taken from service and resting areas, as well as from 
all the landscape integration elements identified 
throughout the journey. Each picture goes with its GPS 
reference, so a geographical inventory and a 
photographical inventory are obtained at the same time.   

Once the pictures are taken, a preliminary treatment of 
the information is performed; they’re processed in 
different ways, depending on the camera that’s been 
used, etc.). These are a few examples of the 
photographs’ taking and characterization:  

 

Fig. 3  panoramic photography of the road 

 

Fig. 4  panoramic photography of the road 

 

Fig. 5  panoramic photography of the road 

 

Fig. 6  photography of the road (driver´s view scope) 

Fig. 7  photography of the road 
 

2.3 Landscape quality  

 

Fig. 8  valuation of landscape units  
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For evaluating the landscapes seen from different 
sections of the road, the first step is to define those 
sections. For this purpose, the sections defined in Rafael 
Mata’s ‘Atlas de los paisajes de España’ are the ones to 
be considered in this study. 

The ‘Atlas de los paisajes de España’ is divided in 34 
associations of different landscapes, 24 of them belonging 
to the Iberian Peninsula and 10 to the north African 
populations, the Canary Islands and the Balearic Islands. 
These 34 landscape associations are conformed by a 
total of 116 landscape typologies (94 corresponding to 
Iberian Peninsula). [1]   

According to these considerations, the 80.3 km 
between Villalba and Adanero route will include the next 
landscape typologies: n.50 (Central System and Toledo 
mountains’ foothills), n.51 (Northern Plateau countryside), 
n.60 (Castillian plains) and n.40 (Central System pits). 

The methodology used to chart landscape values 
assumes the landscape typologies defined in the Atlas, 
but the scales employed are not the same (Matas’ Atlas 
[1] uses a 1:700000 scale, this study uses a 1:25000 
one). The limits will be contrasted through identification 
and selection of territorial elements that may be 
considered as referents of landscape values. These 
elements have been obtained from several fieldworks, 
existent thematic cartographies or specifically for this 
purpose digitalized documental and cartographic sources 
as aerial photos.  

Once defined the landscape units (these are, the road 
sections belonging to the same perceptive zone) several 
representative pictures of each of these areas are 
chosen. This election focuses on pictures reflecting the 
most representative ingredients of the landscape, 
centering not only in high-valuable singular landmarks but 
also in non-singular landscapes or in those landscapes 
less valuable from an aesthetical point of view. Once the 
selection is done, the pictures are evaluated following the 
Landscape Evaluating Method proposed by Ignacio 
Cañas on ‘Método para la Valoración del Paisaje’ [2] () 
(1995). This tool permits landscape evaluation through of 
photographs. It consists on a brief questionnaire about the 
physical, aesthetical and psychological attributes of each 
picture. Until now, this procedure has been successfully 
used in landscape evaluation based on still images. The 
goal of this research is to adapt this tool for a dynamic 
road analysis. 

Once each attribute is evaluated quantitative and 
qualitatively, the quality of the landscape is assigned 
through an overall numerical value that results on the 
addition of each of these quantitative values. Depending 
on the overall value, landscapes are related to the 
following categories: degraded landscape (<20 points), 
deficient landscape (20-31 points), mediocre landscape 
(32-44 points), good landscape (45-56 points), notable 
landscape (57-68 points), very good landscape (69-80 
points) and excellent landscape (>80 points). Each 
section’s value will be an average of the different pictures 
corresponding to it.  

This landscape evaluation is done from an aesthetic 
point of view. Despite landscapes have many attributes 
apart from aesthetic ones, this research focuses on them, 
focuses on ‘perceptive landscape’. The definition given by 
The ‘Departamento de Política Territorial y Obras 
Públicas’ from the ‘Generalitat de Catalunya’ [3]  
(Catalonian Public Works’ Department)to this elements is 
as follows: 

   • Natural and ecological: they make reference to 
those factors or elements that determine the quality of the 
natural environment in particular. Those with an special 

natural and ecological interest have been considered 
along with those legally recognized for strictly natural 
criteria and with those with ecological connectivity in 
between natural spaces functionalities.  
   • Aesthetical: it makes reference to the capacity of a 
landscape to transmit a certain feeling of beauty based on 
the meaning or cultural appreciation acquired through 
history, as well as the intrinsic value of its colors, shapes, 
textures and the unity of the elements that form the 
landscape.   
   • Historical: these are related with the most  relevant 
footprints left by human being through history, including 
constructive typologies (farms, mills, barracks, huts, 
towers, bridges, castles, etc.), settlement typologies, 
archeological findings, towns, irrigation and farming 
interventions, soil reinforcing structures, public and 
livestock historical pathways, etc.  
   • Social: social values are related with an individual or 
collective usage of a given landscape related to leisure or 
enjoyment (itineraries, resting spots, viewpoints, meeting 
points, education, sport, therapeutic functions, etc.).  

• Productive: productive values are related to the 
capacity of a land to procure economical benefits 
transforming it´s elements into resources. Productivity can 
be obtained through diverse activities such as agriculture, 
livestock, hunting, forestry, industrial, mining, tourism, etc. 

• Symbolical and identitary: identitary values 
correspond with the identification that a particular group 
feels for a landscape, setting up relations of ownership 
and expressions of identification. It is also included in this 
set of values, those landscape elements that have 
collective symbolical attributions attached to mythology, 
traditions and legends.  

The perceptive landscape includes visual landscape 
elements, which create compositions that define aesthetic 
qualities that allow differentiation of the areas perceived 
by the viewer. The relative importance of different visual 
elements depends on the type of landscape; these are the 
ones that allow the  identification of the uniqueness of a 
given landscape [4]. For example Smardon et al [5] 
examine the landscape from its aesthetic components: 
shape, line, color, texture, scale and space. Landscape 
components are then characterized attending to these 
classifications: topography and landform, water, 
vegetation and artificial structures introduced by human 
activity. The perception outcome may result in a 
landscape assessment from a qualitative point of view 
(beautiful, ugly, relaxing, peaceful…) or quantitatively 
measured by a value related to a scientific method.  
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2.4 View sheds 

 

Fig. 9 viewsheds 

The objective of this research is to obtain a graphical 
representation of the evaluated landscapes, the way they 
are perceived from a car while traveling. The Archicad 
program is used for eliminating the view sheds; these are 
the areas that are not seen from the car. 

For the visual exposition of landscape visual units’ 
configuration, visibility calculations were done over a 
digital terrain model obtained from the contouring lines of 
a 1:5000 cartographic base using ArcGIS [6]. This 
operation takes into account wooded masses, as well as 
physical barriers with a 10 m resolution.  

As in this case the highest interest approach is the 
study of the sight seen from the road, the survey points 
are distributed along the road keeping a distance set by 
the most likely displacement speed/rate of the vehicle. 
The points have been set at a height of 1 m above ground 
level, equivalent to the position of a driver. The view angle 
is panoramic; all directions are considered, according to 
the freedom a person has to select what he looks at in the 
territory.  

In particular, 200 meter distant points are calculated 
while travelling through valleys, rivers and roads, and 
every 150 meters while driving along the limits of urban 
agglomerations and in long-distance trails too. This 
distance represents enough time to take the image of a 
landscape (photograph) at a speed of movement 
appropriate for each kind of road.  

From the addition of visible areas from the singular 
points in sequence, a visibility study is generated from 
which the view shed in the foreground of visibility is 
calculated, as the accumulative abstraction of a 
systematic perception of the place.  
    The result of this study is given through a map, where 
most vulnerable areas appear –the ones that are to be 
more often seen-, as the tops of the mountains; while the 
areas that are not seen from the car, such as hidden 
valleys are annulated. 
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2.5 The vision´s planes  

 

Fig. 10  the vision´s planes 

     In addition to view sheds, we consider a matter of high 
interest representing the different levels of visibility that 
are enjoyed from the road. A visual exposure map is 
elaborated, representing the degree of exposure which 
depends on the distance between the observer and the 
objects.  In this map four different areas are presented: 
the closest occupies the land strip measured from the 
observer axis that includes the first thirty meters on this 
area the most compact and sharp elements parts are 
found, therefore the most visually fragile ones. The 
foreground, which corresponds to the range of 30-200 
meters and that is necessary to remark, because it is 
considered to be where the “figures” that are projected 
onto the background are distributed (from the 400 
meters). The middle ground occupies from 200 meters to 
400.  
 

3 Results 
  The landscape values analysis consists of two parts: 
The first one, the identification of “identity landscapes” as 
the “Spain Landscape Atlas” [1] method and the 
verification of these boundaries; The second part, the 
identification of landscape values, that is, the perceptual 
interpretation of this by using the methodology for 
assessing the landscape [2].  
The performed analysis has focused on the study and 
application of this methodology for the landscape 
assessment to the view shown from the motorways and 
highways. 
The compiled database obtained by the developed 
photographic system meets the objective of studying the 
landscape, focusing on one type of photograph on the 
surrounding and the other one on the detail. 
With this, a wide range of data has been achieved: 
physical data (such as water, land form, vegetation, snow, 
wildlife, land use, views, cultural resources and the 
elements which disturb the character), aesthetical data 
(such as shape, colour and texture) and psychological 
data (such as unity and expression).   
After bibliographical review and field work, it is concluded 
that the AP-6 is well integrated into the landscape as it 
counts with many service and rest areas, properly 
equipped for users enjoyment, by slopes and 
embankments replanting with native species, and the 
integration of specific infrastructures such as bridges and 
tunnels.   
The application of “Landscape Assessment Methodology” 
developed by Cañas [2] has allowed an analysis of the 
quality of the landscapes that are crossed by the studied 
highway in the provinces of Madrid, Avila and Segovia. 
 

This analysis concludes that quality of the studied 
landscapes ranges between mediocre and good, and its 
physiographic in most of the visible areas relates to: foot 
hills of the central system and the Toledo Mountains, 
meadows of the northern plateau, Castilian plains, and 
mass of the central system and its edges.   
 

4 Conclusion 
The identification of landscape values is one of the main 
aspects of the landscape catalogue. Therefore, 
developing a methodology for evaluation is a fundamental 
and unavoidable previous step. This is the main reason 
for this study to attempt to identify the present values in 
the landscape by using a classification that collects all the 
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variety of existing landscape types, due to the different 
attributes that landscape presents. 
    This landscape types classification is a very interesting 
tool for further work to improve the new infrastructures’ 
routes design, either to design tourism focused  strategies 
(we must remember that  landscape is a first order active) 
and to integrate them into landscape educational 
initiatives, among many other functions.  
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Abstract 

The complexity of reality, both constitutive and interpretation, led the increase, often 
redundant forms of knowledge benefiting brought the most advanced information and 
communication technologies whose communicative connotations binds specifically to the 
needs of rapid interaction and cost content.  
in recent years have been tested and evaluated many and varied models able to reproduce 
as closely as possible to real objects, in particular the process of creating a virtual model, 
namely the graphical representation of a three-dimensional object to 'internal software, it has 
gradually through explicit modeling techniques are increasingly diverse 
In the wake of these considerations are exemplified in three significant segments of a 
research conducted at different scales and in different contexts: urban, architectural and 
archaeological heritage, in which there are differences in methodology and consistent 
business practices, recognizing the specific needs and expressive approach. 

1 Introduction 
Every practice and every technological science has been 
able, in the modern and contemporary use of graphical 
models, not just the suggestion of using images for 
professional communication or teaching, but also to 
monitor, calculate and graphically foreshadow the specific 
transformations of space, at different scales. 
Technological innovation continues to evolve and 
progress accelerated so that it attracts a more complex 
interaction between development practice and an equally 
significant and unpredictable aging theories. 
Certainly the tools of the virtual actors were the recent 
three decades and have fueled the ability to anticipate the 
subsequent creation of physical artifacts, or to create 
models of reality that they live in an area corresponding to 
the real experiences that are engaged in a dialogue 
between real and virtual worlds to create forms and 
experiments in cyberspace, and identifying a program 
schedule that includes the ability to combine figuration, 
critical capacity and delivery capacity. 
In a relatively short period the forms of representation 
have been enriched and even changed because I 
changed the conditions of construction and 
communication needs: new technologies, new materials, 
new possibilities of a change in approach, and sometimes 
upset, the classic forms of the descriptive which, despite 
the availability of a wealth of well-established graphic 
conventions that remain as the most functional in the 
process of shaping an object, sometimes seem to have 
difficulty in defining languages and describing strategies 
that are able to evoke the quick setup and become space, 
both in project and in the relief by proposing a very similar 
situation to that in the nineteenth century, led to the 
separation of artistic design and technical drawing, where 
it was identified while strictly necessary in the convention 
of a still symbolic expression used for the shared 
understanding of space. 
 

 
 
In fact, the present form the latter's phenomenal changes 
generated mainly in urban and environmental scale, 
constitute a continuous area of experimentation which 
involves identifying the most appropriate tools for analysis 
and description of objects and contexts, physical 
connections and relationships including non-physical 
flows.  
There are many definitions that are now commonly taken 
to represent the meaning of transformation and 
continuous process of hybridisation that increasingly 
characterizes these realities. The main feature is certainly 
the complexity that emphasizes continuous and pervasive 
in an intersection of new communications technologies 
which contribute to virtually redesign the space, with 
significant in-depth analysis in relation to the range of 
definitions and descriptions more effective strategies to 
redial the image that in recent years has taken on greater 
importance and significance of which we are now in every 
sense of expanding and differentiating between the fields: 
the "image of the city.” 
At the same time in the field of materials the number of 
products available is multiplying has gone to excess and 
still continues to change rapidly. However, that evolution, 
or revolution, took place in a very discreet, unlike what 
happened in other phenomena of technological 
developments, and in particular that their computer or 
online, without users, but often not even the operators are 
fully aware the extent and impact of the changes. 
The current possibilities of materials, techniques, 
components and systems have resulted in a gap, or rather 
a move away from "doing" operating based on "rules of 
art", with a marked change of the instruments of 
generation and dissemination of technical knowledge: 
these in addition to resort to the traditional, must now be 
supported by more and more specialized skills, 
The problems of visual evocation, through design, 
phenomenal model of the connotations inherent in its 
abstract geometric shape, are directly or indirectly related 
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to it by in ¬ interpretations of nature purely chemical and 
physical (material, mass, weight, cohesion, elasticity, 
mechanical, energy values, etc..) phenomenal-perceptual 
(brightness, color, shadow, opacity, transparency, etc..), 
emotional (sharp, sharp, smooth, rough, soft, sticky), 
semiotic (that is, on the suggestion of practical uses, and 
symbolic) or more generally cultural. 
It is therefore a clear need to deepen the level of 
awareness that is required on the role of media and tools 
currently being developed, to investigate the opportunities 
and limits its use to assess the potential of a development 
that appears to be strongly linked with information 
technologies, in short, to update the methods and forms 
of research in relation to contemporary culture. 
Certainly the Internet offers the possibility of wide 
dissemination of technical information which can also 
often connotes more than the commercial aspects for the 
quality. Thus, paradoxically, the quality of technical 
knowledge is likely to regress in the face of large amounts 
of data for free movement and too easily available to 
them. 
Facendo riferimento a tale aspetto già negli anni ottanta 
l’UNI, il nostro ente di normalizzazione, ha emesso norme 
che tentavano di mettere ordine  nel campo 
dell’informazione tecnica che già in quegli anni delineava 
uno scenario sufficientemente consolidato. 
About  this issue already in the eighties, UNI, our roule, 
has organized tecnic informations that, in those years, 
outlined a consolidate landscape. The rules, of course, 
arose from broader considerations, and were related to a 
European background, in a context in which that is 
already beginning to spread of virtualization on the same 
order that the rules and wanted to make shared in the 
traditional paper manifest. 
The most exciting part of a cultural debate which is 
providing often discontinuous into a linguistic research, 
into an exploration that appeals to instruments, purpose 
and object of representation, is made effective 
representation, both technically and evocative, a space 
made of connections and relationships between parts and 
whole, objects, paths, but also intangible quality that 
govern the existing, beyond the obvious. 
Among the various experiments in progress, many are 
designed to study, deepen and develop the techniques for 
building three-dimensional objects and places, paying 
particular attention to the metrological aspects of the 
problem, even through the comparison of means 
“traditional” and those more recent application. 
The definition of the architecture relies on its various 
spellings of the methodological reasons ideational 
practice, exploratory and compositional who lives under a 
new season of the interactions between architecture and 
the possibilities offered by the tool and that, thanks to 
technology rapid evolution, it points to the prevalence of 
increasingly dynamic models in relation to the 
characteristics of visitability and immersion, compared to 
more conventional representations and widely 
established. 
Research activities are developed in the field of 
representation “in the” built space and “for” built-up space. 
So, again, general issues, as well as specific, related, 
inter alia, the reliability of the forms of knowledge. 
The territory, the city and the architecture are presented 
with different temporalities, which leads to the occurrence 
of possible alternative readings of the space that makes it 
difficult to refer to a single configuration to be taken as a 
model. 
In this framework the geometric information becomes 
much more significant and valuable because it accurately 

reproduces the topology of the object so that the resulting 
enhanced interpretive reading. 
The desire for a representation of environmental quality 
has to come from a variety of readings motivated that can 
not be translated only into a plurality of codes and signs 
undifferentiated suitable for decoding. 
Only a careful examination of the multiplicity of characters 
capable of distinguishing, in fact, a “rating” the quality by a 
series of arbitrary value judgments. 
In this scenario, the survey, intended as an open system 
of knowledge, is accompanied by an increase in skills, 
able to explore in depth the work of man. 
The detector provides begin and end where the 
components of the space, and then analyzed, 
deconstructed, and the relief thus becomes not only the 
study of cities and architecture, but also a “container” for 
the understanding and management of space, proposing 
the fundamental role of “medium” graphic language, for 
which there is also the need for linguistic enrichment, 
terms of grammar and syntax, thus also acknowledging 
the scope of a technology that opens up vast areas of 
research which, in turn, are reflected in training at various 
levels and in various forms. 
In a context of practices that integrate their reasons, relief, 
and its language, it now ranks as one of the tools of 
change management because, in representing the space 
with a transcript of the relevant elements of quality assets 
and structuring, stimulates a subsequent fate of the 
project, suggests frameworks congruent or discordant, 
and ensures the conservation. 
It seems to me that testing becomes an indispensable 
requirement that joins with the definition of areas of 
comparison, the sensitivity of different techniques and 
skills which can and should benefit from the strategies 
described, even by changing the sensory quality of 
interactivity with the phenomenon. 
A decisive role is assumed by the application of modeling 
three-dimensional virtual interactive nature, however, 
carried out in an ever more sophisticated, but the very 
proliferation of such tools is a need to identify patterns of 
interpretation and coding for the virtual reproduction of 
reality, together with the need dialogue between the 
various operating digital products used. 
In addition, the stock has a significant role and respond to 
new and logical exposition of communication tools. It 
integrates both the stage of knowledge, thematic studies, 
that the processing, interacting in a multimedia system 
which contains descriptive information of different nature 
and that, read synchronically, are involved in defining the 
overall character of the area analyzed. 
The integration of a three-dimensional digital model and 
information obtained from high resolution photographs 
can also add information to the three-dimensional model, 
a product of immediate interpretation. 
In the wake of these considerations are exemplified in 
three significant segments of a research conducted at 
different scales and in different contexts: urban, 
architectural and archaeological heritage, in which there 
are differences in methodology and consistent business 
practices, recognizing the specific needs and expressive 
approach. 
They then outline a scenario experiment, multiscalar 
interpretative models and paradigms that become 
descriptive of the spatial complexity, intended to be 
usable at various levels and / or by various users. 
With the first example (Fig.1) we analyze a partition 
urban, particularly in Naples, through which is renewed 
and explicit the need for dialogue on “the body” of the city, 
physically or intuitively innervated reports, and understood 
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as a body with its complexity, both in terms of perception 
and formal, and functional. 
The ratio of the city consolidated with the new parts and 
more or less visually perceptible or even guessed, is often 
the case with real cuts in the urban fabric leaving only a 
glimpse of “bias” and “spreads” (squares, service stations, 
etc.). 
 

La piazza: 

morfologie, tipologie, rappresentazioni

Fig.1. The urban space and descriptive forms. 
 
 
The term “urban fabric”, regardless of any anatomical 
metaphor or etymological and historical analysis of the 
term, appears justified by the bipartition that has 
characterized the development of settlements, which is 
symbolically and functionally evoked by one of the oldest 
and synthetic form: “map”. It, or the mapping carried out 
with a simple informational level, lends itself to a series of 
thematic elaboration, diachronic and synchronic. 
The trace is expressed primarily in the distinction on the 
surface of a variety of graphics and isolated areas closed 
(the building) on a continuous background which is 
supposed to open in the first instance and homogeneous, 
although there can be recognized more or less arbitrarily 
variety of distinct urban voids. 
The essential component of “topology” of a map not only 
allows you to formalize, in strictly structural terms, and 
therefore comparable, the relations of continuity and 
spatial contiguity between functional and morphological 
manifestations sometimes seemingly very different, but 
also to describe, with appropriate graphic conventions, 
the traces of urban transformation and its “place” in 
historical time and its cyclical rhythms. 
The most intensely lived by the inhabitants of a village 
were significant in the past the poles around which is 
layered urban form, gaining recognition of those 
characters that remain over time, despite the mutability of 
the forms of individual architectures. 
These areas are the memory of past configurations, 
changes in settlement, even if compared to the system 
overall urban location may not have a “central” but 
“marginal” not only physically, but also marginalized and 
impoverished of dense functions that they have been 
superimposed. 
Descriptive forms summarized thus become a sort of 
“index” for files, an explanation of the significant phases 
of business and the reference to the methodological 
framework, the model approach. It should be emphasized 
so that the outcome of the survey is a document that 
shows the process of the work: it is more than a sum of 
data, and is more than a succession of signs. This 
propensity is holistic, in short, the connotation of a more 

significant cognitive work that engages with information 
technology and communication and storage systems that 
allow for the establishment of an array of data to go to 
compare complexity and manageability. 
The next two examples (Fig.2,3) are related to many 
articles which, although located in different spatial 
contexts, but geographically adjacent, are born with a 
significant role in urban infrastructure. 
      

 

Fig.2. Architecture of margin: the Mergellina station. 
 
 
The first is the building that houses the station Mergellina, 
located on the edge of the settlement of Naples oldest 
plant, and at the foot of the hill that separates it from the 
West, of more recent construction. The second artifact is 
located right in the area analyzed, and precision within the 
town of Bacoli. This is a huge tank built in the augustan 
age, the piscina Mirabile, a true “cathedral of water” that is 
part of a wider system of management of water resources 
made by the Romans and which, beyond the poor also if 
evocative bibliographical, there is now an accomplished 
important knowledge. 
In both cases the work has required a deeper conceptual, 
typological, and a correlation documentary, archival and 
thematic definition of different scales, using the latest 
technology in relation to, for example, the acquisition and 
imaging cameras, and their comparability with historical 
ones, even to reconstruct a well-established dichotomy 
between above and underground, especially in those 
areas, which is currently heavily urbanized, which in the 
past ages have played a strategic role at the regional 
level, with a substantial presence of infrastructure works 
also testify that the ancient building practices. 
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Fig.3. The Piscina Mirabile: cathedral of water. 
 
 
In the first instance the survey results in the development 
of environmental models in which to highlight the 
constructed, the environment and express the system of 
relations between the parties.  
The major project is then identified as a system of 
disclosure mechanisms and functional building that uses 
a series of acts of interpretation, based on geometric, also 
aimed to explain the binomial-built architecture. 
The fundamental techniques used to survey the 
topography has been instrumental with the total station 
and laser scanner. In particular, the importance of high-
resolution systems lend themselves to the necessary 
subsequent thematic analysis. 
In the case of Mergellina laser scanner was used in 
particular for the analysis of the vaults. 
In the case of the Roman cistern, buried for more than 
half of its share, about 12 meters, the total station has 
been instrumental in creating a preliminary topographical 
external network that relies on geo-referenced points and 
binds to another set of measured points, whereby it was 
possible to create the necessary link between external 
and internal. 
The activity of laser scanning integrates well with the total 
station to report the various stations to a common 
coordinate system. There is then georeferenced and the 
individual clouds of points produced by scans. 
The metadata that characterize each cloud can add more 
leading to a geometric description not only of the scanned 
object, but also material. It is therefore possible to 
characterize the models created from point cloud data 
with information about materials, textures, and the 
conservation status of all the other obvious issues of 
matching geometry-image. 
It should not be underestimated also the fact that, 
specifically, the survey instrument was integrated with the 
direct relief that favors a more careful and thorough 

reading of the article, giving way to capture many details 
which might escape with automated operations too, is in 
fact good idea to always check with the direct relief the 
actual dimensions of the various architectural elements 
with a relief because equipment can sometimes happen 
that the target point is on a worn or out of plumb of the 
structure and therefore does not coincide with the original 
profile. 
The methods described have taken account of various 
aspects of documentation in progress, the reliability and 
comparability of information, and the integration of 
descriptive forms of various types, formats and language 
codes. 
 

2 Conclusion 
The research illustrated evidence of the intent to develop 
a repertoire of descriptive models for the functional 
definition / testing of an interface protocol between 
operators and users. 
This requirement stems from the awareness that even 
today many of the practices that work in the field of the 
virtual lack of valid scientific assumptions and perhaps 
other lacking a serious motivation to address the practical 
problems of validation, although in systematic terms. 
The wider sharing requires the identification of a 
management system whose structure involves the 
definition of the methodology, the validation of processes 
and tools and the ability to integrate and update. 
Paradoxically, the mole or the redundancy of information 
can result in an overload that ends up hindering a 
subsequent phase or project management. 
The correctness, effectiveness and immediacy of the 
communication process requires a necessary preliminary 
summary in the message must pass through a complex 
system of data motivated a number of schemes that 
stems from a compromise between the emphasis of 
certain elements and exclusion than others. 
The scope of representation must therefore also enrich its 
specific operational experimentation and encouraging 
applications that go in the direction of advancement of 
knowledge relating to the built heritage, architecture and 
urban, with the methods of describing and sharing the 
same, leading to the definition of consistent operating 
procedures related to the processing of both contexts of 
instruments, and then critically evaluating the potential 
and the results of the latest technologies in order to 
intervene on the characteristic sizes and correlated 
patterns of communication through progress in a data 
base for information management. 
We hope therefore that the development of new 
computing platforms among its outcomes have to get 
used more and more necessary to discussion and 
collaboration, and to reaffirm the special skills and 
prepare for the qualification of professionalism, to achieve 
integration of the methods and skills.  
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Abstract 

Purpose: 
The ancient Piazza del Sopramuro in Perugia, located in between Corso Vannucci and Via 
della Rupe, is an area that naturally developed its trade attitude, constituting a geographic 
cornerstone between the city and countryside. At the same time, it clearly possesses its own 
identifiability, being historic location of important public institutions. The basic objective of the 
research is to create a pedestrian path that links the Minimetrò terminal, designed by Jean 
Nouvel, and Piazza del Sopramuro. In particular, the project consists of hollowing the artificial 
terrace in order to let people walking along the huge travertine blocks of the Etruscan walls 
that bear the square, as it used to be. The pedestrian path reaches the acropolis heart 
underneath an innovative roof energy gallery, made of steel and glass. 

Method: 
The research concept is characterized by an innovative and experimental approach, that also 
involved the use of technological advances. These allowed to unveil the exact location of the 
Etruscan walls as well as designed a sustainable architectural project. The first phase of the 
research, based on a specific historical investigation, focused on an exhaustive 
archaeological and architectural survey of the square and its surroundings. Advanced 
techniques ranges from video-endoscopies to georadar, together with laser scanner and 
standard surveying techniques. 

Result: 
The collected data as well as general purposes and particular needs, suggested two synergic 
actions: the first one, concerning the town planning, resulted in an underground 
archaeological gallery designed by a research group in the Department of Civil and 
Environmental Engineering of the University of Perugia. The second action, concerning 
instead the architectural design, produced a glazed energy roof, designed by Coop 
Himmelb(l)au from Wien, leaded by Wolf D. Prix, and Heliopolis 21 from Pisa. 

Discussion & Conclusion: 
The innovative spatial configuration of the energy roof is the research result on the best 
performance. Geometric analysis and modeling were applied through scripting design in 
order to optimize the helical form, for both structural and power generation purposes. A 
challenging task was in fact to design an energetic self-sufficient complex. Moreover, this 
advanced and original design process has been fundamental to conceive a virtual “sky”, in a 

deeply historic centre such as the Perugia’s. In fact, the Wolf D. Prix’s research, carried out 
since the 1960s, resulted in culturally sustainable project, in spite of its absolutely 
contemporary character. Or maybe, it was because of that. 
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1 Introduction 

 
Fig. 1 Perugia, zenithal view of the acropolis. 

The ancient piazza del Sopramuro in Perugia, located 
in between corso Vannucci and via dell Rupe, is an area 
that naturally developed its trade attitude, constituting a 
geographic cornerstone between the city and countryside. 

 
Fig. 2 View of piazza del Sopramuro in Perugia, 1640-1660. 

At the same time, it clearly possesses its own 
identifiability, being historic location of important public 
institutions. The square, however, hides its own DNA in 
the subsoil, being located on an artificial embankment 
which is bordered, upstream, by a bend of the Etruscan 
walls and contained, downstream, by a pre-wall rope built 
during the Middle Ages. The recent realization of the 
Minimetrò line, designed by Jean Nouvel, as well as the 
insertion of Pincetto terminal into the vital town ways, has 
dramatically changed the environmental equilibrium, 
hardly reached by the square during the centuries. As an 
example, it has been subverted the role of the ancient 
Studium Generale, passed from elegant floor on piazza 
Matteotti to embarrassing barrier on via della Rupe. 

 
Fig. 3 Perugia, Minimetrò. 

Embarrassing because the last flights of escalators 
break against the murus civitatis, a wall that, since almost 
eight centuries, denies the access to amazing 
archeological finds, allowing only to glimpse (almost 

provocatively) a very small part of the Etruscan wall. It 
then emerges the basic idea of the research project: to 
hollow the artificial terrace in order to let pedestrian flows 
coming from the Minimetrò terminal to walk along the 
huge travertine blocks of the Etruscan walls that bear 
piazza del Sopramuro, as it used to be. 

 
Fig. 4 Perugia, arrival of escalators in via della Rupe. 

The pedestrian path reaches the acropolis heart 
underneath an innovative energy roof, made of steel and 
glass. Although the idea is not original1 [1, 2, 3], it is surely 
audacious, since many doubts exist in between the 
imagination and the realization: from the apparent 
immutability of a figuratively unsettle context - even 
though it is consolidated in the collective thought - to the 
many uncertainties regarding the real location of the 
Etruscan wall. For these reasons, the design activity has 
been preceded and guided by a rigorously-scientific 
discovering activity, based on a specific historical 
research2 and articulated through a complex surveying 
campaign, under a both archeological and 
architectural/environmental perspective. The originality of 
the design method is indeed in the innovative character of 
the approach [4], which takes one’s creative cue from the 
survey drawings - obtained through innovative techniques 
- as well as makes use of cutting edge software able to 
verify the obtained performance, in relation to both 
structural analysis and environmental sustainability’s 
level. 

 
Fig. 5 Perugia, piazza Matteotti. 

2 Archaeological survey 
In the first phase of the historical research, it was 

possible to analyze the various construction steps [5] that 

                                                
1 Compare with: Perugia, Trabalza Archive, “Tiber”, 19; 
Municipality of Perugia, Opere Pubbliche Archive, Fabbricati, 26; 
Municipality of Perugia, Opere Pubbliche Archive, 125. 
2 Archival research by Sonia Merli (“Scriptorium snc”, Perugia) 
and Tiziana Caponi. 
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had characterized the area, as well as confirm a series of 
reservations concerning the exact path of the Etruscan 
wall [6]. 

 

 

 
Fig. 6 Sopramuro evolution, 1981. 

In order to go over the originated impasse, a specific 
archeological survey has been necessary, starting from 
collecting the works realized since the 1987 by various 
persons, for different objectives and partly unpublished. In 
the first phase, the visible points of the Etruscan wall in 
the area - at the exit of the last Minimetrò escalator and 
inside a place along via Alessi3 - have been connected by 
integrating the various parts discovered through the 
previous research.  

                                                
3 The archeological surveys were in via Fani in 1914 in Poste 
building (Archivio Storico della Soprintendenza per i Beni 
Archeologici dell’Umbria, Musei Civici, Perugia Archivio V 

Monumenti, Guardabassi, Carattoli, Moretti, Comune di Perugia, 
II, Area già Vitalesta, pavimento romano [7, 8, 9]), in piazza 
Matteotti in 1899 during waterworks realization (Archivio Storico 
della Soprintendenza per i Beni Architettonici, il Paesaggio, il 
Patrimonio Storico, Artistico e Demoantropologico dell’Umbria, 
Perugia, 52, 90, Perugia, antica cinta muraria etrusca, fascicolo 
n. 1, Scoperta di mura etrusche durante i lavori per l’acquedotto 
[10]) and in 1933 in the same area during sewage system works 
(Archivio Storico della Soprintendenza per i Beni Archeologici 
dell’Umbria, materiale dei Musei Civici, Perugia, Rinvenimenti 
archeologici - Perugia e territorio limitrofo - cartella: Varie, 
fascicolo n. 7 [10, 11]). 

 
Fig. 7 Perugia, piazza Matteotti, the path of the Etruscan wall 
near via Oberdan (based on surveys by Roberto de Rubertis 

and Vincenzo Angeletti, 1992-1993). 

To be specific, these are a part of wall next to Chiesa 
del Gesù4, an isolated ruin between piazza Matteotti and 
via Mazzini5, a specific finding between piazza Matteotti 
and via Fani6, a part of Etruscan wall constituted by a 
vaulted roof and a series of tunnels between piazza 
Matteotti and via Oberdan7, as well as another isolated 
ruin close to the access to via Mazzini8. This configuration 
has been then integrated by not-invasive direct surveys, 
using innovative techniques such as GPR (ground-
penetrating radar) and video endoscopy. The GPR 
survey9 so allowed to both verify the hypothesis advanced 
with the documenting analysis and look for new 
information.  

                                                
4 Found in 1985 by Soprintendenza Archeologica. The 
archeological survey was by Roberto de Rubertis and Vincenzo 
Angeletti. Archivio Corrente della Soprintendenza per i Beni 
Archeologici dell’Umbria Perugia, 291 [10]. 
5 Found in 1989. Archivio Corrente della Soprintendenza per i 
Beni Archeologici dell’Umbria Perugia, 289, M.L. Manca, 
6/7/1989 [10]. 
6 In 1990 the Etruscan wall was found three meters deep, by 
Municipality of Perugia with Omega Sondaggi. 
7 Found in 1983 during road-surface works in via Oberdan [12]. 
8 Found in 1998 by Minimetrò spa with Co.Ge.tech eights meters 
deep. 
9 Georadar survey was made in 2009 by “Relevo srl” and 
“Tecnologie diagnostiche non distruttive di Pilone Massimiliano”, 
with a multifrequency IDS GPR, 200-600-cross 600 Mhz aerials 
and IDS GRED 3D software. 
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Fig. 8 Perugia, Etruscan wall, 1993. 

The survey got emerged traces of different nature and 
signs of hypothetical structures, among which two parts of 
wall are important: the stretch that, from via Oberdan 
through a rotation, became perpendicular to via Mazzini 
and the straight stretch, known but not documented, that 
is parallel to Palazzo delle Poste. The new findings gave 
clear evidence that the buildings on the square, realized 
in different times, are however set next to the wall, with 
the main elevation placed parallel to it. The endoscopic 
survey10 of the sewage system has further confirmed the 
presence of the wall by reading the Etruscan weave. 

 
 

Fig. 9 Perugia, piazza Matteotti, reconstruction of the 
Etruscan wall. 

For design purposes, it has been fundamental to 
establish that, thanks to the GPR analysis, at the 
entrance of via Mazzini the head of the wall is located 

                                                
10 By “S.g.a. di Scatteia Vergilio”, with CA-ZOOM PTZ140 RVI 
(Remote Visual Inspection) by GE – Everest, 25x optical zoom. 

three meters deep in relation to road surface. A detritus 
located along the downriver extension of the current via 
Mazzini could justify the presence of a ditch or canal 
along the same street. 

3 Architectural survey 

 
Fig. 10 Perugia, via della Rupe. 

Along with the archeological survey, it has been carried 
out the architectural and environmental survey of the area 
located in between corso Vannucci and via della Rupe. 
After the collecting of the vast and heterogonous material 
produced over the years by several persons, so as to 
facilitate the knowledge and comprehension of the entire 
area, a process of dimensional verify and graphic 
standardization has been conducted. The following phase 
consisted in the unification of each survey.  

 
Fig. 11 Architectural survey of piazza Matteotti, digital clone 

by laser scanner. 

In this sense, in order to integrate the obtained 
material, a series of specific surveying campaigns have 
been carried out. In particular, the usage of the laser 
scanner11 allowed for both verifying the existing surveys 
and inserting, in the drawings, the findings documented by 
the archeological GPR survey at the bottom of the road 
level. It has then be possible to realize a corpus of 
effective drawings, made homogeneous from both a 
representative and detailing point of view, so as to relate 
the almost-unknown underground parts with the different 
levels, till constituting a fundamental contribution to the 
creative phase.  

                                                
11 The laser scanner surveys was made by “Relevo srl”, by 3D 
Cyrax 2500 laser scanner, 103.5 meters range, scanner window 
195° x 360°, 1000 points per second. Data point density of one 
sample per 1 cm. 
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Fig. 12 Architectural survey of piazza Matteotti, 

photographic view, digital clone and drawing of Studium 
Generale building. 

Besides being original verifying base, it became an 
heuristic pretext of the design hypothesis, with an 
experimental as innovative approach. The group of 
obtained data, linked with the general objectives and the 
occasional constraints, suggested two synergic actions: 
the first one of town character, materialized by an 
underground archeological gallery; the second one of 
composition character, materialized through an energy 
roof. 

 
Fig. 13 Architectural survey of piazza Matteotti, section. 

 
Fig. 14 The underground archeological gallery of 

Sopramuro, 3D model view. 

4 The underground archeological 
gallery of Sopramuro 

The underground archeological gallery, designed by a 
research group of the Department of Civil and 

Environmental Engineering of University of Perugia12, 
originated from the idea to move the last part of the 
escalator system, coming from the underground station of 
Pincetto, toward a new location, near the adjoining big 
arch. 

 
Fig. 15 The underground archeological gallery of Sopramuro, 

axonometric view. 

The novel arrival position faces a part of the existing wall, 
in which it is reasonable to assume the breaking of the 
barrier toward undergoing spaces. Through an opening in 
the medieval wall, obtained by the re-opening of a 
currently-plugged door, it is possible to get into the 
underground archeological gallery of Sopramuro, which is 
characterized by cable-suspended footbridges, connected 
with the escalator arrival and piazza Matteotti, that act as 
both archeological walk and urban connection.  

 
Fig. 16 The underground archeological gallery of Sopramuro, 

+464,0 m plan. 

From these underground spaces, taking the forma urbis 
texture as creative stimulus, a series of accesses 

                                                
12 Annibale Luigi Materazzi (Director of the Department of Civil 
and Environmental Engineering), Paolo Belardi (Responsible for 
the research project), Fabio Bianconi, Massimo Calzoni (Nova 
Oberdan spa, Perugia, consultant), Roberto de Rubertis (“La 
Sapienza” Università di Roma, consultant), Piergiorgio Monaldi 
(Municipality of Perugia, consultant), Marco Breccolotti, Marco 
Armeni, Alessia Bonci. Simone Bori, Marco Filippucci, Luca 
Martini, Valeria Menchetelli, Cecilia Scaletti. 



1020

P. Belardi and L. Martini Walking through history 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

emerges, in particular on via della Rupe, via Mazzini and 
piazza Matteotti, toward both the square and via 
Oberdan. The absence of mechanical movers highlights 
the idea of a place that is conceived as natural extension 
of the consolidated urban setting. Under this perspective, 
the underground archeological gallery and the exterior 
energy roof create a system which is based on the same 
original design method, relating cutting-edge 
technologies, innovative relationships with the context as 
well as functional and energetic aspects. 

 
Fig. 17 The underground archeological gallery of 

Sopramuro, section. 

5 The glass energy roof on via Mazzini 

 
Fig. 18 Coop Himmelb(l)au, Energy Roof Perugia, 

photorealistic view. 

The proposed spatial configuration of the glass energy 
roof on via Mazzini, designed by a team guided by Wolf 
D. Prix - a great master of contemporary architecture, 
leader of Coop Himmelb(l)au13 firm from Wien - is the 
result of a process of geometric and morphologic 

                                                
13 “Coop Himmelb(l)au Wolf D. Prix / W. Dreibholz & Partner ZT”, 
Vienna (Wolf D. Prix, Andrea Graser, Robin Heater, Daniel Reist, 
Anja Sorgen, Giulio Polita, Luis Ferreira, Jenny Chow, You Hua, 
Markus Pillhofer, Nam La Chi, Paul Hoszowski), with “Heliopolis 
21 Architetti Associati”, Pisa (Ilaria Fruzzetti, Filippo Mariani, 
Alessandro Melis, Gian Luigi Melis, Nico Panizzi). Structural 
consultant “Bollinger & Grohmann engineers” (Prof. Dr. Ing. 
Klaus Bollinger). Environmental and energetic consultant 
“Baumgartner gmbh” (Siegfried Baumgartner). 

optimization. Through the use of scripting algorithms for 
obtaining the highest performance, the helix’s shape has 
been structurally and energetically optimized, so as to 
create an energetically self-sufficient project. 

 
Fig. 19 Coop Himmelb(l)au, Energy Roof Perugia, form 

development. 

The energy roof is not only thought as a covered space 
on via Mazzini, but rather an energy-generator element 
that makes the entire project self-sufficient: a real “new-
millennium architecture”14.  

 
Fig. 20 Coop Himmelb(l)au, Energy Roof Perugia, optimised 

orientation of photovoltaic cells. 

The “wellness” of the visitors, regarding the external 
spaces located below the roof, and of the residents, 
regarding the internal spaces that overlook the gallery, 
occurred thanks to the control of both solar radiation, 
through shading elements, and fresh air. The result is a 
stabilization of temperature and humidity as well as a 
better light diffusion, aspects that also mean important 
energetic savings for the places that overlook the covered 
street. In order to do that, structural and earthquake-proof 
elements, passive (orientation, materials, shading) and 
active (photovoltaic cells and windpower turbines) devices 
have been integrated. The energy roof is in fact 

                                                
14 According to US economist Jeremy Rifkin in “The document for 
architecture of the next millenium”. The document, by Rifkin 

(leader of Foundation of Economic Trends and expert of human 
development impact on economy and environment) and written 
by some european designers (Stefano Boeri from Italy, Enric Ruiz 
Geli and José Luis Vallejo from Spain and Jan Jongert from 
Holland) studying environmental sustainability and ecology, is 
presented at Venice Biennale 2008. 
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composed by three overlapping layers: the central one 
serves for bearing functions, the upper layer generates 
energy and the lower one constitutes a glass closing. The 
disposition of the west wing is optimized depending on 
solar radiation, while the east wing captures summer wind 
to refresh the beneath space.  

 
Fig. 21 Coop Himmelb(l)au, Energy Roof Perugia, 

axonometric of elements. 

The upper level includes photovoltaic cells that 
generate electric energy and shade the solar light. The 
project proposes the usage of transparent cells inserted in 
no-frame glass elements, so as to obtain the perfect 
integration of shading with energy production in a single 
element. The disposition of each cell is defined and 
optimized by computer simulations and complex 
algorithms.  

 
Fig. 22 Coop Himmelb(l)au, Energy Roof Perugia, structural 

analysis. 

The geometry of the curved elements of photovoltaic 
cells follows the roof border and fans out toward nord-
east, where these are extended by electrically-activated 
glass panels. This appliance is then a photovoltaic 
generator of 73 kWp performance peak, which provides, 
with the 100 MWh total amount, a significant contribution 
for the production of energy. Given both the “helix blade” 
geometry - that channels pushing forces up and down - 
and its position - a bit lifted from the surrounding buildings 
- it is possible to use the structure to activate the 

windpower turbines, located inside the reticular structure 
of the helix.  

 
Fig. 23 Coop Himmelb(l)au, Energy Roof Perugia, evolution 

of the roof. 

On the roof, the team planned to insert at least five 
turbines, placed side by side, each with a front dimension 
of 1.5 x 2.0 sqm and a length of 2.5 m, as well as a 
performance of further 25-35 kW. The structural concept, 
aimed to minimize the visual impact of the bearing steel 
structure, is as much complex. The chosen solution is a 
tripod, inspired by Leonardo da Vinci’s inventions and 
used as unique foothold in order the let visible the existing 
elevations. In addition, pneumatic elements, as virtual 
clouds, are used to guarantee further lightness to the 
structure, as well as collect the water for its reuse, in 
collaboration with the municipality. The roof is 84 m long 
and 16 m wide in its ending parts, and get thinner at the 
center, in correspondence with the supporting points, a 
mechanism similar to a reticular structure. So as to avoid 
both torsion and overturning around the tripod, the 
structure is completed, on both sides, with two tie rods. 
These are anchored to the street, so as to not transfer any 
loads to the surrounding historic buildings. 

6 Conclusion 
If it is clear the contribution of advanced technologies in 

the design process, it is even more interesting the 
objective to obtain an environmental and cultural 
sustainability15, intended as the realization of not just a 
simple connection, but rather a real continuous and public 
path, sharing the principles that generated it and 
accepting its figurative relationship with the context. A 
path that ideally retraces the urban history from the 
Etruscan origins till the splendor of Middle Age, passing 
from the Renaissance’s reconfiguration till the 
contemporary setting. This last one is strongly related to 
the necessity of both reconfiguring an unsolved urban 
layout and producing energy, as in the past the Etruscan 
walls were related to defensive reasons, the Middle Age 
settings to the Comune strength, and the rigorous 
Renaissance drawing to get clear the political and cultural 
power of the prince through an erudite architect. 
Furthermore, this advanced and original design process 
has been fundamental for obtaining a “virtual” sky - an 
important theme of Wolf D. Prix’s long research - in the 

                                                
15 According to Brundtland Report (Our common future), by 
“World Commission on Environment and Development” (WCED) 
in 1987, leading by Gro Harlem Brundtland, from Norway. 
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strong historic contest of Perugia, despite the using of a 
clear contemporary language. If the argument of 
designing contemporary architecture in historic centers 
inflamed the discussion between the mimetic 
architecture’s supporters and the promoters of famous 
architects’ self-celebrating language, today the discussion 
needs to be moved from a social and philosophical plane 
to an environmental and strategic one. The Viennese 
office’s focusing on performance allowed to raise a 
debate around some criteria, sharable or not, on the new 
centrality of the design process. This is surely an 
innovative condition, particularly at the current situation as 
well as at our latitudes. 

 
Fig. 24 Coop Himmelb(l)au, Energy Roof Perugia, sketch. 
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Abstract 

Purpose: 
The research aims to improve the wayfinding strategies and the spatial cognition in existing 
hospitals. Wayfinding has always been a complicated task to deal with, particularly in public 
places. Common opinion is that finding the way simply concerns the series of artifacts useful 
for reaching a certain destination. However, to be aware of the right path to follow is a more 
complex process. This study explores innovative wayfinding strategies in large hospitals, 
adopting a human-centered approach. 

Method: 
The project is the result of an articulated process that originates from the analysis of the 
current wayfinding systems as well as the psychological aspects concerning emotional stress 
and orientation problems in hospitals. A specific case study, field visits and interviews are 
exploit to both have a broader comprehensions of the argument and advance design 
solutions. 

Result: 

The presented research takes San Giovanni Battista Hospital of Foligno (Italy) as a case 
study for applying innovative solutions to improve the spatial cognition and current wayfinding 
systems in existing hospitals. The study experiments  new systems for creating multi-level 
interactive networks, involving the relations between hospital users and innovative 
technologies. The result is an original design, an overlapping of experimental techniques and 
human relationships.  

Discussion & Conclusion: 
The research develops an innovative approach for increasing the identifiability of hospitals as 
architectural emergences, as well as the wayfinding strategies within them. Interaction design 
and human relationships are integrated, so as to go over the common wayfinding principles 
and create a hybrid concept: waysharing.   

1 Introduction 
“A building is more than it seems. It is an artifact -an 

object of material culture produced by a society to fulfill 
particular functions determined by, and thus embodying 
or reflecting, the social relations and level of development 
of the productive forces of that society. They are also 
physical expressions of a way of life. Buildings reflect not 
only culture, however, for they are engaged in 
reproduction of social relations, both as monuments or 
more prosaic signs and symbols in communication of 
social meaning, and through their relations of separation 
and containment. A building is invested with ideology, and 
the space within, around and between buildings is both 
produced and producing“ [1]. 

Wayfinding has always been a complicated task to 
deal with, particularly in public places. Common opinion is 
that finding the right way simply concerns the series of 
artifacts useful for reaching a certain destination. 
However, to be aware of the right path to follow is a more 
complex process, involving the spatial organization of a 
setting, the circulation system as well as the architectural 
and graphic communication. 

To whether design or improve wayfinding systems, it is 
important to adopt a human-centered approach; people’s 
emotions and movements are in effect influenced by their 

surrounding layout, leading to the formation of cognitive 
patterns and maps. The wayfinding tasks becomes even 
more complex when dealing with healthcare facilities. In 
fact, there is an emotional involvement in hospitals that 
implies a less level of attention and operative controls. 
Besides that, usually hospitals don’t have a common 
scheme that permits to make  hypothesis on the location 
of a certain place to reach. So, current wayfinding 
systems mostly rely on the use of signs: directional and 
informative indications that try to guide the user toward a 
specific room, medical office or service area. However, 
these systems are usually not sufficient and often people 
need to ask information to hospital staff, wasting their time 
and even creating tension situations. 

2 Wayfinding and spatial cognition 
The term of “wayfinding”, first introduced in the 60’s by 

Kevin Lynch [2], embraces the series of artifacts that 
people use for finding a certain destination [3]. It is then a 
complex process that involves the spatial organization of 
a place, the circulation system as well as the architectural 
and graphical communication, with the aim of helping, 
sustaining or directing people’s orientation. 

The wayfinding process is also related to the concept 
of spatial cognition -i.e. the human ability to mentally 
represent the spatial characteristics of a certain place as 
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well as his capacity to locate himself inside this 
representation [4]. Being aware of the space means to 
know the way in which the surrounding environment is 
shaped and organized, psychologically representing its 
image. 

In this sense, wayfinding does not only concern the 
human spatial representation, but it also involves the 
whole mental processes related to the act of moving. In 
terms of spatial cognition, the wayfinding process can be 
thought as structured in three related phases [5]: 
1) strategic phase, in which a series of decisions and 

actions are planned, 
2) executing phase, in which the intentions are 

transformed in behaviors along the way, 
3) perception phase, concerning the cognition and 

elaboration of the information necessary to the 
previous processes. 

The wayfinding strategies vary according to scale 
factors. For example, when navigating through a city, the 
buildings’ spatial organization is more important than the 
design of users’ flows [6]. The urban wayfinding systems, 
in fact, exploit the landscape morphology, the urban 
layout and the signal tools as spatial indicators to get 
oriented and find a certain destination. On the contrary, 
inside public places the awareness of the possible ways 
that people can follow is a crucial aspect that influences 
the choose of the right systems to signal these paths. 

2.1 Wayfinding systems in hospitals 

The design of wayfinding strategies inside public 
places is a complex task that involves architectural, 
spatial organization and psychological aspects, as well as 
the study of users’ flows. An accurate study of the 
problem should consider the following general principles: 
- creating an identity for each place, so as to define a 

perceptual uniqueness, 
- using reference points, that serve as orienting and 

easy-to-remember clues. The objective is in fact to 
create a communicative space, 

- designing well-structured ways -continuous and with 
clear beginning, intermediate points and conclusion, 

- creating areas with different visual characteristics, so 
as be easily distinguishable, 

- defining a hierarchy of paths, in order to let 
recognizable the main ways from the minor ones, 

- using a proper signing system, as integration and 
support of the previous points. A well-designed 
system of vertical and horizontal signs, in fact, both 
helps users’ orientation and gives specific information 
concerning the destination to reach. 

The wayfinding task becomes particularly difficult when 
dealing with hospitals -usually large and complex public 
places. To understand the sophistication of the problem, 
the comparison with other important public places, the 
airports in particular, is worth to mention. In fact, if a 
person has experienced an average airport, wayfinding 
should not be a difficult task. A person getting into an 
airport unconsciously possesses a so-called “mental map” 
-i.e. a spatial scheme, developed by experience, that 
allows for orienting and moving toward the main places. 
Airports are actually characterized by a common 
organizing scheme of well-defined spaces and 
consecutive steps, such as check-in areas, security 
controls and boarding gates.  

On the contrary, it doesn’t exist a general layout for 
hospitals, making the orientation and spatial cognition 
tasks in these public places a very complex problem. This 
lack of common layouts depends on the way the 

healthcare administrations structure their internal 
relations, but it is also linked to a certain historic 
stagnation of hospitals’ development. 

In addition to the “not-familiar environment” sensation 
that hospitals create, there are the strong situations of 
stress that people usually experience when entering into 
healthcare facilities. A hospital is, in fact, a place that 
makes the tension higher, and, as a consequence, the 
attention lower. The emotional involvement causes a less 
controlling level of the operational actions: people’s first 
thought is certainly other than finding the right way. 

There is a series of advantages in developing an 
integrated and effective wayfinding system in hospitals, 
for both users and people working within them. Among 
these benefits: 
- a reduction of the emotional stress of the user. In 

particular, the user’s ability to understand the 
surrounding space creates a sense of control and 
self-confidence -key factors for the reduction of 
stress, anxiety and fear [7], 

- a decrease of the administration expenses. The costs 
of poor wayfinding are the loss of personnel’s working 
hours for giving explanations and the lateness or 
missing of appointments [8], 

- the creation of positive emotions. A welcoming and 
clear environment indeed contributes to let users 
experience difficult situations in a better way [9], 

- the developing of a high-quality healthcare services. 
Effective wayfinding communicates the sensation that 
the structure is well organized, professional and 
competent [10]. 

In order to reach these goals, a structured wayfinding 
strategy should consider both the decisional process of 
the user and his perceptive abilities, making use of 
instruments and aids to get paths and destinations as 
clear as recognizable. 

Current wayfinding and information systems used by 
healthcare facilities can be subdivided into the following 
categories [11]: 
1) external building clues: signs leading to hospital 

buildings and parking areas, 
2) administrative and procedural information: mail out 

maps, web information, 
3) local information: information desks, “you-are-here” 

maps, directories, signage, electronic kiosks, 
4) global structure: building layout and design. 

However, hospitals usually rely on just some of these 
systems. Since it is common opinion that signs indicating 
the different directions are enough, sometimes users’ 
wayfinding is helped by only signage. Nevertheless, if the 
building is not too complex and the signage system is 
graphically and functionally well structured, signs might be 
sufficient to orient and direct people. In any case, signage 
systems should reinforce the recognition of paths, and not 
be the only guide. 

2.2 Waysharing 

The analysis of the wayfinding concept shows that the 
majority of the strategies used for improving the 
orientation and spatial cognition in hospitals are merely of 
technical type. The presented research, instead, aims to 
shift the attention toward the person and the human 
relationship he/she can creates. Such an approach has 
not only advantages for the orientation problems, but also 
for a more general creation of positive experiences for the 
hospital users. 

The proposed methodology then extends the traditional 
approaches of wayfinding by introducing a hybrid concept: 
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waysharing -here defined as the series of artifacts and 
relations that contribute to the orientation and the 
reaching of a destination, as well as the multitude of 
experiences that originate during the path toward and 
inside the healthcare complex. 

A concept of sharing that creates various levels of 
interaction: 
- user-hospital interaction, with an increasing of both 

the identifiability of the building and the image of the 
healthcare service, 

- user-user interaction, with the sharing of collective 
experiences and the establishment of social 
relationships, 

- user-technology interaction, with the creation of 
intuitive and stimulating relations between users and 
innovative technical devices, 

- user-technology interaction, with the improving of the 
relationships’ efficiency  between users and 
healthcare staff. 

In healthcare complexes, the integration of the 
traditional wayfinding systems with such a sharing 
strategy allows for both strengthening their efficiency and 
widening their functions. By introducing the waysharing 
plan, the problem of the orientation and the paths’ 
identifiability is faced through a multidisciplinary approach 
that embraces the psychological, cognitive and relational 
aspects of the user (as well as the healthcare staff), the 
structural aspects of the healthcare organizational 
systems and the innovative aspects of an user-friendly 
technology. 

3 Strategic case study: San Giovanni 
Battista Hospital of Foligno 

The choose of a strategic case study for the analysis of 
the urban identifiability and orientation inside the 
structure, as well as the consequential design proposals, 
is the result of a careful investigation of the healthcare 
facilities in the Umbria region. San Giovanni Battista 
Hospital of Foligno can be considered as representative 
of the average characteristics of the region’s hospitals, in 
both dimensional and functional terms. The complex, 
designed in 1989 and inaugurated in 2006, also 
symbolizes the spirit of post-earthquake reconstruction1. 

 

Fig. 1 Aerial view of the city of Foligno. 

Located in the north-west part of Foligno, the hospital 
stands in a suggestive context, visually talking with the 

                                                 
1 In 1997 the territory of Foligno was subjected to violent 
earthquakes that caused the damage, and in some case even 
the destruction, of several buildings, particularly in the historic 
center of the city. 

historic city on one hand, and with contemporary 
architectures on the other. The complex is in fact close to 
S. Paolo church, a modern realization designed by the 
well-known architect Massimiliano Fuksas, and not far 
from CIAC (Centro Italiano Arte Contemporanea), a 
museum for contemporary art. A very interesting location 
then, from a cultural point of view in particular. 

 

Fig. 2 San Giovanni Battista Hospital of Foligno. 

As better illustrated later on, the hospital also manifests 
some problems concerning architectural identifiability and 
internal wayfinding. This series of considerations led to 
the choose of S. Giovanni Battista Hospital of Foligno as 
strategic case study for the presented research. 

 

Fig. 3 Massimiliano Fuksas, San Paolo Church, Foligno. 

3.1 Architectural layout 

The hospital’s project is the result of the desire to 
deactivate the old hospital, located in the historic center, 
and create a new complex that embraces the territory of 
Foligno. The project was developed by C.S.P.E. office, 
after winning a 1989 restricted competition, and the 
hospital was inaugurated in 2006. 

Concerning the morphologic and compositional 
characters, the healthcare facility is composed by four 
different parts, principally placed horizontally. The 
designers’ objective was in fact to realize a project that 
integrates with the surrounding context, minimizing the 
environmental impact [12]. The general layout of the four-
story complex is set according to a longitudinal extension, 
with transversal linking axis. In particular, the building is 
articulated around a central plate, illuminated by internal 
courtyards and located in between two side buildings -
connected to the central element by transversal axis. The 
courtyards are saturated only at the ground floor, making 
use of the above lighting. 
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Fig. 4 Digital model of the hospital area. 

 

Fig. 5 Perspective view of the healthcare complex. 

 

Fig. 6 Main entrance of the hospital. 

3.2 Pathways system 

According to the design purposes, the main element of 
the paths network is a “public square”, vertically 
illuminated, that is located in the central part of the ground 
floor, with the presence of bar and shops. Thanks to this 
space, the user should be able to easily orient, moving 
through the various paths that radiate out from the 
square. However, the design objectives were not correctly 
applied, leading to several wayfinding problems. 

Concerning the internal circulation system, the paths 
are organized according to the centrality of the internal 
and external patient. There are indeed public pathways for 
visitors and external patients, and others for healthcare 
staff and internal patients. These paths are in particular:  
1) public pathway of users and external patients. This 

path network that starts at the main entrance and 
goes on through the “main street”, till reaching the 

diagnostic and therapeutic outpatients’ clinics. The 
access to the upper floors is assured by a series of 
lifts located along the transversal buildings, 

2) hospitalization pathway. This net serves for the 
process of patients’ hospitalization and goes from the 

reception area to the second and third floors, 
3) emergency pathway. The emergency staff can use 

separated and preferential ways for carrying their 
patients from the emergency rooms till the operating 
ones. 

Besides these patient-dedicated pathways, there is a 
series of ways that only healthcare staff can benefit from. 
The hospital workers have in fact a private access and, 
after passing along the changing room, can get into public 
areas. 

 

Fig. 7 Ground floor pathways. 

3.3 Current wayfinding strategies 

The wayfinding systems that are currently used by the 
hospital of Foligno can be considered as of average level. 
In particular, the main adopted strategies are: 
- vertical signs, 
- horizontal signs, 
- maps, 
- verbal directions, 
- coding systems (letters and colors). 

In addition, the design purpose was also to use some 
perceptive clues, such as the public square. However, 
these visual elements don’t work properly and users are 
unable to find significant reference points. Moreover, the 
signage systems are not sufficiently clear, particularly for 
locating the various lifts -key elements in the hospital 
circulating mechanism. 

For these reasons, the hospital of Foligno needs new 
strategies that integrate with the existing ones in order to 
improve the users’ wayfinding task. 
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Fig. 8 Entrance hall, directional maps and color coding. 

 

Fig. 9 “Public square” of the hospital. 

3.4 Interaction/information/interactivity: the 
design proposal 

The design proposal for San Giovanni Battista Hospital 
of Foligno is based on the study of both a complex 
interactive network and an integrated wayfinding system, 
placing the user at the center of a relationships and 
interactions’ matrix. The objective is on one hand to 
increase the identifiability of the hospital complex in the 
territory, on the other to augment the current wayfinding 
systems of the hospital, so as to improve both the 
orientation and location of pathways by the users. 

3.4.1 Urban eco-totems 

The majority of the methods which are designed to 
improve the identifiability of a public building in a certain 
territory can be subdivided into two types: the first one 
uses architectural appendages added to the building, so 
as to highlight its presence; the second one concerns the 
installation of bigger signs that exalt either its function or 
denomination. 

The presented research, instead, proposes the 
development of an interactive network that places the 
hospital at its physical center, but with its users that act as 
the real “beating heart”. The basic idea is, in fact, to exalt 
the healthcare building as architectural emergency, 
without modifying its morphological characters though. 
Conceived to be integrated with Foligno’s context, the 
hospital should not be deprived of its intentions, but rather 
should be made more important through a refined and not 
invasive method. In other words, the hospital is meant to 
become one of the more recognizable architecture of this 
place, without showing off its presence. 

In order to reach this objective, the design concept 
concerns the creation of a complex interactive network 
that directly links hospital and users. The network’s goals 
are to guide the users driving toward the hospital and to 
let their arrival known to specific recipients inside the 
complex. Crucial nodes of this web are the “urban eco-
totems” -i.e. technologic and sustainable totems located 
along the main streets leading to the hospital of Foligno. 

         

Fig. 10 Urban eco-totems: digital screen (right) and solar 

power system (left). 

The urban eco-totems are designed on the basis of 
existing structures, placed along many of the streets that 
radiate out from the historic center -currently used for 
advertising purposes. The idea is to place interactive 
electronic screens in between the steel curved tubular 
elements that constitute these elements. 
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Fig. 11 Photorealistic image of the totems. 

The totems are composed by innovative interactive 
panels, whose main functions are: 
1) giving road information to users. The eco-totems 

allow for simply and effectively guiding the users that 
are directed to the hospital. On the totems’ screens a 
person can read the possibility to send a phone 
message, requesting to get information about one of 
the architectural buildings and town services among 
which the user can choose. For example, by writing 
and sending “H”, the user can see road directions on 
the various totems that are located along his way 
toward the hospital. This function is possible thanks 
to the complex network that allows to put in 
communication each totem with both the user and 
themselves, 

 

Fig. 12 Urban totems directing the user toward the hospital. 

 

Fig. 13 Aerial view of the virtual network. 

2) communicating the users’ arrival to the hospital. The 
interactive network is able to link the users with the 
healthcare facility, making use of the urban totems. If 
the user is registered to the hospital services, the 
technologic net can recognizes his/her after sending 
the message, so as to transmit the arrival information 
to a series of recipients in the hospital. Among these, 
interactive info-points -in strategic locations of the 
hospital, medical rooms -confirming an appointment,  
emergency area -preparing the staff of a certain 
urgency, 

 

Fig. 14 Digital wires linking users, totems and hospital. 

3) reducing the emotional stress. Regarding the 
application of the humanization concept into the 
healthcare service, the idea is to face it up before the 
patient gets into the hospital. The users directing 
toward the hospital are in fact affected by strong 
stress situations, regardless of the reasons why they 
are going to the facility. In order to reduce this stress 
feelings, the totems’ screens can visualize selected 
images, which are able to transmit positive emotions 
to the users. 

 

 

Fig. 15 Interactive network guiding to the hospital. 

 

Fig. 16 Interactive network communicating with the hospital. 

The urban eco-totems can also be considered 
environmentally sustainable, since they are powered by 
an innovative technology that allows for producing solar 
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energy. The system, called Solar Ivy2, is composed by 
flexible photovoltaic "leaves" that flutter and shift in the 
wind while converting solar energy into electricity. The 
research project makes use of Solar Ivy for powering the 
urban totems, by placing a net of “leaves” on the back of 
each screen. In this way the totems become perfectly 
functional and in harmony with the context. 

3.4.2 Interactive info-totems 

The idea of studying interactive info-totem stems from 
the need to provide the hospital of Foligno with an 
effective wayfinding system that integrates with the 
existing strategies. In particular, the proposal aims to both 
exalt the facility’s key points and to make up for several 
surveyed lacks. The electronic kiosks are outside the 
mere exaltation of the technique in order to solve the 
orientation’s problems of the hospital; they rather aim to 
develop a complex system that considers the 
psychological and emotional aspects of the users, the 
importance of the healthcare staff, the spatial 
configuration of the structure as well as the use of 
information technology for healthcare services. 

The info-totems’ design concept is the result of the 
analysis on three important observations and reflections: 
1) the “information point”, 
2) the “whitecoats”,  
3) the “interaction design”.  

The “information points” are desks or elements that 
give directions to the users. What is particular interesting 
is the symbol that represents these points -the letter “i”, 
being an effective element of attraction for people. This 
semiotic consideration turned out to be a design cue: the 
totem’s form relates to the letter’s shape -curved and 
elegant lines that combine aesthetical and functional 
aspects. The object becomes in fact symbol, making it 
directly recognizable. 

The whitecoat acts as another key attractor for the 
request of directional information. Many of the hospital 
users stop the healthcare staff asking information 
because the doctor or nurse is seen as the most reliable 
and easy way to get oriented. The design idea is to offer 
to users these same advantages, but through the use of 
virtual and interactive tutors. These figures are actually 
real healthcare staff, filmed in different situations and 
visualized on the totems’ screens, with the possibility to 
interact with them. This technology is an application of 
“interaction design” -i.e. the art of instigating and guiding 
behaviors (or interaction dynamics) by means of proper 
static or dynamic stimuli [13]. 

The interactive info-totems are designed as digital 
kiosks, placed In strategic points of the hospital, which 
aim to improve the wayfinding system in the building as 
well as create positive experiences able to transform the 
physical space into a place having an emotional and 
cultural impact on people. 

                                                 
2 Solar Ivy is produced by SMIT-Sustainably Minded Interactive 
Technology (http://www.s-m-i-t.com/). 

 

Fig. 17 Interactive info-totems. 

The totems are composed by: 
- main structure: curved elements made of Corian3, 
- interactive screens: OLED touchscreen digital panels 

that show the digital tutors and a series of 
information, 

- sensitive human: system of components that react to 
people’s movement, allowing for capturing the users’ 
attention, 

- facial recognition system: technology that, through 
small cameras and recognition software, allows to 
identify registered people of the healthcare service, 

- sound shower: amplified directive diffuser that creates 
“an immersion into a sound falls”4. The sound shower 
is constituted by a cylindrical element with an 
electrostatic panel that generates a high-focused 
audio field, within with it is possible to diffuse the 
verbal information of the digital tutor.  

The info-totem’s key aspect is then the presence of 
digital tutors, life-size healthcare staff which people can 
interact with by “asking” a series of information through 
the touchscreen. In this way, the design hypothesis 
combines the advantages offered by new technologies 
with the ones related to human relationships, generating 
an hybrid information system that whishes to create 
stimulating and functional experiences for users.  

 

Fig. 18 Photorealistic image of the interactive info-totems 

placed in the “public square” of the hospital. 

The functions and usage situations of the interactive 
totems are mainly: 

                                                 
3 Corian is a material produced by DuPont (www.dupont.com). 
4http://www.quattroitalia.net/site/quattroitalia1/scheda.asp?id=765
&tip=64. 
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- drawing the attention: the sensitive system captures 
a user’s movement, welcoming him and offering its 
help, 

- visual recognition: by confronting a user’s face with 
the stored ones, the system can recognize a 
registered person, recalling each information related 
to him/her, 

- complex interaction: the user can interact with the 
digital tutor through a touchscreen, obtaining the 
desired information, 

- visualization of information: the interactive totem 
doesn’t only give information through the digital tutor, 
but also by effective and intuitive graphical 
visualizations, 

- processing of personalized pathway: the info-totem 
allows for visualizing the path to follow for going to 
the current position to a certain destination. Besides 
the typical map representation, the pathway is also 
shown as a sequence of steps that visualize images 
of key points along the personalized path, 

- communication with hospital wards and medical 
rooms: since the totems are part of the information 
network, the system can send a user’s data to 
medical rooms, for example informing of his/her 
arrival, 

- communication with urban eco-totems: the system 
allows for connecting the urban totems with the 
information ones, so creating a complex network with 
numerous advantages for both the user and hospital, 

- data transmission to MyWay: once a user finished 
his/her interactive process with the totem, the system 
sends, by Bluetooth, the customized data to MyWay, 
a portable GPS device5. The user takes it and 
visualizes the right path as well as other information 
on the GPS screen, which shows a sort of 
“augmented reality”. 

 

Fig. 19 Photorealistic image of the interactive info-totems 

placed along a pathway of the hospital. 

4 Conclusion 
The research developed an innovative approach for 

increasing the identifiability of existing hospitals as 
architectural emergences, as well as the wayfinding 
strategies within them. Interaction design and human 
relationships are integrated, so as to go over the common 

                                                 
5 MyWay is a portable GPS developed by SIGNCE Design 
GmbH (www.signce.eu). 

wayfinding principles and create a hybrid concept: 
“waysharing”. 

In this process, innovative technologies are not used as 
mere exaltation of the technique in order to solve 
identifiability and orientation’s problems; they rather are 
part of a complex system that considers the psychological 
and emotional aspects of the users, the importance of the 
healthcare staff, the spatial configuration of the structure 
as well as the use of information technology for healthcare 
services. 

References 
[1] J. Goss. The built environment and social theory: 
Towards an architectural geography. The Professional 
Geographer 4, 4 (1988) pp 392-403. 
[2] K. Lynch. The Image of the City. MIT Press 1960. 
[3] S. Zingale. Wayfinding e cognizione spaziale, 
Interview by L. Melzani (2006). 
[4] R. Passini. Wayfinding design: logic, application and 
some thoughts on universality. Design Studies 17, 3 
(1996) pp 319-331. 
[5] R. Passini. Wayfinding in Architecture. Van Nostrand 
Reinhold 1984. 
[6] S. Hunter. Architectural Wayfinding. Design 
Resources. Center for Inclusive Design and 
Environmental Access 2010. 
[7] P. Arthur, R. Passini. Wayfinding: people, signs and 
architecture. McGraw-Hill 1992. 
[8] C. Zimring. The Cost of Confusion: Non-monetary 
and monetary cost of the Emory University hospital 
wayfinding system. Georgia Institute of Technology 1990. 
[9] F. Philippe and S. Lecours. Beaulieu-Pelletier, 
Resilience and Positive Emotions: Examining theRole of 
Emotional Memories. Journal of Personality 77, 1 (2009) 
pp 139-176. 
[10] R. Cooper and R. Smith. Sign Language. Health 
Facilities Management 17, 9 (2004). 
[11] R. Ulrich, C. Zimring, A. Xiabo, J. Anjali, R. 
Choudhary. The role of physical environment in the 
hospital of 21st century: a once-in-a-lifetime opportunity. 
The Center for Health Design (2004). 
[12] D. Sorana. Il nuovo ospedale comprensoriale di 
Foligno. Costruire in laterizio 96, 11 (2003) pp 16-21. 
[13] A. Valli. Natural Interaction White Paper. 
http://www.naturalinteraction.org/ 
 



1031

F. Bianconi, S. Andreani From Wayfinding to Waysharing 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

 

Fig. 20 User’s ideal interaction process: steps 1-2. 

 

Fig. 21 User’s ideal interaction process: steps 3-4. 

 

Fig. 22 User’s ideal interaction process: steps 5-6. 
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Abstract 

Undoubtedly the way in which we inhabit a building is different from the way we use an 
object,  especially as far as timing is concerned. Although we are part of the architecture the 
same way that objects are our most immediate and artificial extension, they are (usually 
smaller than that of an architectural construction) those who construct discontinuously our 
intratemporality. 

This communication, through the proposed analysis, demonstrates the importance of knowing 
(and therefore understand) the time scale that defines and enables our objects. Only through 
the tool that is the consciousness of his reality we will be able to get to optimize our designs 
in order that our intentions are expressed through our objects.  

 

1 Introduction 
Undoubtedly the way in which we inhabit a building is 

different from the way we use an object,  especially as far 
as timing is concerned. Although we are part of the 
architecture the same way that objects are our most 
immediate and artificial extension, they are (usually 
smaller than that of an architectural construction) those 
who construct discontinuously our intratemporality. I 

As there are no hours without minutes, there is no 
room without apprehension the first of the objects, and 
this, to be essential for a coherent and consistent design. 
The time finally Architecture is a social time versus time of 
the design shown as individual inevitably, so that, when 
designing imagine hours and, when projected, is subject 
years. E 

This fact, far from announcing the caducity of the 
objects, brings them over to our more daily and practical 
reality. We are temporal human beings living through the 
seconds, minutes, hours and months. Basically we built 
our idea of space proyected in a different order of our 
idea of designed objects but only through the objects get 
human habitation, and only in this one we contain those. 

Analyzing a series of cups and plates that the 
architects of SANAA has designed, managed to 
temporarily link the idea of architecture with their 
understanding of design. The seconds, minutes and 
hours that offer these designs can only be integrated in 
the days, months and years than its architecture 
proposed. The idea of temporality, but the same on both 
scales studied, is completely irreversible, that is to say, 
only the room involved in the use of the above mentioned 
objects is consciously able to colonize areas of his 
Architecture. L 

This communication, through the proposed analysis, 
demonstrates the importance of knowing (and therefore 
understand) the time scale that defines and enables our 
objects. Only through the tool that is the consciousness of 
his reality we will be able to get to optimize our designs in 
order that our intentions are expressed through our 
objects. 

2 Method and objectives 

The main objective, as noted above, is to emphasize 
the temporality implicit in the study designs proposed 
SANAA, later to generalize the findings to a broader area. 
It analyzes a series of designs signed by the architects, 
and more specifically to be shelled its factors, see more 
intensely linked to its temporality. Subsequently arrested 
and a work of architecture, develop appropriate 
conclusions. 

The objects are: 
 

 

Fig. 1 Silla Café (1998) 

 
Fig. 2 Silla Marumaru (2000) 
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Fig. 3 Florero Hanahana (2000) 

 

Fig. 4 Silla flower (2001) 

 

Fig. 5 Estudio para recipiente de perfume (2001) 

 

Figs. 6 ALESSI, Tea & Coffee Towers (2000-) 

 

 

Fig. 7 Taza y plato Pyonko (2004) 

 

 

Fig. 8 Mesa Burdeos (2004) 

 

Fig. 9 Silla Rabbit (2006) 

 

Fig. 10 Objeto para la instalación de Arne Jacobsen (2002) 

2.1 Temporality in the objects and the 
temporality in architecture 

Objects produce, so to speak in a vague way but 
effective, temporary in three aspects: 

 
- The first is one that has a river metaphor in drag, 

dragging us with them (the objects) incessantly. 
Framed in this first aspect of the matter and its 
durability, signs and marks which are referred to 
and, in short, everything that has to do with the 
expiry. This is what Aristoteles defined as the 
number of motion [1]. 

- The second is, as time itself, constant movement, 
but in this case of perception. Is continually 
occurring in our construction of reality that means 
the object is continually building is modified. It is a 
subjective construction and therefore internal. Is 
the area where you place the light, constantly 
changing, meaning that it will, or the same 
temperature and odor and, ultimately, all the 
feelings that we produce. It is also a river, but 
caused by us. It is psychological time, led by St. 
Augustine [2] and examined in depth by Husserl 
[3]. 

- The third and final point, metaphorically, a river 
would be built (note the difference caused) by us. 
Its current determines and accurately control us, 
not the other two. The object is what we 
remember, what we object, which emphasize 
object. The object, in this sense, serves to promote 
an intellectual construct subjective, but orderly. 
and collective. It is the historical time of Paul 
Ricoeur [5]. 

 
These three aspects of temporality, opened by Paul 

Ricoeur [5], and exist for the subject of our perception. In 
addition there are three aspects which, at any time, act 
independently but are part of the same reality, if we are 
synchronized. It will therefore be at large that the timing of 
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making objects really are the objects which, put another 
way, will produce the time continuum on which deposits. 

In this sense are the objects of the direct relationship 
of man to dwell, that is, through the objects through which 
the architecture to be accessed. When objects are 
scarce, the architecture is related to the man in a more 
direct way, or rather more primitive. They are objects that 
give the depth of quality, this verb means live. We live by 
the Architecture (Architecture is the skin and the ground) 
but thanks to the objects that inhabit acquired dimension 
and is related. Similarly it is impossible to disengage the 
room to be able to tell we are not the architectural without 
reference to its objects (a fireplace is an object, and a 
chair, even the morphology of a skylight is understood as 
an object). 

The timing of the architecture, then, also understood 
under the previous triad is a temporality that is deposited 
on the timing of objects. It is very useful in this case, the 
reference scale. In the distance is the temporality of 
Architecture what we remember, but in reality is the timing 
of the objects we experience, that is, is this temporary raw 
material of another. 

It is for this reason that a certain type of Architecture-
based-on and extends what a certain type of design 
proposed. It is for this reason that, sometimes, bad 
architecture is designed very busy and the addition of 
small amounts of valuable experience and, in the same 
way, that is why what the good architecture that evil lives, 
or not designed, can refer to an unpleasant experience. 

We say, then, that the timing is always the being that 
lives and therefore, in this order of things, belongs to the 
architecture though, and this is the key, is based on a 
comprehensive basis on which the variables are only, 
object-based, ie the timing of the architecture is the sum 
of the impermanence of the objects within it. 

2.2 Temporality in SANAA objects 

But let's see an example of this relationship of time that 
we propose to discuss here. 

The objects of SANAA, at least we have analyzed 
express mode-of-being, like all objects in relation to what 
we, the people, we can do with them as tools. In this 
sense these objects are positioned bipolar ... We explain, 
first create an intense sensation of senders but at the 
same time they create a parallel link. Let's look at 
examples: 

- The feeling of sender figures related to basic and 
simple first. In the case of the study for a perfume 
container (Fig. 5) that contained elemental ranges 
from a perfect cube or a perfect sphere, in the 
case of the "chair flower" (Fig. 4) is the image of a 
flower our court, the "vase Hanahana"(fig.3) is the 
embodiment of the elemental image of a tree 
(diráise drawn by a child), the "table Bordeaux 
(fig.8) is related to a liquid on a surface flat, to 
even refer to the ears of a rabbit, as in the case of 
the "chair rabbit" (Fig. 9) or fruits of a still life 
("ALESSI, Tea & Coffee Towers" (fig.6) ) ... and so 
on. 

 
- At the other extreme is the link, or rather the 

projection that these objects, to materialize, they 
propose. This projection gives direction on how 
they have been designed both to help us 
understand the use they intend to imply. There is 
some movement frozen in them to realize that, 
during its conception, different morphologies have 
been tested topology. Architects, here come from 

approaches from a basic form (which is still 
identified, as stated in the final result) by applying 
the same topological deformations. This is what 
creates the apparent movement of the same or at 
least their intense dynamism. 

 
This bipolarity (static-dynamic, elementary-complex 

projection sender) generates, especially when we look at 
various objects and not just one, a "new nature" or "new 
world"which is what architects seem to suggest . 

It is a new temporary nature where it is, in part 
(remember that we talked about three), frost, frozen, 
standing in a causal statism that allows objects, finally, be 
a certain way. 

 

Fig. 11 Dibujo para ALESSI, Tea & Coffee Towers (2000-) 

 
In Figure 11 we see that in the drawing of the design 

process of the tea set for Alessi, the architects create a 
tablecloth, first blank as the starting point where getting rid 
of what already exists and begin to propose the new . The 
objects in this new world, are like the beings that inhabit it 
and that, in draft form, still supported movements because 
of their topological character. Since there are no fruits but 
cups of tea, cups and plates that refer, there are no 
flowers, but the symbols mean. This last is the temporary 
nature of the sender and the future is the projection of its 
motion, while this is the proper object of design come true. 

The timing, therefore, objects of SANAA is a 
temporality in which the river built that means one of the 
three legs of the temporary at-large is petrified: the 
narration is done by the sender (backward) or projection 
(forward). SANAA objects signify a moment, that does not 
have to be the best but it seeks, the process of producing 
them. SANAA objects give us some elements of 
temporary freezing strongly anchored in narrative through 
which we can build (as discussed below) a very 
interesting, by choice, live experience. Therefore, when 
we put on the table objects SANAA, the experience of 
temporality that we are granting stays in the following 
three aspects, modified in relation to the general: 
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- Keep crawling, of course, a river that marks us, we 
mean together. This river is performing strongly with the 
experience of them. 

 
 

Fig. 12 Dibujos para ALESSI, Tea & Coffee Towers (2000-) 

- We cause a river of perception but, unlike the 
generic, the river is circular: it starts with the energy 
contained in the design process of the objects and ends 
in a strong referring to a clear and perfect picture, or 
better, the circularity of River perception has as a center, 
the ideal object and, as a course, the many variations 
thereof. 

-The river we usually build intellectually is a river that 
already exists, that is, on objects (by including the 
process of creation in the setting of any strategy of 
analysis) in which lies the story of its reality, or rather 
temporality that possible. 

2.3 Temporality in SANAA architecture 

The envelope of the temporality of scanned objects is 
clearly and neatly, the same architecture that we will 
discuss. This fact may seem obvious, is key SANAA's 
architecture as the consistency with which it develops its 
architecture justifies and enhances the apparent 
randomness that governs its objects. 

Importantly SANAA Architecture is far from being 
considered as an object "large", ie not only the quality 
scale is what varies (including diagrams of the same 
project), but, and this is appreciated through the study of 
temporality, the human dimension is the result of a 
superposition of possibilities. That is, when referring 
SANAA Architecture, because it does, although it is 
elementary forms or through a series of intermediate 
sender: must overcome obstacles posed by the design 
and downstream applications and could, but they do not, 
rebut. For objects this is not so ... objects are presented in 
a simpler way. Architecture is not simple, is seemingly 
innocent but after she found a series of waivers, 
enforcement and compatibility with applications that make 
it what it is. We could say that the objects, for example, 
refer to the circumference and Architecture refers to the 

objects (which in turn have their sender) and is the group 
that eventually happens to mean the round. 

The example we have chosen is the Park Cafe 
Lumiere, a project of study that combine the elements of 
which we have been talking. 

 

Fig. 13 Planta del Lumiere Park Café (1999-) 

 
First we should note the same topological manipulation 

defines the objects we have analyzed. This is a 
proceeding in which the two concepts that we discussed 
above (object sender and the movement to which it is 
subjected) are clearly present. 

But above all we must emphasize that this innocent 
gesture involves circular: it imposes a way to take and 
understand all the space, with all the objects that you 
would expect, in which the only concession is the very 
distortion that can be applied to the topology form. 
Specifically here, and according to this way of 
understanding, build on two concentric circles in which, to 
the interior, you have implemented a series of tensions 
that generate a complete qualification of spaces forming a 
building. The important thing is to understand each space 
as discrete and, therefore, appreciate the consistent 
efforts made in each of them to keep, finally, the line of a 
speech diagrammatically breeze. 

Temporality that enables this architecture is not only 
different from allowing their objects but in a way, opposes 
it: the "new nature"which starts with the design of the 
objects contains an unexpected interpretation when it 
becomes an "unstoppable distortion", ie the mechanism 
by which the SANAA creates new rules of a new world 
(which is seen as well in the bounding box of Figure 11) 
within which work is repeated at another scale, perfectly 
circular perimeter of the floor of the Park Cafe Lumiere but 
with different meanings: in the first case the objects are 
developed "within that world, " and that is where possible 
its timing and in the second architecture "relates" to the 
real world but, and this is key, what is really happening 
with the architectural scale is the appropriation of the real 
world projected around the world ... ie SANAA 
architecture leads to a new temporality, transversal, in 
such a way that the world after it, never to be seen as or, 
put another way, the architects manipulate matter in such 
a way that is appropriate the temporal reality understood 
as a whole. 

When the temporary objects that develop SANAA 
operates, or better, when we develop our life on them, 
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began to articulate a reality that will become the best 
foundation of its architecture, ie what the architects 
propose its architecture is real and veiled, a new way of 
life that can begin with its objects and we discovered 
thanks to them. The art of space, Eugenio Trias definition 
proposed by [4] for architecture, is clearly insufficient to 
name this new architecture is becoming Solá-Morales 
proposal [6], and Liquid Architecture, a reality already 
materialized. 

 

 

Fig. 14 Vista de la maqueta del Lumiere Park Café (1999-) 

3 Conclusions 
  
Conclusions concerning the design, ie the items: 
   
1. Scanned objects (designed by SANAA) offer new 

temporalities, which allow you to build an alternative living 
experience, appearing deeply rooted in their freezing 
narrative. 

 
2. The new temporality consist of three linear systems 

(drive, provocation and construction) to be a linear system 
(drive), a circular system (perception) and a static (or 
Construction built). 

 
Conclusions concerning the project, ie the architecture: 
 
1. The work analysis (designed by SANAA) further 

opened by the new temporary objects but modifies the 
perception of reality (even in its exterior) through a 
strategy of transparency limits. 

2. The combination of these systems, from the 
experience of the architecture, creates a strategy that 
changes our understanding of reality-based feed it back 
from the project. 

 
Conclusions on time: 
 
1. Time, by the exercise of consistency proposed by 

the architects, goes from being an element of invariance 
to play a key role in handling, not just criticism of its 
architecture but in the tool palette are offered to any 
architect and / or engineer. 
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Abstract 

Topic Area: Innovative Methods in Architectural Design 
 
Digitally conscious architectural design is founded on the assumption that computer tools 
should modify architecture’s own language, not just the way architects must work.  
 
The idea of open form is the result of producing encoded designs, that is: geometry is defined 
parametrically and codified in a non material language instead of being imposed over 
materiality –drawings or physical models- as is characteristic to architectural design tradition. 
A parametric design is open in as much as it defines a topological model where the 
connectivity between the parts and their relation to the whole generates a typology of 
possible designs limited by the range of parameters involved. Some parallels can be drawn 
with Eco’s idea of open form referring to some artistic production of the second half of the XX 
century. 
 
The increased complexity that can be achieved with new design tools has often led to a banal 
formalism inconsistent with architecture’s own tradition. The baroqueness of recent digital 
designs is confronted with the aesthetics of simplicity established by Modernism derived from 
its constructive principles. As Tafuri or Moneo pointed out, and recently Eisenman has proved 
with his own architectural production, there is a certain degree of arbitrariness in architectural 
form. However, architectural sense must rely on the principles of utility and construction. 
Thus, arbitrariness of architectural form should not be confused with arbitrariness of 
architectural design; it just refers to the fact that the complexity inherent to architecture may 
not optimize the relation between form and function. Thus, a variety of different architectural 
forms may well suffice the use requirements for each project. 
 
Digital tools have improved the potential of architectural design thus broadening 
architecture’s role and providing the apparatus to explore geometries and constructive 
systems that would have been unimaginable decades ago. C.A.D./C.A.M. tools are beginning 
to produce extraordinary synergies in the context of complexity. Digital fabrication is the 
logical extension to digital design as it relies on the computers’ precision and their potential to 
manage complexity in varied ways, shifting from construction to manufacturing. 
 
The aim of this paper is to analyse the relation of open form and digital fabrication. 
Conceptually, it will address what has been referred to as new materiality understood as the 
constructive logic intrinsic to materials and new fabrication techniques. New materiality may 
articulate an architectural constructive logic as stated by Milizia in the XVIII century and new 
digital fabrication techniques. 

1 Architectural Canon, Difference and 
Repetition 

 
Some architects and architecture historians think the 

advent of digital tools in architecture is just a mere shift in 
the way and the strategies architects work with. Although 
bearing in mind the fact that these new tools have greatly 
enhanced architectural design they have, however, 
dismissed the possibility of considering this change as a 
new paradigm in architecture that could affect 
architecture’s own language.  
 

On the other hand, nobody would doubt that 
Modernism introduced a shift in the architectural 

paradigm; the use of steel and reinforced concrete not 
only changed the construction technology –something 
which they certainly did- but also affected architecture’s 
conception introducing one of the deepest revolutions 
throughout history in the field. De la Sota [1] wrote about 
the parallels between new materials and new architecture 
and compared it to the change that the pianoforte 
introduced in music. Can anyone imagine Chopin’s music 
and its rich exploration of the different sonorities to be 
found in the piano without the once new instrument? 
Moreover, an important part of XIX century Romanticism 
in music could not be understood without the new 
instrument: the piano changed music’s language. 
 

Le Corbusier’s [2] Five Points of Architecture 
established a new canon proposing a totally new 
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grammar: the grammar of what became to be called the 
International Style [3]. Despite leaving aside modern 
expressionist trend it did serve as a new grammar that 
renewed architecture’s language and reigned in the 
architectural arena during decades. What was then new 
in comparison to what architectural past paradigm?  
 

For centuries architecture looked to the past seeking 
for architectural models that tried to emulate centuries 
after those models had been erected. Renaissance tried 
to revive Rome’s classical architecture. Construction 
technologies were not very different but the rudiments 
remained the same, the syntax was therefore also 
equivalent. In addition, it was the architect’s concern to 
reproduce those models and the language on which they 
were based. In terms of deleuzian theory their position 
was that of repetition. It was their intention to achieve 
architectural authority through the repetition of those 
canonical models.  
 

Conversely, models can also be criticised and design 
may produce alternatives as a result of such critic, 
something that would constitute differentiation. This issue 
very directly relates in our field to what Deleuze [4] 
addressed in his Différence et répétition; the relation 
between models -typological models in our tradition- and 
the production of architecture developed after them. 
Modernism in general and Le Corbusier’s work particular 
are a fine example of differentiation in comparison to 
classicism, although they settled a new canon [5]. In fact, 
it was the change in tectonics the cause of the alteration 
of the syntax, but language was also drastically changed 
producing a new grammar. Picon [6, p.134-135] has 
written on the idea of history and memory regarding to the 
repetition and the differentiation of models on the 
following terms:  
 

Above all, it was through the articulations, 
through the interplay of vertical, oblique and 
horizontal parts, between supporting and 
supported members, that tectonic related to time, 
history and memory. 

 
Architectural tradition was questioned because steel 

and reinforced concrete allowed the concentration of 
vertical loads in extraordinarily thin columns liberating the 
layout and the facades of bearing walls. Consequently, 
partitions would only be membranes to be freely arranged 
and windows could span from one side to the other of the 
facade. Architectural language underwent a true 
revolution that constituted a change of paradigm. Somol 
[7, p. 9] has extrapolated Deleuze’s ideas on difference 
and repetition to architecture as follows: 
 

The first repetition relies on an ideal of the origin 
or model, an economy of identity, and can be 
thought of as typologically driven (the vertical 
imitation of timeless precedents). In contrast, the 
second sets in motion divergent series and 
exists as a continual process of differentiating. 
One points back to a static moment of being, 
while the other advances through modes of 
becoming. 

 
The two main trends that could be considered within 

postmodern architecture –Historicist Postmodernism and 
Deconstruction- are good examples of repetition and 
differentiation, respectively. Historicist Postmodernism is 

at the worst level of repetition for it uncritically repeats 
models of the past in terms of style and visual appearance 
but uses modern construction systems, steel and concrete 
ignoring the syntactical logic of bearing walls that 
supported classical architecture’s language. In doing so, it 
is just a trivialization of classical ornament and formal 
repertoire; therefore it is false, untrue and anachronistic, a 
simple reactionary attitude confronted to Modernism [8]. 
Its absolute falseness can be inferred by the fact that the 
trivialization of classicism is founded on a superficial 
analysis of its being based on visual appearance and a 
ornamental repertoire of elements whose constructive 
logic is neglected and perverted by usurping its iconic and 
symbolic value within a well established language. 
Deconstruction in architecture, on the other hand, is a true 
example of differentiation. Being as it is at the opposite 
pole of Historicist Postmodernism, it takes Modernism as 
a reference but instead of considering it as a model to be 
repeated it goes beyond its syntactical limitations 
deconstructing the pure and closed geometries of the 
International Style breaking down the form into folding 
architecture. Conceptually it can be related to Deleuze’s 
text, Le pli. Leibniz et le Baroque (1988), although 
formally has more to do with Analytical Cubism and, to a 
certain extent, with architectural Expressionism such as is 
to be found in late Scharoun’s architecture. It is important 
to remark that the attitude of differentiating or repeating 
has little to do with style or formal appearance as it refers 
to the reason of reading and interpreting models. As 
Somol [7, p. 10] has wittedly pointed:   
 

Historicism in this account has little to do with 
style, but is more a mode of operating, since 
historicist work can equally include the modern, 
as evident in the projects of Richard Meier. 

 

2 Digital Consciousness, New Design 
Paradigm and Open Form 

 
On the other hand, some of us think the advent of 

digital tools have also brought a change of paradigm, not 
only a more efficient way of designing architecture. Just 
as deep as was the change introduced by Modernism, 
digital tools have altered the language of architecture 
itself. But unlike then, it is not a material based revolution, 
it is a conceptual one that operates in two different levels: 
the conception of the design itself and the constructability 
of it in terms of manufacture and assembly. 
 

Computers have truly altered the design process and 
architectural conception. The change of paradigm is 
related in the first place to complexity, to the possibilities 
that computers offer in terms of conception, visualization 
and management of extraordinary complex geometries 
that could have been unimaginable and irresolvable 
without them. In addition, computers have also allowed 
calculating enormously complex systems of loads and 
stresses, and computerized robots have been able to 
manage the positioning and assembly of the customized 
constructive elements. We can refer to digital 
consciousness as the awareness on digital computing 
enhancements applied to architectural design. Thus, 
digitally conscious architectural design challenges 
modernist paradigm and proposes a new grammar in 
accordance with digital culture. Architecture can also be 
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informed by the new inputs and bits of information that 
digital culture has managed to spread. Every epoch has 
its zeitgeist, ours is undoubtedly build on information. 
Antonio Saggio [9, p.45] has referred to this influential 
environment that affects every one of us and must 
therefore be considered as a new determining factor in 
architectural design on the following terms: 

Our relationship with information technology (IT) 
is structural, cultural, and formal at the same 
time; structural because all of society rotates 
around the value of information; cultural because 
orienting one’s self in this new scenario is 
fundamental; and formal because the 
procedures put into effect by this IT way of 
thinking can also influence the way of conceiving 
architectural form. 

From the conception of architecture point of view, 
above all other considerations, what is probably the 
deepest change is that which refers to the idea of open 
form. Parametric and algorithmic architecture have greatly 
altered the process of design since they are coded based 
designs. Openness is possible because the geometry of 
the design is not embodied in a material existence; rather, 
it is defined through a code that stands for it. The 
generation of scripts that define geometries is 
topologically structured [10], being the relational definition 
of the parts to the whole that which defines all the 
possible geometries within the given interval of 
parameters involved. In terms of philosophy, it is not a 
particular because it is defined generically. That is to say, 
instead of drawing, making physical models –as 
architects have done for centuries- or even drawing and 
developing 3D models in the virtual space –as architects 
have been able to do in the past decades- architects can 
now codify their designs. As a result, the code generates 
a particular geometry but it is not the geometry itself 
because it is not fossilized into matter; moreover it is not 
defined geometrically but topologically [11, p. 86]:   

A closed form (as found in a conventional 
design) is defined geometrically and necessarily 
belongs to a metric space because it is material. 
On the contrary, an open form (as a parametric 
or algorithmic design) is defined topologically, it 
is not contained in a metric space –instead, and 
to a certain extent, it inhabits a topological 
space-. Because it is a conceptual design it is 
not formalized into matter, rather it is a logical 
construct defined by a code, a non material 
language. 

The levels of geometric complexity have dramatically 
increased thanks to parametric design (figs. 1, 2, 4, 9). As 
a result of generic form based design, strategies have 
shifted from form imposition to form finding and 
computers have begun to be considered as design 
partners rather than as simple and efficient tools. In 
addition, algorithmic architecture can introduce 
randomness as a design factor increasing the level of 
complexity achieved [12]. All this changes are only 
possible in the realm of open form. Taking into account 
that the idea of openness can be thought of as 
topological, a generic geometry can be defined in a 
topology; consequently open form could also be termed 
as topological form. Kolarevic [13, p. 13] has addressed 

this issue writing “This quality of homeomorphism [the 
topologically isomorphic] is particularly interesting, as 
focus is on the relational structure of an object and not on 
its geometry –the same topological structure could be 
geometrically manifested in an infinite number of forms”. 
This collection of forms that share a common topological 
structure is what we have termed as digital typology, 
something that can only be achieved through the 
immateriality of a coded design. 

  

 

Fig. 2 Airspace Tokio, Thom Faulders Architecture 2007 

(Photo by Thom Faulders Architecture) 

The idea of open form as opposed to a more classical 
idea of finished design can be found in modern art. XIX 
century Symbolism was a first attempt to suggest different 
readings, considering the fact that a work of art is 
something produced by an individual that expresses 
thoughts, feelings, etc. and that can be interpreted by third 
parties in different ways. The more concerned about the 
idea of reading and interpretation the artist has been the 
greater degree of openness has been achieved. 
Nevertheless manifestations such as Calder’s mobiles –
perpetually changing geometries- introduce a wider 
degree of openness [14, p. 163]. However, it is probably 
in XX century music where we find explicit openness, 
such as in Stockhausen’s Klavierstuck XI, where the 
score is simply a group of musical phrases not arranged 
in any specific order and where the interpreter has to 
chose the order, the speed and the intensity to play the 
music [14, Ibidem] breaking with the idea of classic 
finished form and introducing randomness in the 
interpretation. In spite of all these different manifestations 
of open form, it must be agreed that parametric and 
algorithmic designs go as far as possible regarding 
openness in architecture. But it must be also clarified that 
any architectural design must have a formal structure and 
parametric or algorithmic designs do have a formal 
structure. All the possible formalizations based on a 
certain code generate a formal pedigree of shapes within 
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the range of parameters defined, all of which constitute a 
truly digital typology. 

3 Complexity, Baroqueness and 
Arbitrariness 
 
Complexity is at the core of digital culture. If there is 

something that has characterized the evolution of digital 
design ever since computer tools became irreplaceable it 
is complexity. In architectural design complexity has been 
greatly enhanced through the introduction of the virtual 
space and 3D modelling. Computer programs oriented to 
the generation and management of complex surfaces –
such as Rhino- have greatly contributed to the freedom of 
form that these tools have provided the designer. Many of 
the complex geometries that have been achieved would 
have been impossible to design or to build without 
computers. Mitchell [15] has referred to architectural 
complexity as:   
 

“…the number of design decisions relative to the 
scale of the project. We can measure it as the 
ratio of added design content to added 
construction content.” 

 
Mitchell, thus, defines complexity as a function of 

what he calls design content and construction content. 
Design content can be understood as the number of 
design decisions involved in the development of a 
particular element in relation to its geometrical complexity 
whereas construction content is related to the number of 
construction inputs involved in the manufacturing process 
of that particular element. Thus, a more complex 
geometry will need a greater number of inputs or 
parameters necessary to define it. Similarly, a greater 
number of operations needed to produce a particular 
constructive element will result in a greater level of 
complexity. Gehry’s Guggenheim Museum at Bilbao (fig. 
3) has become a classical example of complexity in 
architecture. It has also become an icon of digital culture 
in architecture because it was the first relevant building to 
be not only designed but built with digital technologies 
and happened to be finished just at the very end of the 
XX century thus becoming a chronological inflection point 
for digital architecture. To be precise, it is only half digital 
since the conception of the building was rather 
conventional –sketches and physical models that were 
laser scanned to produce a digital model.  
 

As it is easy to follow Gehry’s Guggenheim fits the 
frame of complexity defined by Mitchell, it is geometrically 
complex –it requires an extraordinary number of 
parameters to define its geometry- and it is also very 
complex to build –it requires unusual precision in the 
placement, positioning and assembly of constructive 
elements-. This building epitomized the new possibilities 
of architectural language introduced through the use of 
C.A.D./C.A.M. techniques. Gehry had first used new 
technologies to develop and study the constructive 
viability of Disney Concert Hall project, however Bilbao’s 
Guggenheim was finished first and has remained ever 
since as Ghery’s opus magna although many of the 
research and development of the whole design process 
from inception to tender plans begun with Disney’s 
Concert Hall. Iwamoto [16, p. 6] has referred to it on the 
following terms: 
 

At that time the skin [of Disney’s Concert Hall] 
was conceived as stone and glass, and the office 
successfully produced cut-stone mock-ups, using 
tool paths for computer controlled milling 
machines derived from digital surface models. In 
other words, the digital model was translated 
directly into physical production by using digitally 
driven machines that essentially sculpted the 
stone surface through the cutting away of 
material.  
 

Gehry’s designs show the possibilities that the use of 
the new C.A.D./C.A.M. technologies may entail. At the 
same time they show how an increasing baroqueness has 
been introduced through the use of these tools. 
Architectural complexity could only have been achieved 
through the use of these tools but, certainly, complexity 
should be an effect of site conditions, complex programs 
and cultural sophistication and not the cause. Modernist 
simplicity aesthetic has been confronted by this growing 
complexity as part of the differentiation process; but in 
architecture the formally complex should not be confused 
with the geometrically complicated. Complexity despite its 
countless elements and the intricacy of their composition 
is arranged according to a certain order that can be 
understood. A complicated geometry is more the result of 
lacking clarity of order and the whimsical authorial 
imposition of banal formalism over architectural form. 

 

 

Fig. 3 Guggenheim Museum Bilbao, Frank Gehry, 1991-1997 

In the debate whether architectural form is arbitrary or 
not Tafuri was probably the first to write on the 
arbitrariness of architecture regarding Piranessi’s designs 
for Campo di Marzio: “The ruthless authority of the 
language is felt in an almost unbearable way by the 
person who discovers not only its arbitrariness but also its 
instability.” and goes on stating that Piranessi’s Campo di 
Marzio represents “the absolute disintegration of formal 
order, of what remained of humanistic Stimmung, of its 
sacred and symbolic values.” [17]. Again, we find 
ourselves in a linguistic debate applied to architecture 
understood as a language, and what Tafuri himself 
referred to as “language’s authority” meaning by it the 
absence of any symbolic values. Unlike postmodern 
historicism for whose classicist revivalism was an 
intellectual alibi linked to a semantic debate, modern 
architecture must be based on syntactical rules that refer 
to the object itself and not to any symbolic value 
embodied within. Moneo [18, pp.17-18] has referred to 
Tafuri’s text adding “Piranesi tries to show the origin, 
terrifying and necessary, of an architecture that works 
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‘beyond meaning, apart from any symbolic system and 
strange to architecture itself’”

1. Tafuri is attempting to 
show the arbitrariness of architectural design understood 
as writing, because Piranesi is defying the classical rules 
based on the organic conception of the whole and its 
eurhythmic relation to the parts that are ordered to form it. 
Instead, his artificial disposition and the highly contrastive 
geometries gather to challenge any established canon.  

 

  

Fig. 4 C_Wall, Andrew Kudless/Matsys, 2006 

(Photo by Andrew Kudless). 

Eisenman has also referred to Tafuri’s text and has 
introduced some convincing arguments to limit the 
linguistic extrapolations to architecture although partly 
agreeing with Tafuri’s text. It is obvious that the sign, in a 
textual language, is arbitrary, being as it is a convention 
that varies from one language to another. Thus, two 
different words in different languages may however share 
the same meaning. In architecture a complete 
unmotivation of the sign is very difficult to achieve unless 
we separate the symbolic from the functional within a 
given element. Eisenman [19, p. 155] adds: 

 
In one sense a zero degree of motivation in 
architecture is problematic because the internal 
structure of the sign is different from the linguistic 
sign. Since the column will always be the column 
in itself and the sign of the column, this condition 
can only be presented as unmotivated. The 

                                                 
1 The translation from the Spanish text is by the author of this 
article. 

becoming unmotivated of the architectural sign 
initially requires a separation of the column’s 
structuring function and its sign function.   

 
Thus, in architecture, where buildings must be 

sanctioned by the laws of physics, the different elements 
must have a constructive purpose. Of course, because 
there is a context of history and an architectural tradition 
those elements may attain, as in the case of the column, a 
symbolic meaning. However, buildings must be supported 
either by columns or by walls, and their proper and 
primary function is of constructive order. That is the very 
reason why Courdemoy or Milizia would insist in the 
untruthfulness of applied ornament denouncing their 
validity at the beginning of Enlightenment.  
 

Nevertheless, in relation to architectural design and 
architectural form arbitrariness has further implications 
and is convenient not to confuse both. It is obvious that 
the constructive elements must be placed, shaped and 
dimensioned where, how and as much, respectively, as 
required. These requirements must suffice both: structural 
and constructive needs –which directly relate to physics, 
gravity, wind and any other loads that should be 
supported-, and functional needs.  

 
Structural needs are certainly not arbitrary depending 

as they do on three variables: geometry, material 
performance and loads involved. Neither can be the 
elements disposed to satisfy them. However, functional 
needs refer to the habitability of architectural space. This 
space has to be designed according to site tensions and 
functional needs but the complexity inherent to such 
combination together with the multiplicity of formal 
solutions that satisfy both sets of requirements make it 
impossible to optimize the relation between form and 
function. Any architectural competition may well illustrate 
this thought: many of the different proposals are good 
pieces of architecture that are suitable for the stated 
requirements but not one of them is really alike. Sullivan’s 
famous motto “Forms follows function” is as relevant as 
ever, but many different architectural designs may well 
suit a particular architectural need. It goes without saying 
that many more don’t meet such requirements. 

 
Eisenman himself has used this idea of the 

arbitrariness implicit in architectural form with his spacing 
strategies and the use of diagrams. He has described his 
recent design methodology in three phases: a first 
diagram that is a geometrical abstraction of program 
requirements and site tensions (as in conventional 
architecture), a second diagram which is imposed over 
the first and that has no architectural base, and a third 
step of extraction through spacing strategies and figure to 
figure relations. Eisenman has written regarding the 
second diagram [20]: 

This second phase is probably the most difficult 
and perhaps the closest to the machinic. It 
requires the choice of an outside agent, an 
external diagram, almost a deus ex machina, 
which contains processes which when 
superposed with the first diagram will produce a 
blurring of the form/function and 
meaning/aesthetic relationships that seem to 
have produced the first diagram. Such a second 
diagram may or may not be immanent in either 
the first diagram or in the formal interiority of 
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architecture, but must contain a process which 
has the capacity to modify the first diagram. 

Thus, Eisenman introduces apparent arbitrariness 
within the final design taking into consideration the 
linguistic implications implicit in architectural design. 
However, his second diagram, although being foreign to 
architecture, is always an ordered system. He admits 
having used diagrammatic notations of things such as 
DNA structures, liquid crystals or fractals, all of which are 
ordered patterns. By blurring [21] the first diagram –based 
on the architectural problem itself – with this second deux 
ex machine, he achieves a hybrid geometry which must 
be compatible with the first purely architectural diagram. 
Then, through spacing strategies, he only needs to 
extract the final geometry into the third dimension which is 
thus enriched with the extra-architectural pattern.  
 

In spite of this apparent arbitrariness of architectural 
form computer tools have produced and functioned as a 
feedback for complexity. A certain exaltation of complexity 
has become a trend in recent architectural design. Many 
of which –specially related to parametric design- can be 
justified in as much most of them are graphic proposals 
modelled in the virtual space or rather small installations 
thus avoiding conventional structural problems in 
architecture. The banalization of form is ready to flourish 
when the constructive requirements characteristic to 
architecture must not be satisfied. However, there are 
examples of parametric designs that have solved the 
constructive needs when the architecture has been finally 
built.  
 

There are also cases like Evan Douglis’ “digital 
baroqueness” that are not only out of time or out of trend; 
they are simply as false as historicist Postmodernism but 
even worse: they copy models of the past but in the 
strictly ornamental. In doing so, he disregards a well 
established architectural tradition on the untruthfulness of 
applied ornament contemptuously ignoring Modernist 
tradition on the logic of the materials and how they should 
be worked. All his voluted geometries are banal 
anachronistic reproductions of baroque and rococo 
decorative verbiage condemned to a lack of originality. 
Hundreds of years, new technologies and new design 
tools cannot be wasted to reproduce not even the formal 
repertoire of classicism with its added signified -as in the 
case of the column- but the superficiality of the purely 
ornamental.    

 
The enhanced design possibilities introduced through 

the use of computer tools in the field of architecture has 
lead to an explosion of new geometries and complex 
architectural forms. If uncritically unleashed architect’s 
imagination may end in a banal formalism. Architects 
cannot obviate the functionality of their designs being as it 
is the cause of architecture itself. Neither can they ignore 
the constructability of their proposals. It is obvious that 
architecture must stand still but it should be also obvious 
that scaffolding a sinuous surface like in a stage show 
with conventional platforms is not architecturally 
acceptable, something that can be said of much of 
Gehry’s recent work. Architectural coherence and 
sincerity requires an inner consistence between the 
supports and the supported just because its durability and 
conceptual consistency relies on a constructive logic. In 
architecture, forms must comprise both: have a meaning 
and shelter a function. 

 

4 New Formal Abstraction and Digital 
Fabrication 

 
New C.A.D. tools in combination with C.A.M. 

techniques have also made possible the beginning of a 
new formal abstraction. For the first time, architecture has 
gone further than painting or sculpture in the exploration 
of a new aesthetic of matter. Modernism was formally 
linked with early XX century avant-gardes; in fact some of 
architects were reputed artists within them. Theo van 
Doesburg or Oud in De Stijl, Le Corbusier in Purism (a 
rather personal interpretation of Synthetic Cubism) or 
Lissitzky and Chernikov in Constructivism, are only some 
notorious examples. 

 

 

Fig. 5 P_Wall, Andrew Kudless/Matsys, 2006 

(Photo by Andrew Kudless). 

The advent of the virtual space thanks to computer 
based technologies has allowed conceiving and 
experimenting with extraordinary complex geometries. 
Thus, a new formal abstraction architecture borne has 
appeared thanks to computer modelling, an abstraction 
which is independent of XX century avant-gardes. In fact it 
is the increasing flexibility in the generation of surfaces on 
computer design programs that has opened the Pandoras’ 
box of unimagined geometries. However, although the 
conception of these complex architectures can be 
achieved through C.A.D. tools, it is only making use of the 
synergies established between computer aided design 
and computer aided manufacture that these new 
possibilities are projected into materiality.  Kolarevic [22, 
p. 6] has referred to these synergies on the following 
terms: 

Three-dimensional digital modelling software 
based on NURBS (Non-Uniform Rational B-
Splines), i.e. parametric curves and surfaces, 
has opened a universe of complex forms that 
were, until the appearance of CAD/CAM 
technologies, very difficult to conceive, develop 
and represent, let alone manufacture. A new 
formal universe in turn prompted a search for 
new tectonics that would make the new 
undulating, sinuous skins buildable (within 
reasonable budgets). 
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It is true that the main change in the architectural 
paradigm is a result of these new design capabilities, that 
is, from a conception point of view. Nevertheless, there is 
also a change with respect to materiality and 
construction. May be there are not new materials clearly 
distinct from those that the building industry has been 
using for the past century, as it occurred in Modernism 
with regard to its past architectural referents. But there is 
an incredible shift from construction to manufacturing, 
from building to assembling. C.A.M. has produced an 
extraordinary change regarding the fabrication of 
architecture and the strategies to cut, shape, connect and 
assemble construction materials. As Kolarevic [22, 
Ibidem] himself relates, the building industry has been 
one of the latest to acquire the know-how in design to 
make use of three-dimensional modelling tools:  

This formal ignorance of wider design trends 
also stems from yet another ignorance –the 
technological one- of three-dimensional digital 
modelling software that made the smooth curves 
easily attainable by industrial designers, who 
used them widely on everything from consumer 
products to airplanes. 

These remarks, being truthful as they are, hide the 
fact that the new imaginary has been extraordinarily 
enriched by architects ever since they became aware of 
the possibilities these new tools had to offer. The new 
formal abstraction which we refer to here is in fact an 
outcome of architectural design produced by digitally 
conscious architects. 

 

 

Fig. 6 Tool-Hide, Ron Klein, 2006 (Photo by Ruy Klein). 

Beyond the aesthetic implications which are not to be 
discussed here, there is something really remarkable of 
this new architectural paradigm which we refer to and that 
brings together both, the conception and the new 
materiality of the architectural discourse. The fact that 
computing enables to manage complex systems and is 
equally efficient in mass production of customized 
elements at not real greater cost has changed the way 
architects address the materiality of their designs. This is 
solely characteristic of computer aided manufacturing and 
is, to a certain extent, an architectural quality related with 
the openness implicit in the arbitrariness of the 

architectural form. Unlike industrial design, which relies on 
mass production of type objects that have been carefully 
designed, engineered and chain manufactured, 
architecture’s uniqueness in every project –due mainly to 
arbitrariness of architectural form and site considerations- 
make each one of them singular. Thus, the possibility of 
customization is more easily to be found in architecture. 
Modulation is a classical strategy which Modernism 
enhanced because of its interest on the industrialization of 
architecture. But the real shift from construction to 
manufacturing has been accomplished in architecture 
through the combination of C.A.D./C.A.M. techniques.  
 

The articulation of complex surfaces and the 
necessary tessellation of construction materials due to 
architecture’s scale have produced a wide range of 
imaginative design and manufacturing strategies that 
would have been impossible to achieve without computer 
aided technologies. Something that was needed the very 
moment this kind of double curvature surfaces had to be 
built as it happened with Gehry’s Guggenheim or Disney’s 
Concert Hall. In relation to the latter Iwamoto [16, p.6] has 
written: 
 

This building method revealed that the 
complexities and uniqueness of surface 
geometries did not significantly affect fabrication 
costs, and it is this realization, that one can make 
a series of unique pieces with nearly the same 
effort as it requires to mass-produce identical 
ones, that forms a significant aspect of the 
computer-aided manufacturing that has since 
been exploited for design effect. 

 

5 New Materiality and Digital 
Fabrication 
 
This new way of dealing with the constructability of 

architecture and its materiality has deeply changed 
architectural design. Mass production of singular elements 
that can be wisely articulated to build up a complex whole 
has lead to what Cache [23] refers to as “the foundation 
for a non standard mode of production”. Objects can be 
parameterized and calculated producing surfaces of 
variable curvature. Designs are, therefore, based on form-
finding strategies where architects manipulate their coded 
designs to produce series of possible outputs that must be 
discarded or selected in as much they fulfil the design 
requirements and the performance they are expected to 
encompass. 
 

The synergic benefits of using computer tools in 
design and manufacturing has been reflected on the 
architects’ work that has increasingly grown interested in 
the manufacturing of built architecture. As a result of this 
attitude new specific design strategies have been 
developed to explore the possibilities that are to be 
exploited through a sensible use of these tools. Lisa 
Iwamoto has recently categorized these strategies into 
five different types: sectioning, tessellating, folding, 
contouring and forming; all of which are precisely digital 
strategies. Most of them refer to the articulation of the 
surface, but that is only logical since architectural space 
must be confined within material limits that are basically 
surfaces and membranes. Only folding can be found in 
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deconstruction but, after all, deconstruction in architecture 
was computer borne. 

 

 

Fig. 7 Mafoombey, Martti Kalliala, Esa Ruskeepää, 2005 

(Photo by Timo Wright). 

Sectioning is an equivalent of the conceptual 
methodology of infinitesimal calculus but instead of 
discretizing a curve the whole surface is cut into pieces by 
sets of parallel planes consequently becoming ribs. The 
ribs are then thickened according to the structural 
performance required, thus becoming material. Thus, a 
collection of ribs adequately near from each other will 
generate the complex surface (figs. 7, 8). Sectioning has 
been used in the ship industries for centuries: the 
structural frames that shape the ship’s hull are a good 
example.The most remarkable thing is that it is also an 
operative method used in conventional two-dimensional 
projections to represent three-dimensional objects and 
this probably constitutes the genesis for digital sectioning 
in architecture. Here the process is inverted and through 
the two-dimensional cuts obtained by sectioning 
strategies the whole surface is generated through the 
integration of the discrete cuts. The CNC cutters play an 
essential role in the production of customized sections 
numerically controlled by the computers. 
 

Tessellating operates as a performative strategy to 
articulate surfaces in ways that can be astonishingly 
decorative but at the same time truly constructive. (fig. 2). 
Picon [6 p. 141] has commented on such new ornamental 
quality of architectural surfaces: 
 

From Basel Schaulager to the San Francisco De 
Young Museum, ornament becomes a pervasive 
surface condition, the variations of which are 

based on levels of pixellization, a technique 
directly linked to the use of the computer to 
determine the grain of the materials employed. 

 
Although tessellating has been practiced in 

architecture for thousands of years it is the new 
implementation through the use of computer aided design 
and manufacture that has unleashed architects’ creativity 
to explore the possibilities of a new materiality. A 
materiality with unexpected textural and superficial 
qualities of architectural enclosures. 

 

  

Fig. 8 Mafoombey, Martti Kalliala, Esa Ruskeepää, 2005 

Program and equipment void diagram sections 

On the other hand, folding strategies can be traced 
since deconstruction. However, as it often happens with 
deleuzian theory in architecture, it is more the reading and 
the consequent interpretation that architects have made of 
it what has generated a folding architecture. The strategy 
of folding as has suggested Iwamoto [16, p. 62] “[…] is a 
powerful technique not only for making form but also for 
creating structure with geometry.” (fig. 4).  

 
The reason for its fitness within the architectural 

discourse has tectonic roots, for a folded plane in 
comparison with a flat one is strongly rigidized by the 
solely act of folding. The effective depth of the section of 
the folded plane in terms of structural resistance (the lever 
arm of the resistant section) is increased by the height or 
width –depending on a vertical or a horizontal positioning- 
of the fold. The consequence is a considerable increase in 
its resistance to perpendicular stresses and the 
momentum generated by them, something especially 
significant in the case of flexural stress. In addition to the 
tectonic consequences of folding this strategy also allows 
the formalization of irregularity within the structural. The 
calculus apparatus for structural resistance has been 
improved through the computers potential to deal with 
complexity; their suitability to emulate physical conditions 
and predict structural performance of complex structures 
through numerical methods in general and finite elements 
analysis in particular has allowed for the solution of 
parameterized designed complex geometries. 

  
Contouring is a strategy related to carving materials; 

the technique is neither new and it is certainly not digital in 
its conception. Ever since the Greeks began to carve their 
columns certain profiles were contoured to work surface’s 
textural values. Nevertheless, as it happens with 
tessellation or sectioning, it is the CNC routers and mills 
potential to precisely control paths which enhances this 
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design strategy to produce surprisingly superficial 
qualities on materials that are typically flat (figs. 1, 6). 
Materials such as plywood, stone slabs, cast composites 
or particleboards [16, p. 90], only to mention a few, are 
worked to obtain complex finishes that may customize 
each panel. 
 

Forming explores the possibilities of moulding and 
assembly producing amazing effects. This new materiality 
that we have referred to is the result of applying digital 
techniques to digital fabrication exploring new possibilities 
that are inherent to the materials’ own qualities, 
highlighted either through original combination of 
materials or through the way those materials are worked 
and finished. A good example of this strategy can be 
found in Andrew Kudless’s P_Wall (fig. 5), an installation 
for New York’s MOMA. Iwamoto [16, p. 138] has 
described it on the following terms: 
 

P_Wall investigates the self-organization of two 
materials –plaster and elastic fabric –to produce 
evocative visual and acoustic effects. Inspired by 
the work of the Spanish architect Miguel Fisac 
and his experiments with flexible concrete 
formwork in the 1960s and ‘70s, P_Wall attempts 
to continue this line of research and to add to it 
the ability to generate larger and more 
differentiated patterns. 

 
The conceptual openness of parametric design has 

its parallel in mass-customization something that can only 
be achieved through C.A.M. and digital fabrication 
techniques. Complexity deals with systems of a great 
number of elements. It is the computers potential to 
manage these enormous amounts of data that enable 
mass production to be singularized, for example, in the 
tessellation of a double curvature surface. Thus the new 
design paradigm is complemented with digital fabrication 
customized manufacturing, an old dream come true. As 
Slenssor [24] has suggested: 
 

[…] the notion that uniqueness is now as 
economic and easy to achieve as repetition, 
challenges the simplifying assumptions of 
Modernism and suggests the potential of a new, 
post-industrial paradigm based on the enhanced, 
creative capabilities of electronics rather than 
mechanics. 

 
The materials are basically the same as were during 

the modernist period, although some critics have began to 
use the term new materiality. It is not necessary based on 
new materials –although there have been advances in 
this field too- but on the way they are, produced, 
manufactured and assembled. The combination of C.A.D. 
and C.A.M. technologies has brought together 
architectural design and construction engineering, 
conception and production, in a way that resembles much 
of the attributes of medieval master builders. Kolarevic 
[25,p. 57] has addressed this issue writing: "By integrating 
the design, analysis, manufacture and assembly of 
buildings around digital technologies, architects, 
engineers and builders have an opportunity to 
fundamentally redefine the relationships between 
conception and production.”. Thus, it is the very 
complexity of digital architectural design that requires its 
integral consideration understood as a comprehensive 
process from inception to the finished building. 

 

 

6 Conclusions 
 
From the preceding exposition we can infer several 
conclusions which can summarize most of the issues 
digital architecture has put forward. Due to the extension 
limits of this paper, conclusions will simply be listed 
considering that the precedent text gives enough 
evidence of them: 
 
- A new architectural paradigm has been achieved in 

digital architecture. 
- This paradigm is based on both, new conception and 

new production standards. 
- The idea of openness is at the base of the new 

architectural paradigm in varied senses. 
- The new architectural canon is, in spite of its 

apparent contradiction, open but digitally conscious 
and based on processes of differentiation in terms of 
deleuzian theory.  

- Digital typologies as a result of parametric design’s 
openness are defined topologically instead of 
geometrically. 

- Complexity as an inherent quality of computerized 
systems has become a common place in digital 
architecture. 

- The arbitrariness of architectural form must not be 
confused with arbitrariness of architectural design 
and is related with openness and the impossibility to 
optimize form and function. 

- A new formal abstraction architecture borne with no 
relation to XX century avant-gardes has been 
achieved within digital architecture. 

- A new concept of materiality and materials has been 
coined to describe the experimental use of materials 
implemented through digital fabrication techniques. 

- Architecture’s consistency will rely, as always has 
done, on tectonic and constructive principles however 
explored in new ways through the synergies 
produced by computer aided architectural design and 
manufacture. 

 

 

Fig. 9 Loophole (w.i.progress), R&Sie&THEVERYMANY, 2008 

(Image by Marc Fornes). 
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Abstract 

When we draw up a building we are using our  personal way of approach to architecture. We 
are interpreting the building. We must do a detailed study of the object: construction, 
structure, ... 
 
Drawing by computer is widely used in the architect community, more and more the 
architects’ studio and ateliers demand the professional who collaborates in the tasks of 
production and drawing of the architectonic planes, with more knowledge in the computer 
drawing. Lately the introduction of the presentations in three dimensions and multimedia 
causes the professional to get knowledge on these means and their use. 
 
Nevertheless, the virtual pads introduce a fundamental concept in drawing up plans or plan 
survey. But a problem exists, to access to the virtual graphical representation without the 
necessary maturity in the field of the Architectonic Presentation.  
 
We must think that independently of the used technique it is very important to know the aim a 
priori that is wanted to obtain, since this one is the only mean to obtain it. For that reason, a 
constructive understanding of the architectonic work is advisable, before realising any 
representation of it, and based on it, we will choose the more suitable technique of 
representation. 
 
It is for that reason that seems so important to us to make an analysis of the drawing up a 
building and its problems. 
 
From the Madrid Politecnic University, we must begin to stimulate the new forms to express 
the architecture, imaginary or constructed, and to express with a clear and concise language 
our work, so that we pruned to show from different points of view our finished work or process 
of creation. 
 
Consequently, we must try to balance the feeling of using such a powerful means for 
designing as those based on computing techniques with the intrinsic value of the graphic 
means based on the traditional manual ones. We consider it is the best approach for using 
the new technologies. 

 

1 Introduction 
Men are being able to learn and use the acquired 
knowledge, to transform their natural and social 
surroundings by means of the technology. The history of 
the men is the History of the ups and downs of a long 
process of learning and its consequences in all the 
orders. Our objective is to share opinions and 
experiences. Foolproof systems or methodologies in the 
plan surveying in the Construction do not exist. We want 
to create a debate forum to interchange opinions on the 
matter. Nowadays, drawing a building without CAD 
cannot be conceived. The society demands it and the 
professional who is not trained in this field, will be outside 
the professional context. The professional who know his 
profession, does not recycle itself, does not update itself, 
will be forgotten or reduced to a simple collaborator, but 
not a decision-maker. The professional who works in the 

field of the graphical expression must dominate all the 
representation systems that help the best presentation of 
a building. 
 

2 Objectives 
Our objective is the analysis of the instruments that at this 
moment are being used in the Surveying. We will display 
the different methods of representation used in the 
Construction. They would be analyzed, the basic tools of 
computer aided drawing programs, and later to see its 
used in the computer graphic design  of different 
architectural works. We will see the results obtained in the 
different applications, and will give an idea, about the 
rules that we believe are possible to be followed. 
Understanding that a unique method does not exist, but 
diverse methods that properly interrelated can take to us 
to obtain the proposed aim. This aim is not other that 
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getting a coherent graphical communications in the field 
of the Architecture.  
 
We try to show, the utility of the programs of virtual 
simulation and its application in the study of the 
architectural work of the great architects. For that reason, 
we are going to set out the experiences obtained in the 
development of a course of postgraduate realised in the 
school. In this course, it was tried to teach to the student 
the basic tools of computer aid design programs, to apply 
them in the computer graphic work development other 
than architecture.  
 

3 Exposition 
Today the contents and matters increase, at the same 
time, the ways in learning and teaching are being 
changed and widen The use of the new technologies has 
not only become an instrument of formal analysis, but a 
tool without which many of the actions, that the society 
demands, cannot be realised. The society, more and 
more introduced in the graphical languages through the 
TV, demands the graphical vision of the elements.  
 
The corporations that order a work want to see the end 
results, as real as possible They wish to see the impact in 
the surroundings. And all of this is not possible without 
virtual simulations, without strolls through the building, 
without this constructing and all this only can be realised 
by computer graphic applications.  
 

4 Method 
If we undertook the study in depth of any work we must 
documented it as much as possible about its architectonic 
and constructive characteristics, of its author and its time. 
We will have to carry out diachronic and synchronous 
studies on it, to catalogue it, to analyze its technical and 
formal aspects. In the final concerning conceptual study, 
we will interpret its content as well as to comment the 
relation that it has with the circumstances of the author 
and its time. We see the steps to be taken in the previous 
study to the surveying. 
 

4.1 Genius loci 

· Situation and Location 
· Relation with its surroundings 
· Accesses 
· Characteristics of the enclave   

4.2 Study of the building 

 

4.2.1 Historical context 

 · Author. Different schools or variants from the 
architecture of that time. 
 · Time of construction and style. Characteristics of the 
time. 
 · Building typology and its characteristics. 
 · Economic aspects.  
 · Social aspects. People or groups to whom it was 
adressed and the social consideration that the artist 
receives at that time. 

 · Political aspects.  
 · Cultural aspects. Relation to the function for which 
the building is constructed. 

4.2.2 Sociological analysis 

 · Person, institution or group that ordered the work 
 · Relation with the architect or constructor of economic 
or professional type 
 · Time of accomplishment the project 
 · Style to which it belongs 
 · Date of construction 
 · School or variant of that style 
 · Rehabilitations 
 · Changes of use 

4.2.3 Formal Analysis of the Building 

 · Geometric  
 · Formal 
 · Symbolic 

4.2.4 Constructive System  

 · Constructive types 
 · Materials used  
 · The relation of the materials with the parts of the 
building 

4.2.5 Structural System  

 · Structural elements  
 · Orders, types 
 · Types of structure: walls, pillars, etc. 
 · Other subtenant elements: right foot, abutments. 

4.2.6 Closing System  

 · Walls of closing 
 · Geometric analysis of façade hollows: windows and 
doors 
 · Lintels or arcs 
 · Intermediate elements: drum, modillon, squinch, 
pendentive, etc. 
 · Roof: flat (architraved), curve (vaulted), pitch, etc. 
 · Analyses of the closing elements: materials and 
systems 

 
                
Fig. 1: Building elevation in Madrid 
 



1049

M. Valiente et al.  New Key Factors in Drawing up a Building. 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

 
 
Fig. 2: Building elevation in Madrid 

4.2.7 Ornamental Elements  

· Decorative elements: carved, painted or in 
construction equipments 
 · Decorative rate  
 · Details of the hollows and ornamental elements  
 · Doors and windows studies  
 
 

 
 
Fig. 3: Decorative elements 
 

 
 
Fig. 4: Detail of hollows and ornamental elements 
 

 
 
Fig. 5: Door study 
 

 
 
Fig. 6: Window study 

4.2.8 Fixtures  

 · Analysis of the fixture systems 
 · Water, light, electricity, gas, cleaning, etc. 
 · Natural or artificial illumination / ventilation 
 

5 Development of the Work 
Once analyzed the building, we try to analyze its plans 
and sections and later to represent them correctly. In 
Bruno Zevi’s opinion, it would be essential to spend a time 
on looking around the building for its understanding, what 
is known as the fourth dimension of the architecture. 
Nevertheless, when we do a study of the history of the 
different cultures, we must be satisfied to the graphical 
representation of the buildings before the impossibility “to 
walk around” at least most representative of every time. 
Besides the photography or slides from different positions 
of the buildings, graphical representations are an 
essential complement that we needed to know the whole 
building (form, geometry, structure, constructive elements, 
etc.).  
 
The representation of an architectonic, volumetric object, 
on a surface must overcome an important departure 
problem: the dimensional reduction. The architecture is 
three-dimensional, nevertheless at the time of drawing it 
in a paper, can only be used the two dimensions. This 
process receives the name of representation system, and 
implies a complex operation, as much technical as 
conceptually.  
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The election of the system will depend on the aim for 
which we want to represent (the phase of design of a 
building, the construction of the building, the presentation, 
etc). 

5.1 Croquis 

The architectonical sketch graphical language demands a 
level of the detail and abstraction greater than other 
drawings in architecture. Its purpose could be: 
documentary, designing or didactic. 
  
Documentary function (“in situ” information): 
· Building surveying.  
· Typological diagrams.  
· Constructive study.  
· Conservation study. 
 
Designing function (study and analysis in cabinet): 
· Constructive study.  
· Decoration study.  
· Industrial design. 
 
Didactic function (communication in the building 
construction): 
· Work organization.  
· Constructive detail.  
 

5.2 Floor Plan (plan view) 

The floor plan view is a graphical representation of an 
orthogonal projection system on a horizontal plane of a 
horizontal section at certain height (J.R. Paniagua). It a 
horizontal section, seen from a point above floor (in 
perpendicular) to which some elements have been 
eliminate and the raising forms from ground are 
displayed. 
 
If we analyzed the plans, we would have: 
 · Form 
 · Function 
 · Meaning 
 · Structure of uses 
 · Routes 
 · Furniture 
 

 
Fig. 7: Floor plan of San Ildefonso’s Church in Toledo 

5.3 Elevation 

Design of a building taking care of its vertical planes, 
without representation or projection in perspective (J.R. 
Paniagua).  
 
Seeing the elevation, we will study  
 · Proportion 
 · Study of bays and hollows 
 · Study of proportions 

 · Formal study, geometric study  
 · Materials 
 · Ornamental elements 
 

 
 
Fig. 8: Palace elevation in Madrid 

 
 
Fig. 9: Building elevation and ornamental details 

5.4 Section 

The section or cross-section is a representation from a 
building to which a part has been taken off him so that it is 
possible to be contemplated its outside view and part of 
the interior.  
 
The section could us to analyze: 
 · Accesses 
 · “Promenades” 
 · Measure 
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    Fig. 10: Cross-Section of San Ildefonso’s Church in 
Toledo 
 

5.5 Perspective Projection  

Perspectives show an image of an object as viewed from 
a skew direction in order to reveal three directions (axes) 
of space in one picture.  
 
Perspective projection of a building gives us a more 
realistic view. As it is seen and how it is shown will go in 
function of the chosen point of view: 
 · The type of the building to be represented  
 · The information that is wanted to be provided 
 · The intention that is desired to transmit 
 
Computer aided drawings can help this type of 
representation and its accomplishment by computer 
graphics will help us to go towards the reality. 
 
The type of perspective projections depends on the 
election of the representation system: 
 · Cylindrical o parallel projection (axonometric system) 
 · Conic projection (conic system) 
 

 
 
Fig. 11: Axonometric sectioned perspective 
 

 
 
Fig. 12: Conic perspective 
 
Axonometric projection is commonly understood the 
representation in which the plant of the building is placed 
with certain inclination angle, having maintained the 
values of its angles and meeting its metric 
correspondence, raising from them the heights vertically 
(J.R. Paniagua).  
 
Conic perspective is a type of projection where three 
dimensional objects are not projected along parallel lines, 
but along lines emerging from a single point. This has the 
effect that distant objects appear smaller than nearer 
objects. It also means that lines which are parallel in 
nature appear to intersect in the projected image, for 
example if railways are pictured with perspective 
projection, they appear to converge towards a single 
point, called vanishing point. Photographic lenses and the 
human eye work in the same way, therefore perspective 
projection looks most realistic.  
 
The normal convention is architectural perspective is to 
use two-point perspective, with all the verticals drawn as 
verticals on the page. 
 
Three-point perspective gives a casual, photographic 
snapshot effect. In professional architectural photography, 
conversely, a view camera or a perspective control lens is 
used to eliminate the third vanishing point, so that all the 
verticals are vertical on the photograph, as with the 
perspective convention. This can also be done by digital 
manipulation of a photograph taken with a normal camera. 
 
By means of the use of the conical perspective it allows to 
be able to draw the plants and elevation of a building from 
photography (perspective restitution). This way of working 
has great utilities in the constructed architecture as well 
as in the insertion of a project within an existing image. 
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Fig. 13: Perspective restitution 
 

6 The computer as a tool of graphical 
expression in drawing up a building 

A constructed architectonic fact is not conceived, without 
sketch. Nevertheless this sketch must be passed to a 
scale, and it is necessary to modify it to present 
alternatives, and the better tool for doing all of this is the 
computer. 
 
The arrival of computer in the seventies meant a 
technological disruption in the domain of the architectonic 
design. The world of the architect, like other type of 
professionals related to computer graphic sketch 
activities, has been changing according to innovating 
jumps and it has been closely linked to the denominated 
culture of the image, being useful the communication 
facilities that suppose the use of this new tool. Nowadays, 
the incorporation of the computers to the architecture 
practice is an undeniable fact that it includes from modest 
individual offices to network connected multisites of the 
largest architecture companies.  
 
From the University, we must begin to stimulate the new 
forms to express the architecture, imaginary or 
constructed, and to express with a clear and concise 
language our work, so that we pruned to show from 
different points of view our finished work or process of 
creation. CAD programs are more and more being used 
in the architecture studies to generate architectonic 
images in any stage of the project. The infographic works, 
as it helps to the creative process or with commercial 
purpose, is an unstoppable fact. The creation and 
manipulation of digital images with the help of a computer 
are one of the most significant advances realised in the 
field of the image management from the invention of the 
photography. 
 
By using computers, we are able to make changes in our 
drawing, display different alternatives, different solutions, 
with a minimum effort. We are able to see, with virtual 
simulations, as it is integrated in the surroundings and 
with a virtual walk around, we can introduce ourselves in 
the building. 
 
Computer animation is essentially a digital successor to 
the art of stop motion animation of 3D models and frame-
by-frame animation of 2D illustrations. To create the 
illusion of movement, an image is displayed on the 
computer screen and repeatedly replaced by a new 
image that is similar to the previous image, but advanced 

slightly in the time domain (usually at a rate of 24 or 30 
frames/second). This technique is identical to how the 
illusion of movement is achieved with television and 
motion pictures. 
 
The use of computer science programs of design in 3D, 
which means we generated images of a project or building 
from drawings in cutting projections, is today a reality.  
 
The exercise of the architectonic design is in process of 
massive transformation. With the appearance of new and 
more and more powerful and versatile computer science 
tools, the architect has initiated a way that supposes the 
transformation of habits, tools and methods of design.  
 
Nevertheless, the most important thing is what it is wanted 
to be transmitted, at is wanted to express, in this way we 
will be able to choose the more suitable graphical 
technique to our aim. We do not have to forget that the 
computer is means to secure an aim.  
 
Infographic works about Tadao Ando’s buildings 
 

 
 
Fig. 14: Koshino  house, Hyog (Tadao Ando) 1981/1984 
 

 
 
Fig. 15: Water Chapel, Hokkaido (Tadao Ando) 
1985/1988 
 

 
 
Fig. 16: Koshino  house, Hyogo (Tadao Ando)1981/1984 
 

(V)
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Fig. 17: Water Chapel, Hokkaido (Tadao Ando) 
1985/1988 
 
 
 

7 Advantages and Disadvantages of 
this system of work 

The drawing by computer has a great diffusion between 
professionals. More and more the studies and cabinets of 
work demand that the professional who collaborates in 
the tasks of reproduction and drawing of the architectonic 
planes, has more knowledge in the computer science 
field.  
 
More frequently the architectonic presentations as a 
photography, videos, CD and strolls flood the market and 
the execution facility causes that we are due to retrain 
with the means that the computer provides to us. The 
example of the simulation of a virtual stroll introduces a 
fundamental concept for the compression of this new 
technology.  
 
The majority of these graphical systems are designed to 
be able to talk with them. When a created image is 
observed or when is being created an image, the system 
allows you simultaneously to consult and to correct others 
views or images. This type of graphic applications 
simulating the reality has an inherent risk that it is the 
distance that these systems put between the operator and 
the real world. When improving the view at the expense of 
the tact, we can get to break away from enemy with the 
reality. These active systems give to passage to the 
systems liabilities, like the figures of this communication, 
are virtual parts of videos or strolls that have gone to the 
paper with a good resolution. This allows us to analyze 
them with more detail.  
 
An advantage of the graphical systems liabilities is that all 
the computer power can be used in achieving a better 
quality of the graphical material. Not only the images can 
be reproduced very quickly, but also they are possible to 
be manipulated, and getting a high rendering quality, that 
could not be imitated by a graphical artist or a good 
sketcher, just using conventional means. 
 
The main advantages of the computer, applied to the 
graphical tasks, are the speed of production, the saving, 
the great impact and the flexibility that they provide. 
Another one of the advantages is to provide the user of 
dynamic, fast, precise, reciprocal surroundings, a 
graphical simulation can show before being constructed 
the generating surroundings by the building that we are 

going to construct or by remodelling that we are going to 
realise. 
 
A potential area for technology focus is to introduce 
optimization techniques in the design model. Objectives 
such as cost, quality, maintainability, energy efficiency, …,  
would be introduced to the appropriate level in 
accordance with the customer requirements. Data 
regarding those factors would be provided in the drawing 
database for each relevant drawing element. The 
optimization tool would be executed having into account a 
set of rules previously defined producing the final result on 
each objective (over or under). Modifying the design could 
improve those objectives not being met, so that on several 
iterations the architect could reach the better design. It 
could mean a valuable mechanism in order to assist the 
architect in the design decisions.  
  
 
 

8 Conclusion 
We cannot leave these break troughs aside, but they must 
be introduced in so far as they are necessary. . The lately 
introduction of the presentations multimedia causes that 
the professional must know these means and their use.  
 
More and more the new advances in computer science 
cause that constantly we are innovating in our systems of 
representation of the buildings. But a problem exists, to 
access to the virtual graphical representation without the 
necessary maturity in the field of the architectonic 
presentation.  
 
Another problem that involves these new techniques 
consists on replacing the own reality by an artificial reality. 
Whereas the creation manual of images, by means of the 
drawing and the painting, recreated the world in 
agreement with the language of the representation and 
whereas the cinema, the photography and the television 
register tracks of the real world, the computer allows us to 
simulate the reality.  
 
It is a power that can be abused easily. It would be 
possible to make a television newscast, with news that 
has never taken place. Because is very easy to 
manipulated our society. There is a way to draw to raise a 
building and is only the natural way. It does not have 
anything to do with the technique; it does not have to do 
with art, or the conception.  
 
It is convenient to offset the illusion of a technological 
power, with the respect by the average graphs of manuals 
representations. Thus we will only use of effective way the 
technology that we have to our reach.  
 
We must think that independently of the used technique, 
the most important thing is to know the aim a priori that is 
wanted to obtain, since this one is the only mean to obtain 
it. For that reason, a constructive understanding of the 
architectonic work is advisable, before realising any 
representation of the same, and based on it, we will 
choose the more suitable technique of representation. 
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Abstract 

3D models have always been used to study and control complex shapes. The Luca Pacioli's 
vacuous models and Gaudi's funicular polygon are the best way to study geometry and to 
represent complex architecture. The 3D digital model offers advantages over the traditional 
material model, in fact it is able to simulate the perceptive dimension, to verify structures, but 
we can  build from it, prototypes or architectural components too. The relationship  between 
digital model and construction is very close, now we can produce prototypes, models or 
elements of construction using CAM technology, CNC systems or rapid prototyping. 
Development of these tools is increasingly approaching Architecture to Design not only 
regard on  the forms, but regard on the design method. The new tools are profoundly 
changing the processes of design and construction and the boundaries between architecture, 
engineering and production methods are increasingly blurred. To examine the relationship 
between 3D modelling (real or digital models)  and production methods, in our research we 
rebuilt 3D models of some very different  study  cases in which the relation between the real 
model, digital model and the construction of building's components are reversed.

1 Introduction 
3D models have always been used to study and control 

complex shapes. The Luca Pacioli's vacuous models and 
Gaudi's funicular polygon are the best way to study 
geometry and to represent complex architecture. The 3D 
digital model offers advantages over the traditional 
material model, in fact it is able to simulate the perceptive 
dimension, to verify structures, but it is possible build from 
it, prototypes or architectural components too. The 
relationship  between digital model and construction is 
very close, now we can produce prototypes, models or 
elements of construction  using CAM technology,  CNC 
systems  or  rapid prototyping. Development of these 
tools is increasingly approaching Architecture to Design 
not only regard on  the forms, but regard on the design 
method. 

The new tools are profoundly changing the processes 
of design and construction and the boundaries between 
architecture, engineering and production methods are 
increasingly blurred.  

The paper describes and examines the relationship 
between 3D modelling (real or digital models)  and 
production methods. In our research we have chosen  
some very different  case study  in which the relation 
between the real model, digital model and the 
construction of building's components are reversed and 
we have rebuilt 3D model in some different ways to test 
different methodological paths. In particular our goal is to 
test the different rules of geometry in the construction of 
3D digital model and in the design process. To do that, 
we analyzed two diametrically opposite ways to solve the 
problem of modelling and construction of a complex form: 
the design of the tower Kupla  for the Korkeasaari 
Helsinki Zoo designed by Ville Hara and the Bubble BMW 

pavilion designed by Bernard Franken and we tried to 
solve the same problems in different ways. 

The Kupla  is a unusual grid shell, whose shape is 
controlled by the designer using a physical model, from 
that  he gets the digital model for structural design,  
through a process of reverse modelling. In this case from  
the physical model  is constructed  digital model and then 
using the same modelling  principle, architecture is built. 
The strips that make up this architecture behave as 
"splines" and the shape of the tower is defined from the 
union of these lines "drawn in space". In this case 
geometry and structure coincide perfectly. 

Very different is the case of Bernard Franken's BMW 
pavilion, it is an isomorphic architecture generated using a 
dynamic modelling process called metaballs, in this case 
the designer manufactures the component to construct 
the building directly from the digital model: this example 
shows how is increasingly strong the link between 3D  
model and automated manufacturing.  

The paper also underlines how the typical methods of 
industrial design are progressively approaching to the 
world of architectural production. 

2 From physical model to digital model 
Architects draw what they could build and build what 

they could draw [1]. The representation form used to  
design a no-standard object, a free form geometry, is 
physical model that sometime can be a guide to 
manufacturing. In the digital era, the evolution of 3D 
fabrication technique and the real possibility to automatic 
manufacture of free form have encouraged the use of  
fully digital processes. 

In many cases the design method is hybrid and many 
architects are used to fabricate a physical model to 
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develop our idea. In these cases, to work in a digital 
environment it is necessary to survey the physical model 
and to rebuild a digital one.  There are a lot of system to 
acquire and to generate 3D data, such as 3D laser 
scanner, all these systems are able to reconstruct a 3D 
object in a digital environment. 

This process, called reverse modeling, is used when 
we'd like to fabricate a 3D digital model from an existing 
one. Many architects use reverse modeling process to 
design and to product architectural buildings, this method 
has been experimenting for many years in the Frank 
Gehry's Studio, but we decided to choose a very different 
case study. We chose an unusual gridshell designed by a 
very young architect, Ville Hara.  

2.1 Case study: Tower Kupla by Ville Hara 

Every year the Architecture Department of Helsinki 
University of Technology organizes a competition about 
innovative structural designs among its students. The 
competition asks for temporary structures, a nice pavilion 
on the beach, a small café on an empty lot in the city and 
so on, these types of buildings look like to the design 
objects rather than architecture and so they are very 
interesting cases study to investigate the relationship 
between Architecture and Design. 

In 1999, the competition for students called for the 
construction of a lookout tower at Helsinki Zoo and it was 
sponsored by Korkeasari Zoo, Helsinki City. 

The winning design was Kupla (bubble), the tower was 
a Ville Hara's graduation project and in 2003 it was 
chosen as the best project by the Archprix International 
committee [2].  

Kupla is a free form gridshell where we can observe the 
perfect coincidence between structure and form. The form 
is created interweaving, bending and twisting 72 gluelam 
battens, and the shell structure is hold together by over 
600 bolted joints. To control this free-form  from January 
to May 2001, students at the Wood Studio workshop 
developed the draft design by assembling scale models 
and exploring structural details. The building of a big 
model made it possible to find solutions to the problems 
that came up at this stage and it saved from many 
unpleasant surprises during the construction phase [3]. 

After the workshop, Ville Hara, who designed the 
structure, laminated full-scale test pieces of battens to 
test the tolerance to bending and twisting of pre-bent 
battens and their use in this kind of building. To twist the 
laminated timber Hara resorted to steaming, a traditional 
method in boatbuilding. The scale model was the guide to 
held in place the structure and the best way to check the 
detail [4] (Fig.1). In this case, the digital model doesn’t 
seem very important to control the design process, but it 
is necessary to  make the key checks, structural and so 
on. In this case, to create a digital model we can use a 
process of reverse modelling, so we have to use a 3D 
scanner and we have to process data to build the 
geometric structure of 3D digital model (Fig.2).  

Generally, in cases like this, we have an hybrid 
approach to the problem, we use different forms of 
representation that can return better the different phases 
of the project and so, as a work in progress, we give 
executive the project and we can build it. 

2.2 Wireframe model \ reverse modeling  

The hybrid approach and the use of different forms of 
representation is typical of Design in which the use of 

sketches, drawings has always been accompanied by the 
use of study maquettes and prototypes for production. 

In Design, the small size of the products often make 
possible to build full-scale models,  for this reason  the 
physical model is still one of the best form of 
representation for the industrial design. 

The small-scale architectural projects are very close to 
design project from both a methodological point of view 
that formal. The need to use a fully digital path is growing 
both in product design and in architectural  production. 

The case study investigated is a typical example where 
the physical model seem to be indispensable for the 
control of the project like in the case of design project. Our 
research aims to explore the possibility of use in cases 
like this a fully digital process, so we have rebuilt the 
digital model and then we have built the physical one.  

We did an experiment and our target was to obtain a 
digital model with the same characteristics of  the physical 
model and a minimum level of approximation. 

To do this, first we have analyzed the geometric 
structure and then we have built a 3D digital model 
following the same principles that guided the construction 
of the physical model: interweaving the battens.  

 
Fig. 1 Kupla's scale model. 

http://www.arcspace.com/architects/ville_hara/tower/ 

 

Fig. 2 3D Data Acquisition and Processing. Photo E. Lanzara 
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Fig. 3 Kupla geometric hypothesis: all corresponded nodes 
are on the same plane. E. Lanzara graduation thesis. 

Supervisor prof. M. Capone 
 
The digital model was developed according to a 

methodology that can be defined as wire frame, so not as  
solid or surface modeling, because in this case there isn't 
a real surface but only an ideal surface. This kind of 
model reflects the origin of the digital representation and 
his first real innovative peculiarity: to allow us to draw 
lines in 3D space. 

In this case it was essential to define some geometric 
assumptions that have guided the construction of the 
digital model. We hypothesized that: 
- initially the battens, that make up the structure, were 

treated as 3D polylines, coincident with axis of the 
gluelam battens;  

- the 3D polylines have been constructed by 
interpolating some points sure; 

- some of this points are obtained by dividing the three 
floors and the eye in the same number of parts; 

- all corresponded nodes are on the same plane. 
In this case the form is free, but still influenced by these 

assumptions. So we constructed a digital model 
according to these hypotheses, and then: 
- the three floors and the inclined eye were positioned 

at their own level and then we divided them into 37 
equal parts and we determined the 36 anchor points  
of the 72 3D poly lines; 

- the 3D polylines were constructed by interpolation 
using the points determined at the floors and the eye. 

3D polylines intersect only in the anchor points at the 
floor, while they are placed at a variable distance in the 
rest of the model. The other nodes have been determined  

 
Fig. 4 Kupla: 3D digital model. . E. Lanzara graduation thesis. 

Supervisor prof. M. Capone  
 

on the geometric assumption of coplanarity of the 
corresponding nodes. 

In particular, we are identified three areas,  two 
between the floors and third between the second floor and 
the inclined eye. Based on the number of nodes present 
in each band we have been built six equidistant horizontal 
planes in the first band, four in the second band and six 
inclined planes in the third band (Fig.3). To locate the 
nodes belonging to the third band that ends with the 
inclined eye we identified  the line r, the intersection 
between the horizontal plane of the second floor and the 
inclined plan of the eye. The line r is a support axis of the 
plans sheaf that we used to define the nodes (Fig. 4). 

To determine one of the nodes we considered the 
intersection between the 3D polylines and one of the 
plans.  

 

 Fig. 5  Intersection of 3D  polyline  with planes . . E. Lanzara 
graduation thesis. Supervisor prof. M. Capone 

 

Fig. 6 3D polyline analysis.  3D model  E. Lanzara graduation 
thesis. Supervisor prof. M. Capone 
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Fig. 7 3D digital model:real axis real structure. 3D model  E. 
Lanzara graduation thesis. Supervisor prof. M. Capone 

 

Fig. 8  Kupla: our physical model. E. Lanzara graduation 
thesis. Supervisor prof. M. Capone. Photos E. Lanzara 

 

Fig. 9 Kupla: structure and surface. 3D model  E. Lanzara 
graduation thesis. Supervisor prof. M. Capone 

 
We can verify that the 3D polylines intersect the plane 

in two different points, A and B, the position of the center 
of the node in space is the midpoint of AB (Fig. 5) . 

In this way we have defined the position in the space of 
the digital model of each node  and so we built the 3D 
polylines that intersect at the nodes   

To obtain an ideal surface continues we proceeded to 
analyze each and we removed discontinuities and 
inflection points (Fig. 6). To obtain the  real axis of the 
battens  we have to define a uniform distance of each  
axis  from the corresponding node, this distance 
calculated according to the true thickness of the battens. 
The new 3D polylines that have this distance from the 
center of each node are the unifilars of the structure 
(fig.7).  

To verify the similarity between this digital prototype  
and physical model we decided to reverse the Ville Hara 
process and we built a model in real scale to compare it 
with the digital model. 

We built a physical model  following the same path 
used to construct the digital one: we placed each floor at 
his own elevation, we interwined the battens and we  
fixed them to the anchor points on the floors, so we 
connected all the others intermediate nodes. 

To verify some of our geometric hypothesis that we 
used to elaborate digital model, and in particular to verify 

the coplanarity of the nodes, we built the virtual planes  
made of transparent material and so we was able to 
demonstrate  the coplanarity of the nodes (Fig. 8). 

We built a digital model very similar to physical one, so 
we have demonstrated that we could use our digital 
prototype in a manufacturing process. 

Our target is also to demonstrate the fundamental role 
of geometry in the architectural and design project from 
the initial form-finding to the final construction, especially 
for the manufacturing of complex shape like this.  

The case study was useful to demonstrate the 
possibility of applying a fully digital process to a particular 
type of building whose  project approach is still tied to a 
traditional way  based on the use of physical model as the 
best control tool both formal and structural aspect.  

We believe it is essential to use a fully digital process to 
develop the product design but we also think that this 
method is very useful for some architecture projects, 
when they can be considered as a product of design. 

Digital tools guided by the geometry always made it 
possible, in this case the search takes place on the border 
between applied geometry and design and tries to focus 
the most challenging problems. 

3 From Digital model to Product 
The possibility of manufacturing a 3D object from a 3D 

digital model, by using data generated from 3D software  
modeling, has opened new research and experimentation 
fields. The relationship between idea and production is 
completely changing in industrial design, automotive, 
shipbuilding where the digital production is already being 
used for a long time. This relationship is changing rapidly 
in architecture too [5].  

To focus the possibility to apply digital manufacturing in 
the building industry, we have chose some study cases 
where some typical questions are more evident. 

3.1 Case study: Franken's BMW pavilion 

Completely different from Kupla is the case of BMW 
pavilion designed by Bernhard Franken  for the 1999  
International Motor Show in Frankfurt, that is one the  best 
examples of a fully digital production process. 

The concept is inspired by hydrogen-based technology, 
it is a free form that seems a drop of water and so it  was 
called Bubble. As Kupla it was born as a temporary 
building, in fact, after two weeks at the Frankfurt Motor 
Show, the Bubble was dismantled, later was rebuilt at the 
Expo 2000 Presentation of BMW in Munich, where it was 
used as a café and club for another four months and in 
2005 BMW decided to destroy the remains [6].  

We are very interested in this case study because it is 
one of the first example of building fully designed and 
manufactured using digital tools.  

The form was generated digitally, Franken used a 
dynamic process to express the balance between internal 
pressure and surface tension of a drop of water, he 
simulated  a physical forces of two drops merging under 
the influence of gravity,  and so the Bubble was generated 
[7]. As Kupla, this small pavilion looks like a design object 
rather than a building but in this case manufacturing 
method is very close to product design process and 
structural approach is very different.  

The free-form architecture are generally characterized 
by a different relationship between structure an skin [8], 
unlike Kupla gridshell, in this case they are independent.  

The approach in the BMW Bubble project is from the 
skin to the structure. The structural grid is obtained by  
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 Fig. 10  Bubble BMW: framework from 3D model. 3D model  
E. Lanzara graduation thesis. Supervisor prof. M. Capone 
 

cutting the surface with horizontal and vertical planes 
orthogonal to each others.  In this case the production 
strategy is based on the individuation of planar 
components from geometrically complex surface by using 
a sequence of planar section.  

The sections of the object automatically generated from 
the 3D model are be processed by the structural analysis 
software to define the structural ribs of the pavilion (Fig. 
10). The structural ribs are made of 3 layers of cut sheet 
aluminum. The section cutting was carried out using 
CNC-driven water-jet cutters in seven different factories, 
and the 3500 individual pieces were completed with 
required drill holes and assembly markings, so that the 
manual work on site for assembly could be reduced [8]. 

The first model of the Bubbles’ skin was constructed 
using a laser sintering method in the department for rapid 
prototyping at the design department of BMW. The 305 
different acrylic-glass plates are produced using 
subtractive fabrication process, the CNC instruction are 
generated from 3D model to produce the formworks and 
so they were heat formed onto individually CNC milled 
foam blocks, and then trimmed at the edges, again with 
CNC [8](Fig. 11). 

In this case study 3D digital model is first step to a 
continuous process from design till the manufacturing is 
executed digitally and we have represented the process 
(fig.10)  

 
 

Fig. 11  Bubble BMW pavilion: product process. Photo 
www.digitalworks.it/UNI/PeS_2003_1/PeS%20lezione%2001/ 

introPes-mainframe03.htm 

3.2 Structure vs Skin 

In the free-form architecture the relationship between 
structure and skin can be solved in two very different 
ways:  
- the structure and skin are independent  
- structure is embedded in the skin. 

In our cases study structure and skin are independent, 
this is clear for Bubble but it is obvious about Kupla 
because there isn't skin.  

Very different are the cases in which structure is 
embedded in the skin, where we have an element that is 
able to absorb all the stresses. 

In this cases, more than the others, the formal 
continuity isn't apparent but it is real and the concept 
method are very close to product design, especially about 
manufacturing.  

The idea is to concept skin and structure as a unique 
element and so the research should test the relationship 
between form, geometry, new materials and new product  
technologies. 

Some examples are very useful to demonstrate how 
technology and concepts can be borrowed the product 
methods from other industrial processes, such as 
automotive, aerospace and shipbuilding.  

Blob VB3 by DMVA is one of these examples, projected 
in the 2010 it is a mobile unit for the office of 
xfactor agencies as an extension to the house, it easily 
transportable and can also be used as an office, 
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Fig. 12 Blob VB3: from 3d model to structure. . E. Lanzara 
graduation thesis. Supervisor prof. M. Capone. Photos 

DMVA studios  

Fig. 13 Bandstand: from 3D digital model to manufacturing. 
3D Model E. Lanzara graduation thesis. Photo: 

www.westsidesign.co.uk/BANDSTANDBEXHILL.html  
 

guestroom or garden house, in a world: it is a Design 
object [9]. Skin is composed of a structural skeleton, a 
wood framework,  covered by a synthetic material and 
filled inside with polyurethane  foam, in this case 
technology is very similar to traditional shipbuilding  
product process (Fig. 12). The similarity with the boat 
industry  is much more evident in the case of the 
Bandstand, designed by Niall Mc Laughing for De La 
Warr Pavilion Trust  Bexhill on sea [10] that it made of 
fiberglass product using a wood framework (Fig. 13). 

In both cases the geometry of the planar elements used 
in the construction of the internal framework of the Blob 
VB3 and of the Bandstand, can be obtained used the 
same principle of the Bubble. In these cases, in our 
research, we have simulated a fully digital process: we 
created the 3D digital model, we determined the  
structural sections dissecting the 3D model with parallel 
planes. By using CNC cutting systems it is possible 
produce the structural sections made of wood  in a simple 
and  relatively cheap way (Fig. 12, 13). 

3.3 3D modelling - from Mesh to Nurbs 

Knowledge of different techniques of digital modeling 
allows a continuous monitoring on the project, from 
concept phase to engineering and to manufacturing. 

Our goal is to comparison different 3D modeling 
process and their relationships with the production 
process, in fact there is a close link between modeling 
strategy and manufacturing strategy. The link with 
geometry is very close too, in fact to produce a surface 
using linear elements or triangular faces we have to use a 
ruled surface, a developable surface, a polygonal 
tessellation or a mesh, so modeling strategy will be 
chosen according to the type of surface. In particular, we 
use a mesh if we'd like to have an apparently continues 
surface on the contrary we have to use a NURBS surface 
if we want a real continues surface. We studied some 
different cases of free-form geometries and we rebuilt 
digital models to test some  different approaches to 3D 
modeling. The construction of 3D digital model of a 
complex object as Bublle BMW could be obtained from 
simple objects dynamically deformed  by using a 
parameter deformer. 

 

 
 

 
 

 

 
Fig.14 Bubble:  3D modeling E. Lanzara graduation thesis. 

Supervisor prof. M. Capone 
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In this case we used 3ds Max software and additional 
software (plug in) called Clay Studio, because it is able to 
give appropriate parametric properties to objects. 
Specifically, the objects are surrounded by fields of Clay 
attraction capable of deforming the objects themselves 
when they are near the camp [11]. The software is able to 
generate  automatically this surface. The second step to 
be constructible the form was to transform the mesh 
obtained, the Clay Surface, in a NURBS surface, and so 
in geometrically and numerically defined object that we 
can product using CNC technology (Fig. 14). 

In this case structure and skin are independent and we  
determined the geometry of structure grid from the 3D 
digital model.  

Unlike the case of the Blob VB3, where we used  
NURBS modeling. We started from a primitive 
transformed in a NURBS surface, than we deformed that  
surface using a control box. The 3D box  lets us to 
change an entity and to monitor this change by using 
some control points in 3D space. We can check the 
transformation of the NURBS surface even by using same 
control points that are on a plane. In a fully digital product 
process we can determinate the planar element of the 
structural skin automatically by cutting the 3D digital 
model (Fig. 12). 

To construct the 3D digital model of the Bandstand we 
used thinkdesign software, by THINK3, and another 
modeling technique called GSM (Global System 
Modeling)  that has enabled to generate the form by 
transforming a plane. By using this modeling technique 
we can transform any object  adding new elements or 
modifying an existing one. Thanks to the advanced GSM 
command you can change the space, or apply changes to 
points, surfaces, curves and any items contained in the 
graphics from an initial shape in a change controlled 
through a global modeling. The key point is therefore a 
completely different formulation of the geometric model: in 
fact, the method overcomes the difficulty of the local 
modeling  typical of the NURBS surfaces and the control 
points. It is also able to verify that the transaction details 
of the composition of preserves,  without additional 
corrective operations, the boundary conditions of 
continuity and tangency.  The GSM  allows you to change 
the overall shape of any object type, even if it is very 
complex, and for this reason it is a modeling technique 
used particularly in the automotive industry and 
mechanical design and production (Fig. 15). 

Also in this case, geometry of the structural elements to 
product the framework was derived from 3D model. 

The case studies show that to different approaches to 
modeling of complex shapes not always correspond 
different approaches to manufacturing. 

3.4 From design to production 

Some architects, such as Bernhard Franken, are  
pursuing a so-called digital architecture, a medial concept 
featuring a coherent digital process from design to 
production. Starting out on a creative idea both form and 
product developed digitally, they are exploring potentiality 
in the architectural production.  

The most advances in digital design is the possibility to  
directly translated 3D model into tangible three-
dimensional form. This is possible by using a computer 
numerically controlled (CNC) fabrication processes, that 
are able to product elements by cutting, subtractive, 
additive or formative systems [12]. 

We can be produced full-scale building components 
using data obtained automatically from digital models. 

Product process is managed from digital representation 
and CAD/CAM technologies enable us to produce free 
form object in a easier an cheaper way. 

So, the new digital fabrication techniques can be 
summarized: 

CNC cutting or 2D fabrication 
subtractive fabrication 
additive fabrication 
formative fabrication 
The most used fabrication technique is CNC cutting, 

characterized by different cutting technology such as 
plasma-arc, laser-beam and water-jet. Using this system 
we can product planar components, such as the 
aluminium framework of the Bubble BMW that is cut 
directly from digital data using CNC water-jet technology, 
and in the same way we can fabricate the inside elements 
of the free-form's structural skin that we analyzed.  

Subtractive fabrication technique is based on removing 
material from a solid using different technology such as 
electronic, chemical or mechanical system. We have just 
observed how this technology has been applied to 
produce the formwork to fabricate the double-curved 
acrylic glass panel for Franken's Bubble BMW pavilion. 

Additive fabrication, or Rapid Prototyping (RP), is based 
on adding material in a layer by layer process, to produce 
a physical model of the form generated by the parametric 
model. RP system uses the STL file generate by 3D 
modeling software to fabricate plastic, ceramic and metal 
object or to produce prototypes and architectural 
presentation model (Fig. 16). 

This product process is used in design but the 
application in building production are still limited. 

Several experimentation are made to produce some 
buildings components, as free form structural elements, 
but the most interesting application are based on sprayed 
concrete systems that are able to manufacture buildings 
parts directly from digital data. The concept is to have a 
3D Printer that's able to print out layer after layer a 
building part and, someday, all the building [8]. 

 
Fig. 15 Bandstand: from 3D model to structure. 3D model E. 

Lanzara graduation thesis. Supervisor prof. M. Capone 
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Tab. 16 Rapyd Prototyp.  Biennale di Venezia 2008 - 
Architecture Beyond Building. Photo  M. Capone 

Formative fabrication is based on use of mechanical 
forces to form material into desired shape and so to 
deform it permanently, we can bend, forge 
electromagnetic form. This technique is used to curve 
stamped metal, to produce  molded glass, plastic sheet, 
for curved stamped metal and to fabricate plane curves 
by bending tubes or strip of elastic materials such as steel 
or wood [8]. We believe that to control a fully digital 
design process is very important to define an integrated 
multidisciplinary approach where geometer, designers, 
technologists and experts in materials have to work 
together  for the advancement of research in this field. 

This advances is possible if we know what and how we 
can do using a 3D model, what and how we can 
manufacture and what and how we can't product and 
way. Research must identify the limit, has to create 
problems and then has to solve them. 

4 Conclusion 
The advances in new tools for 3D modeling  and  for 3D 

objects  manufacturing are opening new dimensions  in 
Design and in Architecture, where the process are 
becoming fully digital. 

Now, 3D digital model is playing a crucial role, and 
even when the approach to the project is hybrid and the 
concept is developed using a physical model, we try to 
bring everything in digital environment. 

This method of work is constantly being used in 
automotive, nautical and aeronautical and is also growing 
in the field of architecture. Now this is most evident in the 
small buildings that can be treated as design objects in 
the way they are designed and manufactured. The case 
studies were key to underline the relationship between 3D 
modeling and production of small building with different 
characteristics and problems. 

The process of automatic fabrication of the form open 
new perspectives in the field of design and architecture 
and we think that it is essential an integrated 
multidisciplinary approach to advance  in this field. 

With regard to our specific field of research, we believe 
that the geometry is essential to control the generative 
process of the form. For this reason we studied some 
emblematic examples, we rebuilt digital models using 
different modeling techniques in order to focus on the 
geometric principles underlying the construction of the 
form. We are sure that the knowledge of these principles, 
applied geometry, it is essential to guide the concept of 

the form so that it is not randomly determined by the 
digital tools. 

The most important goal of our research is to highlight 
another fundamental aspect, rebuilding the 3D model in 
some different ways we tried to demonstrate the important 
of geometry in the process. We think that  geometry as 
indispensable conceptual tool that can help solve complex 
problems, to maximize the production of complex shapes 
to meet a specific demand of the market increasingly 
open to the no standard an design customer. 

The experimentation in this field has thus aim to find 
innovative solutions through a fully digital process, 
calibrating the relationship between geometry, old and 
new materials and new technology, it is able to provide 
general solutions to specific problems making relatively 
cheap and constructible non-standard objects, both 
design objects or architectural buildings. 
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Abstract 

Purpose: 
The purposes of this paper is to introduce a wayfinding project developed for the Universidad 
Politécnica of Valencia and to describe its characteristics based on a literature review. 

Method: 
For this, a review of the literature has been carried out and seven requirements of any 
wayfinding project have been extracted (utility, durability, esthetics, economy, legibility, 
reproducibility and uniformity). These requirements have been applied to the study of the 
university’s wayfinding project. 

Result: 
The basic principles governing the wayfinding project were analyzed, as well as some of the 
actions taken. 

Discussion & Conclusion: 
The implementation of the requirements for good wayfinding allows a better understanding of 
the decisions taken and the principles in which a wayfinding program is based.   

1 Introduction 
The origins of wayfinding are as old as mankind. Since 

then, men have needed to find their way using objects 
and the marks lefts behind [1]. 

 
This paper focuses on the discipline of visual 

communication, in particular, in the wayfinding project 
developed for the Universidad Politécnica of Valencia 
between 2006 and 2009. 

 
Through a case study, the basic principles of this 

project and some of their actions are introduced. The 
methodology followed begins with an analysis of the 
literature from where good signal requirements are 
extracted, and then, their application to the wayfinding 
project of the UPV. 

 
The paper is structured as follows. First we present the 

literature review. Next, the case study is presented. 
Finally, a number of conclusions are indicated. 

2 Wayfinding and its basic principles 
According to Joan Costa, wayfinding is the part of the 

visual communication science that studies the functional 
relation between signs for orientation in space, and the 
behavior of individuals; organizing and regulating these 
relations [1]. 

 
Therefore, wayfinding studies the use of graphic signs 

to guide individuals through certain spaces and to be able 
to achieve a better and quicker access to the required 
services. Wayfinding can be considered the framework 

that “shapes” places, which defines spaces and gives 
objects a legible dimension [4]. 

 
Design in relation to signing systems is an activity, 

which involves the analysis and editing of information, the 
testing of prototypes for legibility under many different 
conditions, and a knowledge of the manufacturating 
processes and practices of a considerable number of 
suppliers [6]. 

 
That is why, in the discipline of wayfinding, different 

disciplines converge: organizational engineering, 
architecture, space conditioning, ergonomics and graphic 
design. In this paper, we will emphasize the contribution 
of the last discipline. 

 
The different authors, who have been consulted, agree 

in the fact that the requirements of a good signaling are 
seven: utility, durability, esthetics, economy, legibility, 
reproducibility and homogeneity [1, 5]. 

2.1 Utility 

Some of the objectives of wayfinding are to identify, 
arrange, guide and provide information on the distribution 
of an area with the objective of making more efficient the 
traffic of people through it [2, 5]. To be able to achieve 
this, fixed or static messages should be distributed in key 
points where behavior dilemmas occur [5]. 

 
When wayfinding meets this requirement, it becomes 

really useful and it reduces any uncertainty, doubts, errors 
and/or waste of time that often leads to travel through 
unknown spaces [3]. 
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2.2 Durability 

Wayfinding communication is not temporary, or 
ephemeral like other communication disciplines –for 
example, advertising-, but it must remain for a long time in 
the place where it’s located. This requires choosing 
materials that will withstand climate factors –especially in 
the case of exterior locations [4] –and allow for easy 
modification of their contents. 

2.3 Esthetics 

The esthetic requirement proposes that wayfinding 
should be well adapted to its environment, give an added 
value to the facilities and provide a decorative nature [4]. 
The best is to simultaneously be able to integrate it in, 
and separate it from, the environment. At the same time, 
signs should be consistent with the spirit and 
characteristic of the brand, transmitting the core values of 
the corporate identity. Thus, wayfinding helps to reinforce 
the brand’s image [1]. 

2.4 Economy 

In addition to achieving low costs, an economy on 
information is also necessary. This involves obtaining the 
maximum information with the minimum elements, as well 
as, with the minimal effort by the recipient in locating and 
understanding the information [5]. The information 
presented by a singnaling system should be limited to the 
essentials [6]. 

2.5 Legibility 

It is essential that the message gets through 
immediately, and in some cases almost instantaneously. 
For this, it’s necessary to obtain a good readability 
through a proper study of typography, color contrast, size 
and space between characters, etc. 

2.6 Reproducibility 

The wayfinding system must be able to grow without 
losing its essence, in a way that new subsystems can be 
added if at some point new guidance or information needs 
are required. 

2.7 Uniformity 

Signs belonging to the same place must respect the 
same constructive patterns. This homogeneity helps the 
user to distinguish and read them easily, so finding the 
way becomes much faster. 

 

3 Case study: UPV’s signage 
The Wayfinding Area of the UPV was founded in 2006 

with the objective of providing the university with a 
wayfinding project capable of organizing and facilitating 
the traffic of people who circulate daily through it. 

 
The problem the university was facing was that the 

different displacement routes needed a reference system, 
which allowed an independent orientation of the 
individuals and that reduced the need of asking for “help” 
[1]. 

 
Next, the basic principles governing the wayfinding 

program of the UPV are introduced as well as some of the 

actions carried out. The description of all the elements is 
carried out applying the basic principles of a good 
signaling, explained in the previous section. 

3.1 Basic principles of the wayfinding program 

As a starting point, some basic principles were 
established referring to the colors, fonts, codes and 
materials used in signs. 

3.1.1 Colors 

The campus was divided into eight different areas and 
a specific color was assigned to each one. This color is 
used in all the signs that are located within that area. 

 

 

Fig. 1. Campus map. 

This increases the purpose of the wayfinding system 
since the user can easily identify in which area they are or 
towards which zone they are heading by only watching 
the color of the signs around them. 

 
The choice of colors took into account factors such as 

the visibility and perception of the color, the easy 
distinction between them, the university’s corporate 
identity, the ability to separate and integrate them into the 
environment and the ability to reproduce the color for the 
signs in the chosen materials. Therefore, in the decision 
the criteria of legibility, esthetics and economics were 
mixed. 

3.1.2 Codes 

A code was assigned to each building consisting of a 
number and a letter. This allows identifying each building 
in a synthetic and brief way, which is of great importance 
in small-sized signs. This is a great example of the 
principle of informative economy. In addition, all the 
buildings located in the same chromatic area have the 
same number. For example, number 7 corresponds to 
buildings that are in the green zone, being their codes 7A, 
7B, 7C, etc. This code system allows a high reproducibility 
since if in the future more buildings are constructed; just 
one more letter has to be added. In the example above, 
building 7D. 

3.1.3 Font 

The font used in the system is Helvetica Condensed. 
This choice is based in two essential criteria: achieve 
adequate legibility and convey the characteristic values of 
the UPV. 
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3.1.4 Materials 

The main factor taken into account in the choice of 
materials was durability. This led to the choice of two 
materials: vinyl and Alucobond. Vinyl is used in both 
internal and external signaling. Alucobond is used in the 
wayfinding plates inside the buildings. 

3.2 Main actions 

 

3.2.1 Directional monoliths 

Monoliths are signs of the shape of a column 
containing information on both sides. This signs are 
scattered around throughout the campus and are located 
in so-called "decision points", achieving this was the utility 
requirement. Monoliths contain information about the 
most important facilities/buildings. For each target, people 
can find the name, the direction where it is (indicated by 
an arrow), the estimated time it takes to get there and the 
alphanumeric code. 

 
Monoliths are white and in the top they have a colored 

strip with the tone of the area they are located in. 
 

 

Fig. 2 Directional monoliths. 

3.2.2 External identification of the buildings in 
vinyl 

This sign is made out of vinyl and it’s placed at the 
front door of the building. It contains the alphanumeric 
code of the building and its name. For the code, the area 
color is used and the name is written in white or gray –
searching for the best contrast with the facade according 
to the readability requirement.  

Its functions are to identify the building and indicate the 
place where you can find the main entrance to the 
building. 

 

 

Fig. 3 External identification of the buildings in vinyl. 

3.2.3 Identification of secondary entrances 

For the identification of entrances to the building other 
than the principal, rectangular aluminum plates are used, 

fixed to the wall and painted with the corresponding color 
of the area. The information that appears on them is the 
name of the building and the specific alphanumeric code 
that identifies that particular access. 

 

 

Fig. 4 Identification of secondary entrances. 

3.2.4 Chromatic division by floors 

Inside the buildings, each floor has a different color and 
the signs placed in them are of that color. The color to 
identify the first floor is always the color that corresponds 
to the area where the building is located. 

 

 

Fig. 5 Chromatic division by floors. 

3.2.5 Directories 

The directories are located at the main entrances and 
at decision points. The background color is the material’s 
color (Alucobond). On it, the information about the 
different floors can be found. 

 
In the left column we can find the number and color 

corresponding to each floor and in the right, departments, 
labs, classrooms or toilets. The floor where the directory is 
located is highlighted by a larger colored square. 

 

 

Fig. 6 Directories. 

3.2.6 Banners in hallways 

This signs are placed in the corridors next to the 
classrooms, toilets, stairs and elevators. The size of the 
banner is 300 x 130 mm and only gathers two pieces of 
information: the name or pictogram and an arrow 
indicating the direction. The vertical strip is of the color of 
the corresponding floor. 
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Fig. 7 Banners in hallways. 

3.2.7 Identification “in situ”: methacrylate 

To identify specific places such as offices or 
laboratories, a methacrylate support is used where a 
sheet of paper can be placed. The top part is labeled on 
vinyl and it’s of the same color that corresponds to the 
floor. 

The role of this signaling is to identify an office or 
laboratory and to provide information of interest to users, 
for example, the hours the classrooms is going to be 
used. 

Its main advantage is the ease and quickness way by 
which you can change the information they provide since 
you can just change the paper in its interior. Here we 
apply the principle of reproducibility. 

 

 

Fig. 8 Identification “in situ”: methacrylate. 

4 Conclusion 
The wayfinding project of the university and its main 

activities have been presented. 
 
The basic principles of the wayfinding help explain and 

understand many of its features. 
 
This way, we can establish the following relations: 

- The criteria of esthetics has been followed when 
choosing the colors and fonts used in the different 
signals. 

- The test of durability has been taken into account 
when choosing the material and in specific 
applications such as identification "in situ". 

- The principle of economy of information has been 
followed by using the alphanumeric codes to 
designate the buildings rather than by using their full 
names. 

- The standard of legibility has been followed in 
choosing the colors and fonts. 

- The criteria of reproducibility has been followed in the 
assignment of alphanumeric codes that allow the 

introduction of new buildings without having to 
change the existing names. 

 
Therefore, we can see how the criteria proposed by the 

literature can be applied to a specific case and can help 
understanding the decisions taken and the criteria on 
which the wayfinding project was developed. 

 
The intention of this paper is to introduce this project 

and to enhance the wayfinding recognition as an 
organizational factor and as a manager of the movements 
of individuals through a certain space. 
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Abstract 

The parametric computer graphic systems adoption, meant as dialogue and interaction tool 
among the various operators of the building construction, is based (since the first phases of 
the preliminary project) on the management of a unique database related to the various 
actors of the design process. This leads to an able to interact with the various actors of the 
project according to a deductive logic of it. The virtual model performs both to geometric and 
to semantic level, operating to interact both the formal knowledge and the technological one. 
At this regards, great opportunity is therefore given by the chance to build, through the 
Drawing, a very complex model, susceptible of investigations that go further the cognitive 
searching traditionally connected to representation's field. 
This particular feature implies that computer drawing has not only to be considered the 
communication language but the opportunity and the means to search for the truth and the 
overall accuracy of the design idea. This is basically the weld between “what” and “how”: and 
the distinction is not between draw (understood as thing's physiognomy's developer) and 
project (meant as forecasting of the thing itself), but the draw becomes at the same time a 
trial and an instrument.  
The paper includes some professional experiences, aiming to explain the adoption and the 
implementation of BIM (Building Infomration Modeling) methodology, developed through the 
cooperation between the Building Service of the Politecnico di Torino and the Department of 
Building Engineering and Territorial Systems (DISET) of the same university. Other case 
studies are developed by the same authors of the paper through the collaboration between 
some Italian professionals and DISET researchers.

1 Digital drawing for decision-making 
(G. Garzino) 
The desire to base the construction of a building on 

rigorous control of the parameters that govern it, belong 
to the “substance of things hoped for”, to paraphrase 
Edoardo Persico [1], since the dawn of western 
architectural thought and it has accompanied architects 
on a thousand year journey from Callimachus to Le 
Corbusier, whose “modulor” represents the product of 
knowledge of arithmetic (from irrational numbers to the 
Fibonacci series), geometry (the constancy of the 
proportional average is based on Euclid’s two theorems 
of a rectangular triangle), ergonomics and 
anthropometrics. More generally around the 1970s, a 
denial of project design as a method of governing 
modernity occurred and the conditions were therefore 
created, in a structural manner, given the remarkable 
insight of some architects, for the entrance onto the 
drawing scene of new disciplines such as computer 
science, already involved in that period in other sectors of 
the world of production. Written documents and 
systematic methodologies were preferred to technical 
drawings. A desire was pursued to apply the methods 
that science had devised for complex systems, already 
applied in other fields, also to building. Architects were 
given the task of formulating problems: questions were 
posed in terms of basic requirements and needs, the 
same as those connected with reciprocal relationships in 
everyday life. Traditional practice was incapable of 
considering and at the same time processing, according 

to the new systematic approach of the knowledge 
process, all the elements of a problem. On the other  

 
 

hand, the need to reach a summary result, led to the 
belief that an effective means could only be deployed with 
the support of combinatory analysis, which of course was 
made possible by computers. As a consequence 
mathematical algorithms and computer processing was 
employed to explore possible relationships from which to 
extrapolate the most appropriate design solution.  

A significant step ahead was taken at the beginning 
of the 1980s when the concept of “expert systems” was 
introduced, which employ an interrogation process to 
generate suggestions and indications of how to solve 
determined problems.  

The true quantum leap ahead in quality arrived with 
the migration to hierarchically structured software 
programmes which would run on personal computers [2]. 
These hierarchical structures made it possible to 
establish dynamic relationships between data that 
described a design in three dimensions, thereby making it 
possible to simultaneously address as a single entity what 
until then had been separated: it was no longer analysis 
or just geometry or just semantics, but spatial and 
construction analysis at the same time. A new method of 
computer aided design was thereby investigated, that of 
object based parametric design. The use of hierarchically 
structured software brought with it the representation of a 
building design in terms of a number of parts which, 
depending on their level in the hierarchy, assumed the 
role of complex construction elements or modifiable 
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building components1. The use of computers is in fact 
useful not so much for solving the problems of 
complexity, closely connected with the conception stage 
of establishing shapes and form, so much as a support 
for modelling, making interactive design possible, where 
formal and distributive investigation is flanked by 
verifications in physical, technical, structural and financial 
terms and so on. The issue is therefore that of 
construction, with the drawing of a complex model 
subject to investigations which go much further than 
searches for information traditionally connected with the 
world of drawing. Compliance and semantic factors sit 
side-by-side in parametric design and in this case these 
specifics enable design to escape its static condition to 
assume the dynamic character of its interactive nature as 
a graphic representation of a model.  

Interactive computer models provide opportunities 
that were unimaginable with physical models and they 
constitute a combination of a three dimensional plastic 
model or its digital equivalent (except for some important 
differences) and a prototype model, once very common 
among producers in disciplines such as building 
construction and hydraulics. They conserve the 
continuous development and propensity to change of a 
plastic model and at the same time they possess the 
semantic richness and the quantitative feasibility of a 
prototype. As opposed to what might be imagined from a 
first and superficial analysis which looks only at the most 
obviously attractive aspects such as rendering, 
information technology brings a strong characterisation in 
terms of the communicative symbols of a building design. 
It therefore brings not just an uncommon search for 
urban icons and formal experimentation, but also 

                                                 
1 A distinction must be made between primitives, instances 
(examples), objects and classes. As opposed to what happens in 
CAAD environments, where primitives are simply three 
dimensional elements corresponding to a model, in a hierarchical 
structure, the term primitive refers to the basic constituents of a 
building: bricks, glass sheets, door and window frames, floor 
beams, etc. Each primitive is defined differently from the others 
and is given a specific name, so that it can be identified 
accurately. Primitives can be combined with each other to create 
complex elements: construction elements termed objects. In this 
case the primitives are transformed to become examples, i.e. 
recurring symbols. The symbols can be duplicated and 
manipulated parametrically, while the relative characteristics of 
the constituents can only be modified at the level of the 
primitives. Furthermore, when an object (e.g. a window object) is 
inserted in a hierarchically more complex object (e.g. a first floor 
object), that object falls to the level of an example, i.e. a lower 
level  and the relative spatial relations (e.g. those between the 
frame and the glass) which have fallen to the level of a primitive 
can be modified.  
This procedure constitutes the true strength of hierarchical 
structures. Take for example the case of changing the 
thicknesses of the window frames of a building. In this case it is 
not necessary to change the individual windows one by one 
because the modification can be made at the level of the frames 
initially employed as primitives and it can be performed with one 
single operation. What is more, the operation can be repeated 
many times to explore different alternatives. In fact the graphics 
information relating to the thickness of a window frame can be 
read directly by a spreadsheet and parameters such as cost, 
permeability to the air and any relationship at all that is specified 
can be investigated. The ability to make instant changes based 
on the principle of automatic propagation of the modifications 
made to a primitive is termed instantiation, and it gives simulation 
both at a geometric and a semantic level.  (Many of the 
considerations and examples given in this note have been taken 
from: Saggio Antonino, “Introduzione alla rivoluzione informatica 
in architettura”, op. cit. pp. 86-87). 

relations with the academic world and multi-disciplinary 
tendencies. Techniques using diagrams are therefore 
extremely important in the drive towards performance to 
the point where they become a representation of the 
behaviour of a building design, a key to interpreting what 
is described at the input stage with computerised 
drawing. A diagram is in fact a sort of “abstract machine” 
which sits alongside traditional geometrical and 
reproduction type representations [3], the effectiveness of 
which lies in its interdisciplinary nature: it is able to act as 
mediator between different and interrelated quantities, 
with explanatory functions and as a sort of graphical short 
cut for the representation of more or less complex 
phenomena. [4] The diagram is not a metaphor or 
paradigm […]. The meanings of diagrams are not fixed. 
The diagrammatic machine is not representational. It 
does not represent an existing object or situation, but it is 
instrumental in the production of new ones [5]. When 
interrogated, electronic representation responds with 
information that is no longer rigid, but which dialogues 
with data that can change with changes in input 
conditions: this behaviour not only occurs in the 
singularity of each parameter but rather in the changed 
relations of the whole. A distinction is therefore made, 
spoken of by Bernard Hamburger, between traditional 
and nominal heuristic design [6].2 In reality the latter can 
be more properly referred to as computerised heuristic 
design and is characterised by a team environment in 
which the whole design group participates, bringing a sort 
of network into play, in contrast with traditional practice, 
linked to an individual and personal environment.  

With things as such, two different approaches appear 
from a methodological viewpoint. The first method is that 
which has been outlined mostly until today and it is that of 
a simulation model which takes shape from the graphics 
input and draws from a hierarchically structured data 
bank of three dimensional data. Parametric design is 
normally conducted with basic software and then a series 
of specialist software applications interact with that 
software by means of data interoperability to simulate and 
verify the model thus constructed. With exception made 
for the necessary substantial considerations concerning 
the central role of the information, the traditional design 
approach, where the design of the morphology of a 
building object remains the starting point, is maintained 
by following this procedure. It is possible to further 
distinguish, within this approach, between a method of ex 
post support verification and one where the possible idea 
gradually takes form and is continuously refined with 
interactive verifications which follow. A second type of 
approach is also possible, however, where the starting 
conditions do not consist of a possible idea expressed at 
the initial stage with a sketch on paper, but of a series of 
relations of a topological nature expressed in the form of 
a diagram. The model does not simulate to then verify, 
but becomes itself a generator of design metaphors3. 
Consider for example some of the works by Makoto Sei 
Watanabe, such as the Lidabashi underground station in 
Tokyo (2000) where the formal impact of the structures in 
elevation originate outside the ground from a series of 

                                                 
2 This concept is taken from Converso S., Precisione digitale e 
processo condiviso in “Esempi di Architettura”, year I, n. 3/2007, 
pp. 59. 
3 A central role is played in this respect by the research 
conducted by Peter Eisenman together with those of UN Studio. 
Cf. P. Eisenman, Diagram Diaries, Thames & Hdson, London, 
1999, and cf. A. Marotta, Ben Van Berkel. La prospettiva 
rovesciata di UN Studio, Testo & Immagine, Turin, 2003. 
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iterations with a specially developed software 
programme, designed to organise a ramification of 
elements which creep into the available space, just like 
vine shoots in nature. The ramification proposed by the 
software at the beginning is then further processed to 
summarise its compatibility with constraints of a 
functional, distributive and structural nature. The design 
for the façade for the station for the Kashiwanoha (2004-
05) campus was studied in the same way, by analysing 
the interaction between external projected space and the 
movement of air caused by the trains4. This approach is 
then flanked by yet a further possibility, offered by the 
exploration of a territory, the confines of which expand 
each time it is investigated. This occurs with software 
which enters the very fibres of new buildings through 
home automation, or domotics as it is called, and the 
control of various parameters (opacity of the windows, 
the orientation of the sunbreakers, etc.). New techniques 
for building and the subsequent management of them 
therefore unfold whereby not only the design but also the 
buildings themselves become interactive and alive, 
reacting to changes in flows, stimuli and desires [7].  

Nevertheless, because of its interactive nature a 
hierarchically structured software application becomes a 
live object, completely different from anything seen 
before (even with regard to “types” which, although they 
allow for different options, are constants by nature), 
designed not so much for orientation as for scientific 
analysis. The big change imposed by the “computer 
revolution” does in fact ensure that the categories by 
which thought was previously structured no longer 
correspond to the reality. As opposed to the industrial 
age, types, standards, zoning and so forth are no longer 
central, having been replaced by the specific which 
opens up to the multiple or, to put it in knowledge terms, 
the hypotheses have replaced the theories. Reality is 
unveiled in the form of relationships and mathematical 
processes. And interactivity, which privileges the figure of 
the subject with respect to the object, which is 
characterised by the continuous reconfiguration of space 
and which puts the “narration” at the centre of things 
defined as a story to be told before the presumed cause 
and effect relationship advanced by the proposed design, 
really does seem to be the correct way to proceed in a 
world where the linear relationship based on the 
principles of cause and effect no longer holds. The issue 
is therefore that of knowledgeably governing a system of 
given relationships. Just as renaissance architecture was 
transformed to become humanisable, as perspective in 
the age of humanism contributed to the creation of 
consistent and specific systems (leading to the 
abandonment of polylobed systems) and as buildings in 
the functionalist period were structured to be 
industrialised (serial, abstract and mechanical)[8], the 
stimulating issue that springs from these considerations 
is therefore that of thinking whether a new season can 
really emerge: that of architecture as the child of a 
decision-making model. After two centuries, those of 
nineteenth and twentieth century industrialisation, in 
which the geometric, functional-compositional and formal 

                                                 
4 Makoto Sei Watanabe then designed a series of software 
applications with specific functions: Wind-god-city, addressed the 
relationship between ventilation and exposure to the sun; On 
demand city considers the relationship between functional 
location and changes in distances between activities; City on the 
hills the relationship between settlements and orography; 
Generated city block the relationship between road intersections 
and routes.  

approach to building design was organised mainly on the 
basis of the production of the construction, a new era has 
perhaps arrived. It is an era in which the nature of 
buildings will be based partly on the design process and 
therefore on the new system of design proposed by 
computers, that which is implemented with the creation of 
an interactive graphics model: a decision-making model.  

2 BIM technology as a collector of 
heterogeneous data (M. Lo Turco) 
 
At present professional practice requires more and 

more specific skills and extremely tight deadlines; at the 
same time the historical period reveals a trend to orient 
software technologies towards a more conscious and 
structured use in a continuous research - sometimes 
exhausting, other times more productive – for procedural 
strategies using shared platforms. 
At the same time, the market is changing by offering a 
large number of applications created to solve different 
matters. The same term “parameter” is characterized 
according to the application context: if in mathematics is 
defined as an arbitrary mathematical constant, referred to 
systems, formulas and equations, in design field it may 
take different shades: unlike pure parametric software, 
the object software have more relationships with the 
architectural design, where the internal libraries available 
are shared out by types of building elements. 
In other scenarios, the same term means the control of a 
large number of variables (not only the geometric 
relationships) that allow managing a particular process 
(design, construction, management,). In computing, "the 
parameter is a value that a function expects to receive in 
order to perform its work"[9]. In other words, the function, 
the software and the operating system expect (values) 
and want to know (what to do) because the computer 
programmer has explicitly provided that information to be 
taken, so that it is expected to pass parameters. In last 
years, in architecture, engineering and construction 
industry it has been introduced a substantial change, both 
in design methods, representation and project 
documentation and in construction technology. The 
building process has become a very complex series of 
actions; each of them consists on a large amount of 
information coming from different fields [10]. 
With the increasing information and the resulting 
complexity of the process, architects and engineers have 
come up against new realities of design, more difficult to 
manage. The request for more specific documentation, 
detailed analysis, regarding to the different topics of 
design, (from the structural and energy ones up to the 
cost evaluation), has a feedback on time planning: the 
coordination between all the actors involved, the 
management of various skills and their integration into a 
single process, is going to push the professionals in the 
searching of a tool of suitable support for their work. At 
this regard, the continuous progress of research, 
especially in the field of energy, according to 
experimentation of innovative construction details 
designed to reduce energy consumption, have led to a 
consistent increase in the time of conception, design costs 
and construction. The introduction of BIM implies a radical 
change regarding to the techniques, methodologies and 
tools of design and, consequently, the role played by 
individual professionals: it was said that the center of the 
whole process is the virtual building model itself, from 
which have been extracted different representations of the 



1070

Garzino et al.  The drawings design realized by parametric computer systems 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

building and all the information needed to manage the 
various design phases. Each of the traditional drawing 
representations are not simple geometric entities related 
to each other by means of spatial coordinates and simple 
geometric rules, but they are interactive representations 
of the model to which they belong. 
This allows designers and all those involved in the design 
process, (including contractors) [11], to share project 
information in a simple and transparent way. The aim of 
BIM technology is to get an overview of the design and of 
the building itself setting all the information linked to 
performance, qualitative or quantitative ones, inside the 
virtual model. So, while the first Computer Aided Design 
allowed to have additional information on the performance 
of the building through drawing annotations, a BIM model 
contains the information and key features to understand 
the model as a whole: each architectural element that 
constitutes the BIM model is characterized by 
performance schedule of materials properties, energy 
information, lighting and acoustic analysis, thermal - 
physical, economic evaluations..., which identify and 
characterize the building [12]. Doing that, it is possible to 
eliminate the usual problem of re-edit the drawings when 
it is needed to make specific analysis:  normally, using 
CAD tools, the different analysis related to the current 
building process are normally connected to the final 
stages of decision making, leading to further delays due 
to the need to make the changes required only when the 
building definition presents a developed stage. 
Nowadays, using BIM processes, the detailed analysis, 
consistent with the different topics required for the design 
of the building components, can and must be done during 
the early stages of design, together with the choices 
made by professionals, in order to give back the decision-
making process more consistent and clear.  
Leaving aside the undoubted advantages of BIM tools in 
the later stages of the design, the chapter aims to present 
the added value given by recent parametric software for 
preliminary studies regarding to some Functional 
Economic Analysis. The following paragraphs show some 
case studies developed through the cooperation between 
the Building Service of the Politecnico di Torino and the 
Department of Building Engineering and Territorial 
Systems (DISET) of the same university. 

2.1 BIM processes developed for the Building 
Service of the Politecnico di Torino. 

In last times, a research group inside DISET Department, 
through the work of some fellowship researcher, has 
begun to cooperate to the new design processes 
involving new areas of Politecnico di Torino. The 
versatility of the figures involved, often divided between 
teaching and research, has made possible to transfer 
some knowledge about new parametric tools within the 
internal structure of the Building Service, responsible both 
for new interventions, and for all the management 
procedures that concern the University. The works most 
frequently requested are constituted by several Functional 
Economic Analysis (FEA) that allow making some 
resolution on certain design choices, through integrated 
approaches: on the one hand evaluations of design 
typologies, on the other allowing a more immediate 
economic evaluation. The parametric software used is 
Autodesk Revit Architecture. 

2.2 Functional Economic Analysis (FEA) 

Recently, the current regulation on Public Works has 
indicated, through the d.P.R. n. 207/2010, (Regulations 
implementing the Decree n.163/2006 – Codice dei 
Contratti) the contents for the various design phases. 
Article 14 refers to the Functional Economic Analysis, 
specifying in detail the contents, partially returned in the 
following list: 
 - a description of the prior assessment of territory 
sustainability of the intervention, and the requirements of 
the designing building, the feature connection with the 
existing context, with a particular attention to verify the 
historical, archaeological, territorial constraints related to 
the areas affected by the intervention. This lead to identify 
appropriate measures to safeguard the cultural and 
territorial values; 
- the integrated analysis of different design alternatives, 
regarding to the functional, technical, managerial, 
economic and financial matters. 
The bylaw of January 14th 2009 specifies that, in spite of 
the Codice dei Contratti and d.P.R. 554/1999 do not 
provide an adequate framework for FEA, both for contents 
and for processing, it is considered that the FEA 
document must balance two needs: firstly, it allows the 
acquisition of the due prior authorizations by virtue of the 
completeness and reliability of its content; secondly it has 
to hold the right place for competitors creativity during the 
subsequent phases. In particular, the FEA should enable 
the definition of the cost intervention, drawn from a 
quantities take-off or on the basis of parametric costs 
derived from similar interventions. 
The right draft of FEA containing technical, designing, 
legal, administrative (including the planning ones) and 
financial matters, also aims to enable the drafting of 
preliminary project, minimizing the risk of changes. This is 
the case of some projects showed below, in which the 
parametric tools ensures very quickly a true 
foreshadowing of the final result. The following proposed 
solutions are the result of a methodological process that 
provides the control of phases and design options linked 
to economic factors: these are estimated, as suggested in 
the regulation, through parametric construction prices 
obtained by analogy to similar interventions. 

2.3 FEA for Politecnico di Torino: Pavillons 3 
and 3B of Nervi’s  Torino Esposizioni 

Below, there are some actions proposed for the 
requalification of certain areas currently unused or under 
transformation: the authors of the forthcoming proposals 
have worked closely with several divisions of Comune di 
Torino, in such a way as to transpose some directives for 
changing or specifying the city planning tools provided 
within the Piano Regolatore Generale Comunale (PRGC). 
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                                Fig. 1 Urban Plan 
The following project consisted on the possibility of re-
functioning part of the famous building called Nervi’s 
Torino Esposizioni, in order  to achieve along the Po river 
a new educational center of the Politecnico di Torino, 
through a new longitudinal axis together with Castello del 
Valentino and the IEN area.  
 

 

 

Fig. 2 Internal plan 

The hypotheses proposed foresee the conversion of the 
Pavilion 3 and 3B to classrooms and labs, through the 
construction inside the internal volume of these large 
spaces. Firstly, it was needed to be established the cost 
intervention parameters and the evaluation of square 
meters actually achievable within these areas to great 
heights. 
 

Fig. 3 Longitudinal section 
 
The outcome of this study has determined that the 
intervention would be hardly sustainable: this was 

achieved through the interrelation of data between virtual 
three-dimensional model, the estimated quantities take off 
and the costs evaluation (parametric value for square 
meter), at this regard the FEA should be able to turn the 
initial idea into a project-specific case of intervention, 
through the identification, specification and comparison of 
different options, designed to take different approaches to 
the realization of the idea. Different construction 
techniques have been suggested, in order to minimize the 
cost on the new structure.  
But the key factor in judging the operation more difficult to 
pursue is  related to the massive investment to support 
both in terms of maintenance (the roof has currently 
numerous water infiltrations and spread molds) and from 
a facility management point of view (the costs for HVAC 
have significantly influenced the cost-benefit analysis). 
Only a multidisciplinary approach like the one proposed 
by BIM systems can give a general overview that allows 
an objective analysis of different matters. 
 

 

Fig. 4 Internal view 

2.4 The new Energy Center  

The project that best expresses the reasons that lead to 
the drafting of a FEA is the so called Energy Center, an 
intervention financed by European funds for the 
construction of an exemplary and innovative building in 
terms of energy savings. The institutions involved are the 
Comune di Torino, the Politecnico di Torino, FinPiemonte 
for work coordination, on the basis of the actors involved 
for the production of a shared document that carries to 
hypotheses and scenarios of governance and the 
economic and financial guidelines. At this regard, the 
Integrated Territorial Program (PTI) of Torino, named 
"Energy sustainability as a development factor: a planning 
for Torino" has as its overall objective to promote 
sustainable socio-economic development of its territory, 
providing for the implementation of measures which, 
linking together by relations of mutual interdependence, 
point to make the theme of sustainable energy as a 
strategic factor for the growth of competitiveness. 
The PTI includes all the four priorities that the region has 
identified for its development: in detail, the program is 
divided into four areas:  
1) renovation of buildings public; 
2) active policies to promote energy saving and use of 
renewable energy sources; 
3) innovation hub dedicated to environmental issues; 
4) technical training on energy issues. 
The development of design concepts derives from the 
ongoing comparison between the professionals of local 
authorities and the partnership invited to participate in the 
working tables, in relation to the different expertise and 
skills. The Energy Center will aim not only to coordinate 
research activities and specific training taking place within 
the University (as also happens in other similar European 
universities) but also it would be a physical place of 
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incubation of new businesses and providing services to 
the territory. 
 For this reason, continuous and manifold synergies 
between the various players of research and 
technological innovation will contribute to the 
development and deepening of the issues relating to 
energy efficiency, about the use of renewable sources to 
produce clean energy and reducing emissions pollutants. 
This would be a Center for research, but also an example 
and a model to disseminate sustainable energy concepts 
and correct behaviours. Piemonte has approved5, the 
regional call for the "financing of redevelopment of 
disused sites" which are allowed to finance projects 
submitted by local governments for the "recovery of 
abandoned sites (including industrial sites) and their 
conversion for the attraction and establishment of 
economic activities and production and service" - the 
Energy Center meets the objectives of that 
announcement, in line with regional addresses of the 
second Strategic Plan of the City of Torino. The 
Politecnico di Torino considers this plan as a strategic 
element to strengthen its research and advisory services 
with a multidisciplinary approach, multi-service and 
customer oriented to companies; 
The first step consisted in the drafting of the Plan 
variation, to be expected within the site of intervention. It 
is expected therefore a plan divided into different time 
phases that involves the construction of the first part, (the 
Energy Center) to be followed by future construction of 
other buildings in order to saturate the amount of free 
floor area achievable within it. In this regard, the BIM 
software lets you organize parametric interventions 
depending on the time variable. Doing that, it has been 
created an overall master plan containing the maximum 
heights achievable in individual buildings, with its own car 
parks (estimated in 40% of the GFA realized). The whole 
site has a building capacity of 25000 square meters, 
(which should equal about 10000sqm of car parks) 
divided into: 
 - Phase 1: construction of the Energy Center, about 
5000sqm with underground car park of approximately 
2000 square meters (highlighted with red colour in the 
picture below). 
- Phase 1B: construction of house for students, with 
basement level car parks (Yellow). 
- Phase 2: completion of the project with additional blocks 
of different types (blue and purple), depending on their 
use and the existing urban fabrics. 
 

 

                                                 
5 (det.n.161 of  06.07.2009 as part of the Activity III.2.1 POR 
FESR 2007-2013). 

  Fig. 5 Internal subdivision of the area 

 
Before reaching the final solution, in agreement with what 
is explicitly required by relevant regulations, there have 
been several proposals of distribution, as can be seen 
from the pictures below. In the first it was proposed the 
construction of a new building that resumed the former of 
Westinghouse headquarters, an industrial building. A part 
of these still remains within the site. The poor conditions 
of the building, (which is bound exclusively the facade) 
and the analysis on solar studies have focused the first 
building on a different location, as you can see in the 
picture below. (The red building is the funded one, as we 
discussed earlier). 
 

                   

                  Fig. 6 3D Conceptual model. First version 

 

Fig. 7  Perspective section 

 

Fig. 8 General master plan. First version 

After several meetings that occurred with the heads of the 
different technical areas (planning, technical services, 
construction, environment, economic development) it was 
decided to define a different configuration, as proposed in 
the image below, next to the volume of the Bellini library.  
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Fig. 9 General master plan. Last version 

 
As mentioned above, despite the images presented 
obtained by the three-dimensional conceptual models, it 
should be emphasized once again the flexibility of these 
processes that allow correlating heterogeneous 
information, as a multidisciplinary feasibility study should 
contain. 
 

 

Fig. 10 Energy Center: solar studies 

 

 

Fig. 11  Schedule of  Ground  Floor Area, phase 1 

3 Sustainable Construction and BIM: 
design for the representation and 
analysis tool (M.Vozzola) 

 
Nowadays the value of green building construction is 
increased: for several reasons, not the least of which is 
global climate change, sustainable building has become a 
practice of critical interest. Sustainable buildings minimize 
the use of resources such as energy, water, materials and 
land through optimal design  [13]  
Architects, designers and engineers are using Building 
Information Modelling (BIM) to help accomplish a variety 
of tasks more efficiently than in the past and some than 
might not have even been possible. The new approach to 
design is based on the rise of the amount of building 
information and the data are shared with the others team 
members.  
The research aim is to develop and explain the two 
current and growing movements in the architecture, 
engineering, and construction industry: sustainable design 
and building information modelling. The goal of the BIM 
methodology is to allow an overall view of the building or 
project by including everything in a single source model.  
The strategies of a BIM process is directly correlate into a 
sustainable design plan: for example the building model 
can be used during the material selection stage, the 
building database can be used to estimate cost and 
performance, and designers can put data in the BIM 
model that geographically locates the building.  
The ability to set sustainability goals early in a project, set 
recycling percentages, and limit delivery ranges to 
decrease fuel loads all are a change in process to follow a 
more integrated approach to design and construction.  
A Building Information Model represents the building as 
an integrated database of coordinated information. 
Beyond graphically depicting the design, much of the data 
needed for supporting sustainable design is captured 
naturally as design of the project proceeds. In addition, 
the integration of Building Information Model with 
performance analysis tools greatly simplifies the often 
cumbersome and difficult analysis. This approach gives 
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architects easy access to tools that provide immediate 
feedback on design alternatives early on in the design 
process. Eddy Krygiel and Bradley Nies6 indicated that 
BIM can aid in the following aspects of sustainable 
design: 
- building orientation (to select the best building 
orientation that results in minimum energy costs); 
- building massing (to analyze building form and optimize 
the building envelope); 
- day lighting analysis;  
- energy modeling (to reduce energy needs and analyze 
renewable energy options such as solar energy); 
- renewable energy; 
- sustainable materials (to reduce material needs and to 
use recycled materials) [14]. 
As any designer can attest, design is a cyclical process. 
The process of design, especially sustainable design, can 
involve a series of intuitive and creative movements. The 
Green BIM project is explained in two different case 
studies, Auditorium of Politecnico di Torino and 
Radicondoli Resort buildings in Tuscany.  
The two case studies, different from each other, have 
some common characteristics, which allow you to 
compare the results obtained in the two studies and to 
assess the benefits of using BIM systems on historic 
buildings. 
In particular, the buildings have the following common 
characteristics: 

- presence of historical buildings of different types; 
works on existing buildings (scope of works covered: 
extensions; material change of use and change of energy 
status; work on controlled fittings and services; renovation 
work); 
disposal of non-residential use; 
need for action on energy efficiency of the system. 

3.1 BIM use for daylighting 

In particular, Politecnico di Torino Campus includes 
different types of use and building such as:  
Corso Duca degli Abruzzi site, this site was inaugurated 
in November 1958, since the original planning choices, it 
was clear that the building was meant to represent the 
dignity of the institution; 
Cittadella Politecnica site, called “Raddoppio del 
Politecnico”, it is a plan for doubling the old university’s 
area in a former industrial area. 
During the renovation work of the University 
headquarters, the plan had some aims, one of them was 
to redesign the interior courtyards. 
Politecnico case study [15] addressed the issue of re-
functioning of one of two inner courtyards of the 
University Auditorium. The objective was to create a place 
that can accommodate the conference attendees and 
participants during the different events hosted in the 
University Auditorium. 
The project was elaborated only as BIM model, this 
choice has allowed us to characterize the objects in which 
were included many parameters of control and 
verification.  
The potential for the development of the model in a BIM 
were found in the analysis of the shadows study. The 
analysis of the shadows study, which in this case the new 
functions of an external place, was to assess the correct 
positioning furnishings, in order to make the most of 

                                                 
6 Eddy Krygiel, AIA, LEEP AP is a pacticing architect at BNIM 
Architects. Bradley Nies, AIA, LEED AP, is a registered architect 
and Director of Elements.  

natural sunlight the courtyard. The ability to geo-reference 
the model by including the true North Project and to 
choose the date and time for the shadows simulation, has 
offered a range of parameters to which the project had to 
respond. 
In particular the solar analysis model was created to 
understand the value of shading in the court and against 
the building façade. A massing model was built to 
understand the solar movement and various shading 
schemes were created to help the effects of the sun in the 
area.  

  

Fig. 12  Sun studies at various times of the year 

 
The uses of BIM for green buildings have evolved in 
recent years, day-lighting analysis has emerged as an 
early benefit for many BIM adopters. Among those who 
use BIM for sustainable design, the vast majority conduct 
lighting and day-lighting analysis with BIM and related 
tools. For architects and engineers, this provides the 
opportunity for a more effective and robust iterative design 
process that can drive more informed choices regarding a 
building’s performance7. 

3.2 BIM and Sustainability  

Radicondoli Resort, instead, comprised of 688 hectares of 
land, and includes different types of use and building such 
as: 
- a XII century Castle, called Castello di Montingegnoli; 
- a mediaeval village, called Borgo; 
- 10 rural Tuscan farmhouses, called Case Coloniche,  

scattered within the property.   
 

                                                 
7 Green BIM. How Building Information Modeling is contributing to 
Green Design and Construction – Smart Market Peport – Mc 
Graw Hill Construction, 2010. 
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Fig 13 Podere Tremoli (one of Case Coloniche) - Render 

Our plan is based on the renovation, rehabilitation and 
conversion of the Castello, the Borgo and Farmhouses. A 
group of architects, designers and historic 
preservationists with strong design expertise and local 
experience has already been engaged to coordinate the 
project. Our goal is to preserve the historic and 
architectural integrity of each building meeting all local 
design and building codes, and improve the energy 
efficiency of historic buildings. 
The image that will be offered guests an environment 
characterized by the charm of history: the guidelines of 
the project will be to maintain, restoring and enhancing all 
the original architectural characteristics. Stone walls or 
brick, wood beam ceilings, stone staircases, terracotta 
floors and wooden window frames will be used. The 
restoration of Montingegnoli Castle maintains the original 
distribution system. The units will be made through the 
union of several rooms, whiles maintaining the distribution 
scheme and original master plan. 
For this project, we focus our attention on the Coloniche. 
They are the old rural farm houses where people working 
for the farm’s owner used to live.  The houses are isolated 
and scattered within the property.  The buildings have 
been abandoned from many years and in some cases the 
deterioration through the years has reduced them into 
ruins.  Our plan includes the restoration of a total 6488 
mq converting these buildings into 39 apartments. 
The BIM model was used initially in the preconstruction 
phase and then implemented fully when the concept 
design began. All documents are now being produced 
from BIM file and the BIM model is assisting in integrating 
the team and the process. The integrated design process 
allowed us it capitalizes on the value of sustainable 
opportunities at the beginning of the process.  
This experience is crucial to explain one of the main 
benefits of BIM: the ability to use the building geometry 
from the model in other applications to speed some of the 
analysis that need to occur for sustainable design 
principles.  
 

 

Fig 14  Podere Tremoli –Table of rooms and squares 

 
It is important to recognize that many strategies are both 
cumulative and interdependent. Addicting some strategies 
on top of others can have a compounding benefit: building 
orientation, glazing and daylighting are some of the most 
important one. Capitalizing the building direction, using 
the right glass in the correct amount and location and 
integrating sun shading into the project to optimize the 
use of natural light all build on each other. 
Understanding and capitalizing on the model components 
parametric relationship, we could optimize the integrated 
strategies and technologies for a sustainable design 
requires.  
In this context and with these objectives has been set BIM 
work: from the early stages of survey and design were 
controlled quantities and types of materials used. In the 
project, we have established a goal to use predominately 
three different kinds of material: 
- reclaimed materials – not only from historical buildings; 
-  recycled materials; 
- locally produced materials [16]. 
To analyze the cost-effectiveness of various sustainable 
strategies, we developed a model building in BIM to run 
our energy modeling software. For energy analysis you 
can import the model into energy programs to determine 
the efficiency of the building. The choice of software 
depends on the type of analysis desired8.  
The combined future of sustainability and BIM can help us 
move to a restored world and a healthy planet; we could 
move faster and more elegantly using BIM for 
Sustainability, this union could be of great benefit. It is 
possible achieve feedback from material changes, design 
changes and orientation changes fairly quickly. The 
Integration of BIM and sustainability is very important for 

                                                 
8 Ben Ridderbos, LEED AP, Vikram Sami, LEED AP,SOLAR 
2010: Building Information Modeling (BIM) & Sustainability – 
Using design technology for daylight modelling, 
http://www.ases.org/papers/160.pdf 
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the future of the design industry since the ultimate goal of 
both targets efficiency.  

4 Conclusion 
The paper aims to show, through the description of 

different case studies, the new design drawing which 
characterises the BIM approach: the added value is 
clearly seen in the ability to organise and share a series 
of different types of data usually processed by different 
software applications which are often not connected. 
Users are in fact obliged to make decisions which either 
because of a lack of time or dialogue between designers, 
are postponed until the implementation stage of the 
design, when major changes are either very difficult or too 
costly.  
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Abstract 

Purpose: 
In this paper the evolution of the bioclimatic architecture is explained from the exist ing relation 
between climate and construction in the vernacular architecture, happening through the 
appearance of the term of bioclimatic architecture in the sixties, to the present time. 

Method: 
The two bioclimatic charts used by architects appear: Olgyay and Givoni´s, and its use to 
establish the strategies of design for each climate. Next a review of these strategies of design 
is done, explaining its operation and the climatic conditions in which its use is just. The 
explanations come accompanied from images that help to understand the mechanism of 
performance of each strategy. 

Result: 
On the strategies is insisted of design of simple incorporation in the building and low cost 
because it is to give bases for the bioclimatic construction of rural buildings 

Discussion & Conclusion: 
It is known that traditional rural buildings used strategies to take advantage of the factors the 
climate in which they were located, obtaining the conditions required for their process. 
Starting off of this hypothesis, it is wanted to transfer these present strategies to rural 
buildings and to incorporate other that we know after the bioclimatic study from the building 
and the environment.  

1 Introduction 
 
Bioclimatic architecture is an architecture adapted to 

environment; an architecture that acknowledges the 
visual impact and alteration it may create in nature; an 
architecture concerned by the pollution it generates, being 
it solid (solid residues), liquid (dirty waters) or gaseous 
(combustion gases from fossil energy resources). 

Bioclimatic construction tries to reconcile the energy 
saving issue with the quality of the environment inside the 
buildings and the reduction of environmental impact. 

Although the term bioclimatic construction is relatively 
new, we find that concern for climate in construction 
existed already in ancient times. Vitrubio would give some 
lines to place buildings in some spots instead of others 
based on the climatic features of the environment: “if they 
face noon or the West, they will not be salubrious 
because in summer the southern section of the sky 
warms up at dawn and it burns at noon”. During hundreds 
of years man has developed some constructive 
techniques to obtain the internal comfort considering the 
local climatic conditions, the available materials and other 
conditions relating to culture [1]. 

In last century, in the 60’s, the term bioclimatic 
architecture was coined by the brothers Olgyay, who 
developed the bioclimatic charts, where the bases of 
psychrometry are used to relate climate to strategies to 
be used to get thermal comfort [2]. Even today, most 

studies on bioclimatic architecture still use the bioclimatic 
charts.  

Nowadays, research on bioclimatic architecture follows 
two diverging lines: the first one has in Hassan Fathy [3] 
its most prominent representative, and it is based on the 
capacity of this type of buildings to reduce energy 
consumption, stressing the importance of passive 
systems used in traditional architecture; the second line 
uses high technology to produce “ecologic” materials for 
construction and new active techniques to create 
renewable energy sources (photovoltaic and thermal 
panels, active ventilation systems).  

 From our point of view, before getting into using active 
systems of energy production, we should control, as far as 
possible, the passive behavior of the building. Some 
traditional rural buildings have followed this process in 
order to get the interior conditions the elaboration process 
demanded.  

 
 

2 Results 
 
We will focus on the passive systems that may be 

applied to rural construction. 
This sequence in passive and active systems is 

proposed by Givoni [4] in his bioclimatic chart. This 
bioclimatic chart, although less used, is also based on 



1078

I. Cañas et al. Bioclimatic passive designs rural buildings 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

psychrometry, and it classifies the temperature-humidity 
combinations in 14 areas of performance. 

To carry out bioclimatic constructions is principal a 
previous analysis of the climate of the area where the 
building will be located. This includes a study as complete 
as possible of the climate factors, which are: 

- temperature 
-radiation 
-humidity 
-wind 
To do so, we will need to look at the records of the 

closest weather stations. 
Once studied the climatic conditions of the 

environment of the building to have into account, we will 
compare them with the thermal comfort needs, setting the 
comfort area in a range of temperatures between 20º and 
26º C, and varying the humidity between 20% and 80%. 

Having into account that the final goal of bioclimatic 
architecture is to benefit from the advantages that the 
environment offers, and reducing at the same time what is 
detrimental from it, we propose some design strategies 
that will allow us to get these objectives. Since our work 
focuses on agricultural buildings, the design strategies 
must be applicable to them, that is, they must be simple 
to execute and with a low cost. Examples of the design 
strategies used in vernacular constructions to adapt them 
to the environment can be obtained from the classical 
authors of Spanish vernacular architecture [5], [6], [7] and 
[8]. 

 
We distinguish the next strategies of bioclimatic 

design: 
 
a) Location of the building. 
 
The location of the building is the first strategy exposed 

because is the first one that should be decided in the 
sequence of choice of strategies (Fig. 1). A bad location 
could provoke that the rest of strategies had less 
influence than they should. However, this choice is quite 
limited today, particularly in cities, due to a space 
problem. This restriction is smaller in agribusiness than in 
other type of buildings, since many agribusiness built in 
Spain are located in a rural environment. 

Even contemplating the above mentioned 
determinants, we propose the bases for a good election 
of the location:  

-Avoiding close geographical features that would 
obstruct the radiation and/or wind circulation. 

- Placing the building next to water layers (lakes, 
fountains) or green surfaces, since they reduce thermal 
oscillations.  

There are other recommendations, like avoiding the 
city centre due to the thermal island effect produced in it, 
but that choice comes up against great obstacles today.  

 
b) Shape and orientation of the building. 
 
The orientation of the building is also a strategy of 

difficult choice nowadays, because it is influenced by the 
development of the urban framework where the building is 
located. Regarding this matter, in our latitudes it is 
recommended, as far as possible, a Southern orientation, 
because is on this façade where the building gets a 
bigger amount of solar radiation in winter, it being smaller 
in summer than the radiation on East and West façades. 
This situation happens in the Northern hemisphere due to 
the sun trajectory. 

The shape of the building has influence on the 
building’s surface exposed outdoors. So, compact forms 
result in a smaller surface exposed to the exterior. For this 
reason, the shape of the building depends on what goals 
we want to achieve: 

-In dry, warm areas, the day solar radiation is huge and 
we need a minimum contact with exterior. Therefore, 
compact forms are used. 

-In humid, warm areas, the biggest issue that must be 
avoided is environmental humidity. Therefore, a bigger 
surface exposed helps to the elimination of this humidity 
by allowing the ventilation. For that reason, there is a 
tendency to look for more open forms. 

-In cold areas, the situation is similar to dry and warm 
areas. The outdoors is so unfavorable that we need to 
isolate from it. To do so, compact forms are used (Fig. 2) 
(An extreme case of this situation is the Eskimo igloo). 

-In warm areas we will look for a balance between both 
situations depending on the goals to be accomplished. 

 
c) Passive exploitation of solar energy. 
 
This is one of the most important strategies and on 

which we can exercise our power of decision. The sun is 
the most important energy resource, used in prehistoric 
times. It fell a little aside with the arrival of fossil fuels, but 
now, with the XXI century is reemerging again. The 
proposed strategies have to capture the energy first, store 
it and then distribute it. There are direct systems: the 
building warms up by the direct action of the solar rays; 
and indirect systems: the energy warms up a thermal 
mass located between the exterior and the space to be 
heated, and afterwards this heat passes on to the 
building, like in the greenhouse or stopper space (Fig. 3), 
the Trombe wall and accumulations in other elements of 
the structure (cover, frameworks) and later distribution to 
the interior of the building. 

 
d) Active exploitation of solar energy. 
 
It consists in transforming the solar energy in other 

types of energy by means of elements integrated in the 
building or elements that are added on the cover of it. The 
European Union is boosting the development of these 
strategies by the creation of the programs THERMIE and 
JOULE that sponsor research projects with a huge 
technological component. There are two usual types of 
strategy: 

-Photoelectric systems, where solar energy is captured 
by silicon photovoltaic cells and then transformed into 
electric energy, which can be accumulated in batteries for 
its later use. Or if the system is connected to a network, 
distributors can sell electric energy. 

-Photo-thermal systems. By heat accumulating 
systems, hot water can be obtained (for sanitary use 
and/or heating). The elements are simpler than in 
photoelectric systems. 

 
e) Cooling by evaporation. 
 
By this strategy, we try to use the energy (vaporization 

latent heat) needed for the change of phase of the water 
for the air cooling in the interior of buildings. For this 
system to work, we need a low relative humidity 
environment. There are two modalities of cooling by 
evaporation: the active cooling, where the water source is 
meant for that finality; the passive cooling, where existent 
situations that provide humidity to the system are used.  

The different methods used are:  
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- Underground water pipes 
-Fountains, pumps or water layers 
-Lush vegetation 
-Patios with fountains or vegetation 
-Water pulverization in the surroundings of the building 

or in structural parts of it. 
These systems are of great interest in temperate 

climate areas with warm summers, like the one in our 
peninsula. This strategy is widely used in the cellars from 
Jerez, where the watering of albero (densely packed 
crushed rock) in summer provides mild temperatures and 
a high relative humidity, needed for the aging of wine. 

 
f) Solar protection. 
This is another particularly interesting system in our 

country. Moreover, its design is usually simple and 
logical. It is about designing mechanisms or devices that 
reduce the intensity of solar radiation to avoid its negative 
effect  bonth on energy and light in some moments along 
the year. There are fixed and mobile solar protection 
elements, horizontal and vertical, interior and exterior:  

-Horizontal elements: eaves (Fig. 4), portico or arcade 
(Fig. 5), corbels (Fig. 6), Venetian blinds: (Fig. 7),pergola 
(Fig. 8) canopy: (Fig. 9) and shield roof (Fig. 10). 

-Vertical elements: screen (Fig. 11 and Fig. 12), sun 
breakers, vertical blind, double wall, and lattice. 

-Combinations: recessing of windows (Fig. 13), change 
of orientation in windows (Fig. 14), shutters, new glazings, 
curtains and interior blinds, vegetation and color of the 
envelope.  

Most of solar protection strategies require a good use 
by the user, so it is important that he is informed and 
involved in getting the comfort in the interior of the 
building. 

 
g) High thermal inertia. 
 
It is a design strategy that depends on the construction 

materials used. Its functionality is shown in climates 
where thermal oscillations are high, since it works 
reducing extreme temperatures and delaying the cycle. 

Thermal inertia of a material is the difficulty it presents 
to change its temperature and it depends on the mass, 
the density and specific heat.  

In old buildings where walls had the double function of 
closing and structure, thermal inertia was high due to the 
thickness of the material used. Nowadays, closings are 
not practically used for structure function, getting to the 
point where the closing is just like an exterior skin a few 
centimeters thick. To get the effect of thermal stability that 
inertia provides, we should find a balance between both 
extremes, although the cost of a construction element of 
bigger mass is higher, we must take into account the 
possible savings in HVAC that could be achieved with this 
strategy. 

Examples of constructions of high thermal inertia are 
the traditional constructions earth based and underground 
caves that benefit from the thermal inertia of the soil (Fig. 
15). As it has been mentioned before, there are many 
underground cellars in our country (Fig. 16), in 
communities as diverse as Castilla y León and 
Comunidad Valenciana. The high inertia of the earth is 
used to avoid thermal oscillations that could lead to the 
loss of the wine. Moreover, they provide an acoustic and 
light isolation which is essential to the elaboration 
process. 

 
h) Isolation. 
 

Isolation is the most efficient way of reducing the 
energy flow in a construction work, besides of being a 
requisite in all building to comply all the values regulated 
by regulation. 

Increasing the isolation of a closing implies increasing 
the thermal resistance of it. This is accomplished by the 
use of insolating materials that enclose a big quantity of 
air in their interior in cells as watertight as possible.  

We must reconcile the benefit produced by the thermal 
insulator and the cost it involves, since from a determined 
thickness of the insulator, the reduction of the energy flow 
created does not compensate the increment of the cost. 
We must also have into account the execution of it in 
order to avoid thermal bridges, where, besides of wasting 
energy, condensation can happen that could lead to 
exhaust the insulating capacity of the material. 

Regarding the isolation, it must be considered that not 
only the wall must have a proper level of thermal isolation, 
but the glazing must have a transmission rate that does 
not allow a massive outlet of the heat accumulated in its 
interior. For this reason, double glasses are 
recommended, since between the two layers of glass it 
comes an air or inert gas layer that works as isolation.  

 
i) Natural ventilation. 
 
In the summer of Mediterranean countries, natural 

ventilation is the most effective system of passive cooling. 
It consists in inducing the passage of air from the exterior 
to renew the hot air from inside the building. This is 
basically accomplished by the design (mainly dimensions 
and orientation) of the holes in the façade, but there are 
also other mechanisms that force the movement of the air. 
The mechanisms that promote the air movement in 
buildings can be classified in two: by action of the wind 
and by difference of temperature. To use the favorable 
action of the wind, we need to know its distribution in the 
season we are interested in (usually summer). The more 
used strategies to favor ventilation are: crossed 
ventilation, vertical suction ventilation (Fig. 17), ventilation 
in patios, forced ventilation by fan in the upper part of the 
building (Fig. 18), chimney effect (Fig. 19), solar camera 
(Fig. 20), static aspiration (Fig. 21) and wind tower (Fig. 
22). 

 

3 Conclusion 
 
Making a global classification of the climates of the 

Earth in 4 climates distinctly different (this classification 
cal also be applied to Spain because of the climate 
variation it presents) we will find: warm and dry climate, 
warm and humid climate, cold climate and temperate 
climate; we will give some clues about the recommended 
strategies to adequate the construction to climate where it 
is located.  

As it has been mentioned, bioclimatic architecture must 
consider the factors of the microclimate that surround it, 
that is, the attached chart is only some general 
information, it is not a fixed document that should be 
followed in all situations. 

A brief description of the climate in the peninsula 
follows, although given the complexity of it, it is only a 
summary. Spain, located between latitudes 36º and 44º 
North, belongs to the temperate climatic area, 
Mediterranean subtype, although it is true that because it 
is in the limits of cold and dry climates, Spain behaves as 
a continent where there is a wide climate diversity. 
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  the Atlantic coast (with more rainfall). 
- Humid temperate climate, which corresponds to the 

North area of Spain, including Galicia and the Cantabrian 
coast. 

- Mediterranean climate: it has features from temperate 
and tropical weather. There is a dry season which 
corresponds with the maximum temperatures. Almost the 
totality of the peninsula is within this area. However, there 
are some differences among interior areas (more 
continental), the Mediterranean coast (dryer) and the 
Atlantic coast (with more rainfall). 

- Semi-desert climate, mainly in the province of 
Almería, with the minimum rainfall in all of Europe. 

-  Mountain climate. They appear in places higher than 
1000 m characterized by cold winters. 

 
 
 

 

Fig. 1 Location of the constructions. Traditional wind mills in 

Alcazar de San Juan, Spain. 

 

 

Fig. 2 Shape and orientation of the buildings in Romanillos 

de Medinaceli,Spain [5] 

 
 
 

 

 

Fig. 3 Greenhouse or stopper space. 

 

 

 

Fig. 4 Horizontal elements: eaves. 

 

Fig. 5 Horizontal elements: portico or arcade. 

 

 

Fig. 6 Corbels. 
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Fig. 7 Venetian blinds. 

 

Fig. 8 Pergola. 

 

Fig. 9 Canopy. 

 

Fig. 10 Shield roof. 

 

Fig. 11 Vertical elements: screen. 

 

 

Fig. 12 Example of screen.Wine cellar in Aranda del Duero, 

Spain 

 

 

Fig. 13 Combinations: recessing of windows. 
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Fig. 14 Change of orientation in windows. 

 

 

 

Fig. 15 High thermal inertia. Example of cave dwelling in 

Villacañas, Spain. 

 

 

Fig. 16 High thermal inertia. Example of underground wine 

cellars in Atauta, Spain. 

 

 

 

Fig. 17 Vertical suction ventilation. 

 

 

Fig. 18 Forced ventilation by fan in  

the upper part of the building. 

 

 

Fig. 19 Chimney effect. 

 

Fig. 20 Solar camera. 
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Fig. 21 Static aspiration. 

 

 

Fig. 22 Wind tower. 
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Abstract 

Purpose: 
The purpose of this abstract is as a contribution to research on the representation of flat or 
variously shaped curves. The study is focused on the ability to model surfaces with traditional 
CAD systems. 

 Method:  
The analysis is focused on the possibility of determining the morphological configurations of 
architectural coverings and other structures by means of the traditional, CAD, instruments. 

Result:  
The characteristics of the architecture are highlighted by a process  which starts from the 
"pure form" and arrives  at the completed, built structure.  

Discussion & Conclusion: 
Our approach requires that a special focus be given to the works of R. Morandi and S. 
Musmeci who used shaped surfaces for particular architectural structures in various ways. 

1 Introduction 
In the field of Digital modeling, there are many 

programmers who are working on the relationships 
between geometrical  and mathematical spaces, from 
analog to digital representation. It is useful to observe the 
great variety of experiments taking place. The subject of 
this proposal is a contribution to research on the 
representation of flat or variously shaped curved shapes. 
In particular we want to try to study the possibilities of 
modelling surfaces by using traditional, CAD systems. 
Leaving aside the obvious considerations about the 
relationship between architecture and computer 
interpretation of the digital revolution, and without 
intending to abandon the instruments and techniques of 
conventional representation, we refer to certain works by 
Riccardo Morandi and Sergio Musmeci so as to 
investigate the possibility of modelling the shapes 
produced by structural tensions. Without using  the nurbs 
or the loft surfaces, the origin of the built form can be 
found by investigating the primary idea. The CAD re-
drawing of the examples built, could be used therefore, in 
order to find ways of excluding the need of modeling 
programs  and to give priority to traditional drawing 
programs. In this case the use of drawing programs is not 
a simple replacement of traditional methods, but is an 
instrument which allows us to design hyperbolic 
geometry, quadrics and ruled surfaces in order to search 
out the original idea. Our reflection is not oriented on the 
use of digital modeling programs to create forms whose 
genesis is organic, known as "hybrid", but on is on the 
contrary focused on the use of drawing software to 
propose a "reversed analysis". A graphic analysis which 
starting from original sketches and drawings becomes  a 
powerful instrument for understanding, evaluating and 

communicating the original ideas. Digital modelling 
facilitates the awareness of forms and spaces otherwise 
not easily  accessible for "non-experts". This use of the 3D 
Graphic representation methods can increase the 
knowledge of architectural spaces, and can be entered  
into by a conscious observer, accompany him on a 
targeted observation of  the most important factors that 
the photographic documentation  alone would not be able 
to communicate. The next renderings allows us to 
understand the added value of light  which, in most 
favorable conditions could flood the illuminated space 
entirely. The possibility of being able to observe 
renderings, compared to the real situations, could be an 
incentive for further research developments in the field, 
establishing a strategy of coordinating the work that is 
potentially very important. 

2 Design and works by Riccardo 
Morandi and Sergio Musmeci 

2.1 Riccardo Morandi: The Alitalia hangars 

If the representation can assist in the construction of 
space, not only for those geometries, but for those 
structurally complex, implementation operation may have 
unusual economic benefits. With rendered image you 
want to bring out the formal and technical aspects of 
single coverage, show that the hangar is, according to 
Morandi: a "stress-shaped structure in accordance with 
the overhead determined by the permanent loads 
imposed on it, with no ammarri"

1
. 

 

1 Riccardo Morandi in “Nuove aviorimesse Alitalia per i Boeing 
747 all’aeroporto di Roma-Fiumicino", p. 458. 



1085

Curti and Polimeni Digital Modelling and Representations 
 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

 
 

Fig. 1 Alitalia hangar for Boeing 747. Rome’s Fiumicino 
Airport. Photo. 

 

 

Fig. 2 Alitalia hangar for Boeing 747. Rome’s Fiumicino 
Airport. Photo. 

 

 
Fig. 3 Alitalia hangar for Boeing 747. Rome’s Fiumicino 

Airport. Photo. 

 
 
 
 
 
 
 
 

Digital representations can assist in the construction of 
space by highlighting the geometrical characteristics and 
the structural complexity. By rendering an image we  bring 
out the formal and technical aspects of single coverage 
and show that the hangar is, according to Morandi: a 
"stress-shaped structure in accordance with the overhead 
area, determined by the permanent loads imposed on it 
and without using "ammarri". 
More effectively than drawings and photos of repertory, 
the digital model shows some of the essential elements: 
the innovation of the structural solution and the light that 
filters into the building through rectangular openings each 
covered by a dome of translucent synthetic resin. 
This reading offers a reflection on two topics, identified 
according to Morandi, as the "solution to the problem of 
the minimum mass for maximum lift" and "the pursuit of 
reducing the density of materials", which are two of the 
most challenging and extensive research topics in the 
field of technical installations with important implications 
for function and form.  
The possibility of covering large areas, in a way which 
becomes more and more efficient, highlights the 
challenge of the designer versus gravity. 
Already, during in the nineteen fifties, innovative features 
for creating three-dimensional structures with  the ribs 
particularly in evidence were recognized in Nervi’s work. 
His  work revealed an architectural sensitivity  similarly to 
that of Morandi  as seen in the pre-stressed concrete 
structures used to cover the new, international airport 
hangars.  
With the invention of ‘ferro-cement’, Nervi produced many, 
original ideas concerning the classic theme of structural 
engineering, the covering of a broad structure.  
A perfectly level roof, was of course often used as 
programmatic architecture by the Modern Movement, 
although in sharp contrast to this idea, vaulted surfaces 
were also used, giving a more solemn aspect to the areas 
concerned and to the entire building. In defining the 
spaces, the essential form of a vaulted surface over a 
large area, demonstrates the complexity of creating it and 
of keeping it in equilibrium because of the reciprocal 
contrast between vertical and horizontal, capable of 
accommodating the thrust as it is those same elements 
which have to bear the strain and ensure the stability. 
It is known that the vault is an architectural element which 
is generally designed for the most important creations of 
human talent.  
Vaulted structures reveal the designer's skills in many 
examples, from ancient times up to the present time. 
Modern architects have used the vault structures, 
especially for covering large areas, trying to create new 
solutions each time. From this point of view Riccardo 
Morandi revolutionized this structural field by discovering 
new possibilities offered by both traditional and modern 
materials.  
"The breaking down into linear elements such as struts, 
beams and tie rods, emphasized by leaving the joints 
exposed,  becomes similar to a mechanical  device but 
without renouncing its plastic form. In this twofold aspect 
the structures of Morandi recall older craftsmanship

2
. 

The most significant innovation is probably the possibility 
of being able to walk freely and to be able to observe this 
coverage without any apparent sustaining structures. 
To do so, Morandi decided to "hang " the large surfaces 
onto external reinforcements.  

 
2 
Riccardo Morandi in “Nuove aviorimesse Alitalia per i Boeing 

747 all’aeroporto di Roma-Fiumicino, cit.  
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In the first project for the Alitalia hangar in Rome’s 
Fiumicino Airport, the external stays support a surface 
sixty meters long. In the second case, ten years later, the 
covering, similar to a tent, is hooked to several tie rods 
positioned around three big pillars. The construction of 
these structures in reinforced concrete represents for 
Morandi the reintroduction of suspended ancient forms 
such as the tent. We read in the technical description for 
the Alitalia Boeing 747 maintenance center (Rome, 
Fiumicino) written by Riccardo Morandi: "The distinctive 
feature is the roof construction; it consists of a tent 
structure attached to an overhead rail. The tent consists 
of a series of parallel strips of concrete. The curtain 
coverage, free of restrictions, corresponds to the 
longitudinal walls of the hangar, suspended at both ends, 
with the terminal edge beams of pre-stressed concrete 3". 
These experiments related to surfaces modeled in 
different forms for covering hangars, which are often 
definable mathematically by ruled surfaces, prefigured a 
new interest towards a research field in evolution. 
Scientific and professional communities aspired to great 
developments in the study of thin shell-vaults, of pre-
stressed structures, of self-supporting structures and 
double-curved surfaces. Subsequently many architects 
and engineers studied this kind of structure experimenting 
with both steel and steel and reinforced concrete 
combined. The large use of sketches and accurate 
construction drawings, with the aim of reducing the total 
costs, is what now seems most important. Architecture 
owes much to engineering particularly in this phase of 
structural research. Nowadays however there seems to 
be is a subsequent lack of interest for this kind of 
research. Many scholars explain that: "at the end of the 
sixties, attempting to catch up on technological tardiness 
and trying out the idea of general industrialization, the 
golden age of Italian engineering drew to an end 3”.  
In 1969 the Italian engineer, Sergio Musmeci’s  project of 
the Bridge over the Basento river, introduced another 
theme of our paper: the theme of ‘Minimal Surfaces’. 

2.2 Sergio Musmeci’s bridge over the Basento  

The reconstruction of thousands of bridges4 which 
were bombed during the second world war was 
characterized by a large use of pre-stressed concrete 
arched structures. Bridges and viaducts were built 
especially for highways and motorways. The new 
structures were mostly built using liner beams or mixed 
structural systems in order to minimize the price of 
scaffolding. Contrary to the ideas of Pier Luigi Nervi, the 
engineer, who realized only a small number of bridges, 
Morandi was a great experimenter, who paid great 
attention to new structural solutions, studied parallel to 
the building phase in order to optimize method, technical 
aspects, and execution times. He was also coherent with 
the recurring, different planning ideas. Musmeci instead 
carried out a research which departs from previous ones. 
In the Bridge over the Basento river he based the 
structure on the application of the physical models of 
Minimal Surfaces. 

 
3 Riccardo Morandi. Nuove Aviorimesse Alitalia per i Boeing 747 
all’aeroporto di Roma-Fiumicino. L’industria Italiana del 
Cemento, June (1970) pp 453-480.  
4 The subsequent construction of bridges and viaducts on 
Highway led to an increase in the number. 

 

Fig. 4 Alitalia hangar for Boeing 747. Rome’s Fiumicino 
Airport. Rendering of 3D model. 

 
 

 

Fig. 5 Alitalia hangar for Boeing 747. Rome’s Fiumicino 
Airport. Rendering of 3D model. 

 
 

 
Fig. 6 Alitalia hangar for Boeing 747. Rome’s Fiumicino 

Airport. Rendering of 3D model. 
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Fig. 7 Alitalia hangar in Rome’s Fiumicino Airport, 

Design Competition, 1961/62. Rendering of 3D model. 
 
 

 

Fig. 8 Alitalia hangar in Rome’s Fiumicino Airport, 
Design Competition, 1961/62. Rendering of 3D model. 

 
 

 
 

Fig. 9 Alitalia hangar in Rome’s Fiumicino Airport, 
Design Competition, 1961/62. Rendering of 3D model. 

 
 
 
 

The paradoxical and attractive result is, according to 
Sergio Poretti: "The theme of the bridge offers many 
exciting design possibilities when inspired by a personality 
as genial as Musmeci, using his original procedure based 
on minimal surfaces"5. The bridge shows Musmeci’s 
intention of "preferring shells which have forms related to 
equistressed membranes". The shape of this bridge was 
determined by using the mathematical calculus method of 
Rudolf Trostel, the geometrical shape of every semi-arch 
was based on a unit of 173 cm, shown  in a total of 
twenty-one drawings. Musmeci focused his attention on 
the stability problem, postponing the construction 
problems to a later moment. "The determination of the 
mathematical forms it's easy to study if you ignore the 
weight; Instead, the geometric aspects are clear using a 
soap solution and forming soap film bubbles"6. Probably 
that the transformation of a mathematical model into a 
form based on the equistressed shell generated problems 
for its realization. However, this attempt was  victorious in 
the continuous challenge to the engineers of that time. 
The great deficiency of this project is the lack of a 
pedestrian pathway below the vehicular road. This can be 
studied using 3d graphic instruments. The potentiality of 
3d modelling in this case is fundamental for evaluating an 
aspect which would be difficult to understand without this 
instrument.  

2.3 Sergio Musmeci's: Covering of the general 
markets  

 
Another case study in which the graphic 3d modelling 

instrument can be used to analyze an idea, (but which 
was never realized), is the covering of the general 
markets in Rome. This coverage is characterized by a 
series of vaults intersected by slanted holes symmetric 
with respect to a longitudinal axis. The shape suggests a 
structural efficiency research, and draws the same 
conclusions as those of the Bridge over the Basento. 

 

3 Conclusion 
 
With this contribution we intend to show the  

applications of the traditional 3d modelling software way 
of drawing the geometrical shapes which generated the 
original ideas. Our process starts from the geometrical 
essential elements and arrives at the complex shape. The 
interaction among geometrical forms, physical actions, 
mathematic models, are elements that, combined, allow 
the creation of those surfaces and shapes which 
characterized the history of architecture and engineering 
in the last fifty years. Awareness of these new forms 
passes  only through a conscious digital interpretation. 
Geometrical structural control, which was Musmeci’s basic 
tool in the planning phase of the bridge over the River 
Niger (1976), indicated that a final form can be 
implemented, starting, for instance, from numerical 
aspects. Following this line of research we can re-think 
about using digital instruments for avoiding all the 
arbitrary processes that often characterize modern digital 
representations.  

 
5 See: Il ponte e la città Sergio Musmeci a Potenza, (Margherita 
Guccione), Roma (2004). 

6 Rinaldo Capomolla. Il ponte sul Basento, ovvero l’invenzione di 
una forma “ancora senza nome”. Casabella 739-740, p.13. 
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So, just as Musmeci checked the form of his 
realizations by dipping a wire frame into a soap solution 
and forming a soap film bubble, we can study the forms 
scientifically in a way that excludes subjective 
interpretations. 
 
 

 
 

Fig. 10 S.Musmeci, A.Livadiotti, Bridge over Basento 
Potenza (1967-1972). Photo. 

 

 
 

Fig. 11 S.Musmeci, A.Vitellozzi, G. Dall'Anese, Covering of 
the General Markets, Rome, Design Competition, Photo. 

 

 
 

Fig. 12 S.Musmeci, A.Vitellozzi, G. Dall'Anese, Covering of 
the General Markets, Rome, Design Competition, Rendering 

of 3D model. 
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Abstract 

This paper focuses on the use of computer modelling in two cases of design prefiguration. 
The first involves the possible enhancement and conversion of the old monastery of San 
Bernardino in L’Aquila, the second the possible renovation of a former ATAC bus depot in 
Rome as part of a more general urban enhancement and conversion project. The first project 
involves architectural restoration; the second involves the redesign of an interesting industrial 
building. In both cases the paper focuses on the use of computer modelling in design 
prefiguration. The first involves the possible enhancement and conversion of the old 
monastery of San Bernardino in L’Aquila, the second the possible enovation of a former 
ATAC bus depot in Rome as part of a bigger urban enhancement and conversion project. 
The first project involves architectural restoration; the second involves the redesign of an 
interesting industrial building. In both cases modelling involved a survey of the existing 
structures and only later the 3D restitution of the new design project.  
This procedure – involving separate modelling for the existing structure and the new design – 
gives the latter an added value insofar as the ATAC bus depot is currently being demolished, 
at least partially, as part of the urban enhancement and conversion plan. This underscores 
the added value of a model in any requalification process of our building heritage.   

1 Introduction 
This paper focuses on the use of computer modelling 

in two cases of design analysis and prefiguration. The first 
involves the possible enhancement and conversion of the 
old monastery of San Bernardino in L’Aquila, the second 
the possible enovation of a former ATAC bus depot in 
Rome as part of a bigger urban enhancement and 
conversion project. The first project involves architectural 
restoration; the second involves the redesign of an 
interesting industrial building. In both cases the paper 
focuses on the use of computer modelling in two cases of 
design prefiguration. The first involves the possible 
enhancement and conversion of the old monastery of San 
Bernardino in L’Aquila, the second the possible 
renovation of a former ATAC bus depot in Rome as part 
of a bigger urban enhancement and conversion project. 

While the first application is part of the more complex 
and general problem of architectural restoration, the 
second involves the redesign of an interesting industrial 
building. In both cases modelling initially involved 
surveying the existing structures and only later the 3D 
restitution of the new design project. This procedure – 
involving separate modelling for the existing structure and 
the new design – gives added value to the latter insofar 
as the ATAC bus depot is currently being demolished, at 
least partially, as part of the urban enhancement and 
conversion plan. This underscores the added value of a 
model in any requalification process of our building 
heritage.  

The following software was used for both applications: 
Autocad version 2007 for basic modelling, 3DSMax 
version 8 for rendering, Rhinoceros for the surfaces.  

2 Enhancement and conversion of the 
old monastery of San Bernardino in 
L'Aquila 

In April 2009, the city of L’Aquila and vast areas of the 
Abruzzo region in Italy were hit by violent earthquakes 
severely damaging its monumental heritage. In December 
2007 one of the authors of this paper participated in the 
survey and documentation of the monastic complex of 
San Bernardino (currently the headquarters of the Military 
District) and used this experience to write her graduate 
thesis1 While the survey and study activities focused on 
drafting an all-purpose conversion programme [1] for the 
citizens and community of L’Aquila, as one of the authors 
of this paper I decided to concentrate on the 
enhancement and conversion of part of the old 
monastery, albeit taking the entire complex into 
consideration.  

After the earthquakes I was able to access the Basilica 
and monastery and acquire first-hand information  

                                                 
1 The thesis was discussed by Maria Rosaria Cundari on October 
29, 2009 at the Faculty of Architecture "L. Quaroni" (five-year EU 
graduate course) of Rome "Sapienza" University with the 
Commission chaired by Professor. M. Pazzaglini (Rapporteur) 
and Professors E. Genovesi, G. De Fiore and L. Casini (Co-
rapporteurs). 
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Fig. 1 The San Bernardino Complex in L’Aquila: survey (plan). 

 

Fig. 2 The San Bernardino Complex in L’Aquila: project (plan). 
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Fig. 3 The San Bernardino Complex in L’Aquila: aerial view 

of the roof of the small square.  

 

Fig. 4 The San Bernardino Complex in L’Aquila: the new 

covering of the fourth courtyard. 

 

Fig. 5 The San Bernardino Complex in L’Aquila: aerial view 

of the redesign of the small square in front of the monastic 

complex. 

 

Fig. 6 The San Bernardino Complex in L’Aquila: the new, 

lightweight covering of the small square and the new roof of 

the fourth courtyard.

 

Fig. 7 The San Bernardino Complex in L’Aquila: longitudinal 

section of the monastic complex. 

regarding the damage. The visit was very important 
because not only was it possible to view the serious 
damage caused by the earthquake to the wall structure, 
but also the different building techniques used for the 
vaults brought to light by the seismic events. Based on 
the documentation collected before the earthquake I was 
able to accurately compare the situation before and after 
the earthquake [2]  

The survey was carried out using a combination of 
several measuring techniques as well as computer 
techniques for the restitution; however in this paper I shall 
focus on the extensive use and importance of digital 
modelling as highlighted in my thesis (figs. 1, 2). To 
illustrate the importance of digital modelling I will first 
outline the main features of the design projectFor the 
design project of my graduate thesis I chose the southern 
part of the complex (including two cloisters) and the 19th-
century building facing Piazza San Bernardino, including 
the large entrance courtyard. The thesis envisaged the 
design of a new museum complex and library. The 
museum, located on the first floor of the complex and 

divided into thematic sections, was designed to host the 
heritage of L’Aquila after the disastrous earthquakes, 
including some of the new artefacts which were brought to 
light. The library was to house the extensive bibliographic 
heritage still present in Franciscan monasteries in the 
region and, at a later date, 20th-century and 
contemporary publications. It was also possible to link 
both structures to the monumental Hall of San Bernardino 
already used for meetings and exhibitions which would 
then become the natural hub of an efficient congress 
centre. 

The design project (figs. 3, 4, 5, 6, 7) was based on a 
meticulous and detailed analysis of the building; the first 
focus was on verifying the feasibility of creating another 
entrance to the area of the monastery where these new 
structures were to be located given the need not only to 
create other associated structures (bookshop, services, 
etc.) but also to re-open the first courtyard to the public. 
One option was to partially demolish the building facing 
the square (severely damaged by the earthquake), 
maintain the part nearest the church and rebuild the rear 
part. The demolished area could then be used to create a 
new entrance using the fourth cloister of the old 
monastery as well as host the new stairs and lifts to the 
two upper floors. To make this option compatible with the 
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existing horizontal structures, the draft design envisaged 
lowering the floor level of the small fourth cloister by 
1.5m. The entrance courtyard was “redesigned” and 
included a small new “square” in front of the museum 
entrance covered by a lightweight structure (canvas 
cover) which could also be used for other events (see 
drawing). The renovated two-floor building was to be used 
as the Museum of the Symbols of Good Friday. 

Two stone benches around the new square were 
envisaged in the “redesign” of the entrance courtyard; the 
small square was to have a different paving, green areas 
and fountains at the rear. 

Using the fourth cloister to create the new walkways 
involved building some kind of covering. However the 
monastic complex is a listed building due to its cultural 
importance so the covering had to be not only removable 
but also fine-tuned to the climatic conditions of the site.  

Other considerations included upgrading the inner 
walkways/stairs with lifts as well as designing new 
systems and related vertical piping and conduits.  
With regard to the use of computer modelling in this study 
and design process, I should emphasise how important it 
was to check compatibility between the draft design and 
the existing structural framework. Since the survey was 
based on scientific criteria, the ensuing 3D models made 
it possible to identify the actual state of the walls and 
elaborate realistic intervention measures. Obviously the 
construction of a new staircase and the installation of a lift 
in an old building has to be compatible with the existing 
structure. Similarly, the use of computer modelling was 
strategically important in the “redesign” of the entrance 
courtyard as well as in the design of the new entrance 
and small “square”. In both cases, modelling assisted in 
visualising possible solutions and deciding the final 
design of the structures required to support the covering 
over the square. 

However more detailed explanation needs to be 
provided about the use of modelling for the study and 
design of the roof of the small cloister where the new 
walkways and corridors were to be located. Care was 
taken to ensure that the new structure (a mix of metal, 
polycarbonate sheets and canvas) was not invasive vis-à-
vis the old building so as not to diminish the role and 
historical importance of the small cloister. The covering 
was placed at roof level so that the underlying area could 
be used as a new entrance area for the library and 
museum. I have already mentioned that the covering had 
to be removable. Due to the design constraints imposed 
by seismic regulations, I had to carry out several 
compatibility studies on the shape, size and aesthetics of 
the draft design of the covering which focused on the 
structure itself (pseudo-centering supported by pilasters) 
and its connection to the roofs of neighbouring buildings. 
Modelling allowed us to comprehensively study all 
elements of the complex structure and elaborate a holistic 
design proposal. 

3 Renovation of the former ATAC bus 
depot in via della Lega Lombarda in 
Rome 

The first development projects in this urban area of 
Rome were the two apartment blocks of the Istituto Case 
Popolari, both designed by the architect Innocenzo 
Sabbatini. The first, built between 1926 and 1928 together 
with G. Guidi, was located on a sizeable plot of land 
between Via di S. Ippolito, Via Eleonora d’Arborea, Via 
Giovanni da Procida, Via Arduino and Via Matilde di 

Canossa. The second, built between 1929 and 1930, was 
located along Via della Lega Lombarda at the crossroads 
with Via Arduino; it was triangular in shape and had a 
stepped silhouette (from 7 to 2 graded, southward-sloping 
floors).  

The building in question, later used as an ATAC bus 
depot in Via della Lega Lombarda in Rome, was located 
along Via Arduino in front of Sabbatini’s second 
development project. While an aerial photograph dated 
1944 (fig. 8) shows it already existed before the 
development project, over the next few years more 
buildings and annexes were added to it. However this 
renovation project focused on the main reinforced 
concrete building essentially divided into three “pseudo-
naves”. The centre nave was taller than the two side 
naves so that light could come in from the upper windows; 
the annex along the north wall of the three naves was 
used as a warehouse, service facilities, etc. and stretched 
all the way up to Via Arduino. The structural framework 
involved a series of portals connected by beams and 
ceilings. The building had a beautiful canopy over the 
entrance in one corner between Via dell Lega Lombarda 
and Via Arduino. The building is an excellent example of 
early attempts to use reinforced concrete in construction.  
While the Depot had been abandoned for many years, the 
district had been earmarked by the Master Town Plan as 
a development area given its proximity to Via Tiburtina 
and the new Tiburtina Railway Station (under 
construction). The Depot is also located near several 
university buildings of Rome “Sapienza” University. The 
intended development envisaged in the Master Town Plan 
encouraged and inspired the other author of this paper to 
write his graduate thesis focusing on the design of a 
“Student Hostel and Service Centre”. The graduate thesis 
proposed that the Service Centre be created by 
renovating the old pseudo-industrial building of the former 
Depot2. To highlight the advantages of computer 
modelling it is useful to summarise the overall features of 
the graduate thesis. 

Preliminary work involved surveying the entire complex 
and included studying archival documents and drawings. 
One important design issue was the considerable 
difference in ground level, a problem that was overcome 
by installing a central walkway running along a third of its 
length starting at the entrance. 

The design envisaged the construction of two more 
residential buildings as part of the enhancement and 
conversion project of the former depot which included a 
conference hall, library, self-service area, exhibition hall, 
bar and associated facilities. The design also involved 
increasing the overall covered area by building a second 
floor along half the length of the depot (without raising its 
height). This required the construction of more structures 
(connected to the existing ones); it also involved giving 
careful consideration to existing structures (especially the 
upper beams) in order to ensure full use of the new floor. 
The design further considered that the construction of a 
second floor inside the building would stop the light from 
reaching the lower floor; therefore certain changes had to 
be made to the ceilings and roof to allow natural light to 
reach the ground floor. 

                                                 
2 The thesis was discussed by Gian Carlo Cundari on October 
29, 2009 at the Faculty of Architecture "L. Quaroni" (five-year EU 
graduate course) of Rome "Sapienza" University with the 
Commission chaired by Professor. M. Pazzaglini (Rapporteur) 
and Professors G. Testa and G. De Fiore (Co-rapporteurs). 
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The main features of the new design can be seen by 
comparing the plans and sections (only of the former 
depot).  

 

Fig. 8 Aerial photograph dated 1944 of the ATAC bus depot. 

We all know how useful computer modelling is in a 
design project and how important it is to prefigure the final 
outcome. It was used in this project to achieve the same 

goals. However it is important to point out that since this 
project involves restructuring and renovation, computer 
modelling was used chiefly to establish the original state 
and layout of the existing building and only later was it 
used to prefigure the various design options. During the 
design stage computer modelling was used to test and 
check issues involving size and function. 

As mentioned in the introduction, modelling was an 
added value in this particular project. Several months ago 
the old buildings began to be demolished (however we do 
not know if demolition is partial or total). As a result the 
modelling based on the initial survey has become even 
more important for a building which for so many years was 
such an important landmark in the urban environment  
(figs.  9, 10, 11, 12, 13, 14).  

 

Fig. 9 The ATAC bus depot: survey (plan). 

 

Fig. 10 The ATAC bus depot: project (paln).
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Fig. 11 The ATAC bus depot: survey (section). 

 

 

Fig. 1 The ATAC bus depot: project (section). 

 

Fig. 2 The ATAC bus depot: of the survey and project (section). 

  

Fig. 3 The ATAC bus depot: computer modelling of the survey and project. 
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Abstract 

Original This paper focuses on two studies documenting two monumental complexes 
(Verlasce in Venafro and the archaeological complex of San Vincenzo al Volturno, both in the 
province of Isernia) using several different measuring techniques: direct, topographic, 
photographic and electronic survey. In both cases the model was created using the acquired 
measurements and laser scanner “points clouds”. The models were used to verify all the 
measurements as well as create the most “realistic” “representation” and documentation of 
the surveyed objects. 

1 Introduction 
Important survey and documentation studies have 

recently been completed on two very unique monumental 
sites: Verlasce in Venafro, located on the site of an 
ancient amphitheatre, and the rather large archaeological 
complex of San Vincenzo al Volturno, both in the province 
of Isernia. 

 

Fig. 1 The Monumental complex of the Verlasce a Venafro 

(IS): view from the north. 

 

Fig. 2 The Monumental complex of San Vincenzo al Volturno 

(IS): aerial view overall. 

In both cases the surveys were carried out using 
several different measuring techniques; the 
documentation required to create 2D and 3D restitutions 
on appropriate metric scales was also drafted and 
compiled.  

In support of our work involving 3D modelling we will 
provide some background information about the two sites. 

Verlasce [1] is chiefly made up of a series of two-floor 
units located along a pseudo-elliptical directrix (fig. 1). 
Each unit has a pseudo-trapezoidal planimetric 
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configuration (similar to the previous layout of the 
amphitheatre); the lower level is often covered by a 
truncated cone brick vault or a series of vaults similar to 
the overall configuration. Remains of the old, earlier walls 
are visible in the existing walls while the surviving vaults 
are built either in stone or small bricks in folio. Most walls 
are not covered in plaster. The upper floors are difficult to 
access because the horizontal structures have collapsed 
in many places and are unsafe; for this reason the survey 
of the interiors was carried out mainly with laser scanners 
and topographic measurements taken from outside the 
buildings.  

Instead the archaeological complex of San Vincenzo al 
Volturno [2] is an extremely interesting site (fig. 2); its 
main attraction is almost certainly the crypt of Abbot 
Epiphanius with its cycle of unique frescoes (fig. 7). The 
huge site is part of what was an important religious 
complex built gradually over the years; expansion of the 
complex appears to have been determined by changes in 
the course of the river Volturno whose source is nearby. 
The structure of the complex is easy to establish thanks 
to the planimetric and altimetric layout of the walls, even if 
only a few small parts have survived intact (in particular 
the crypt of Epiphanius). In both cases the first 
measurement study involved an aerophotogrammetric 
survey to establish the lie of the land. We then carried out 
an accurate topographic survey to create a support 
polygon and identify a series of reference points required 
to connect the detailed surveys. As far as possible, we 
then carried out a direct and photographic survey as well 
as electronic scansions in readily accessible areas. 

 

Fig. 3 The Monumental complex of the Verlasce a Venafro 

(IS): east area. 

 

Fig. 4 The Monumental complex of the Verlasce a Venafro 

(IS): a view of the front. 

 

Fig. 5 The Monumental complex of the Verlasce a Venafro 

(IS): data-based documentary. 

An infographic technique was used to develop the 
restitutions, i.e., using computer programs to create the 
suitably textured 3D digital models (figs. 13, 14). In both 
cases restitution and 3D modelling were initially 
envisaged to check correspondence between the various 
measurements and to create a photorealistic 
representation. However, the use of electronic scansion 
as one of the techniques requires more in-depth 
consideration.  

The various techniques were obviously used in the two 
sites according to their specific traits. Topography was 
required to create framework polygons and a spatial grid 
of reference and control points, including the ones which 
were inaccessible (for example, the semi-dilapidated roofs 
in Verlasce, figs. 3, 4).  
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 Fig. 6 The Monumental complex of San Vincenzo al 

Volturno (IS): view of the refectory. 

  

Fig. 7 The Monumental complex of San Vincenzo al Volturno 

(IS): Crypt of Epiphanius, frescoes with the Holy Martyrs. 

 Fig. 8 The Monumental complex of San Vincenzo al 

Volturno (IS): The database page for sensitive areas with a 

graphic search, "search for planimetric reference”. 

The electronic scansion was particularly useful in 
recording irregular surfaces, for example the walls and 
cuneiform stone vaults in Verlasce or the paving of the old 
refectory in San Vincenzo al Volturno (fig. 6), completely  
deformed because of repeated flooding from the river 
Volturno over the centuries.  
When properly elaborated the scansions provided good 
geometric configurations as well as the required contours. 

Systematic and extensive photographic documentation 
was used to create special archives and (in a controlled 
manner) metrically reliable photomosaics as well as to 
texturise the models (figs. 9, 10). 

Without focusing further on the operational aspects of 
the survey, we should however say a few words about the 
infographic elaborations.  

 

Fig. 9 The Monumental complex of the Verlasce a Venafro 

(IS): isometric view of the clouds of points related to the 

interior space. 

 

Fig. 10 The Monumental complex of San Vincenzo al 

Volturno: the perspective view of the refectory, scanning 

electron. 
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Fig. 11 The Monumental complex of the Verlasce a Venafro (IS): annular section. 

 

Fig. 12 The Monumental complex of San Vincenzo al Volturno (IS): photo mosaic on the north wall of the Hall of Prophets 

(partial). 

First of all we should emphasise that while the 
measurement accuracy obviously differs in direct, 
topographic and electronic surveys (something we will not 
go into here) all data elaborated by a computer becomes 
homogeneous. It’s useful to remember how modelling 
with software such as Autocad, 3D Studio Max and 
Rhinoceros is based on the reproduction of geometries 
established through critical interpretation and 
measurement.  

With an electronic scanner the situation is very 
different. In this case too many points in the electronically 
acquired “cloud” can often lead to a degree of uncertainty 
in the construction of a digital model (in particular after the 
“decimation” process required to facilitate use). In fact we 
know that based on semi-automatic procedures clouds 
can create surfaces using mathematical algorithms and 
that these surfaces do not necessarily reflect the formal 
characteristics of the object. Therefore extreme care must 
be taken during the “decimation” of the points cloud; 
continuous and accurate crosschecking must be 
undertaken using suitable photographic documentation in 
order to ascertain the congruence of the nascent model 
with the geometric and formal characteristics of the real 
object to avoid the creation of unreliable digital models. 

2 Conclusion 
Finally, we urgently need to focus on the important 

issue of establishing procedures and criteria for the 
validation of digital models as well as single restitutions.  
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Fig. 13 The Monumental complex of San Vincenzo al 

Volturno (IS): rendered views of the digital model. 

 

Fig. 14 The Monumental complex of the Verlasce a Venafro 

(IS): rendered views of the digital model. 

This is a problem which needs to be properly solved 
for all fields of survey and architectural design. However 
at present we are already able to say that at least as far 
as design is concerned, a digital model based on the 
design drawings can help in the validation process. 

As regards survey, we should emphasise that different 
representations (now generally speaking infographic) 
reflect the final stages of a long process of elaboration 
(figs. 11, 12) which uses all sorts of different materials 
(direct and topographic measurements, points clouds) 
and therefore looks very different. During the 
measurement activities we will have to create operational 
archives (preparatory sketches, topographic coordinates, 
etc.) to check the elaborations, as well as maintain at 
least the most important intermediate elaborations in an 

ad hoc archive (figs. 5, 8). Hopefully this problem will soon 
be tackled and solved by the scientific community. 

Finally digital modelling requires a few careful 
considerations. After creating a model, it is now becoming 
customary to develop further models using dedicated 
software. This normally leads to the creation of several 
renderings (used to reproduce photorealistic effects) that 
are certainly useful as far as representation is concerned. 
However, the digital model or the memory of the work 
carried out by the software is not normally made available 
to the client. We should emphasise that only the digital 
model allows a metric comparison; similarly, only 
documentation of the use of the different software 
programs can validate the entire process. 
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Abstract 

The Architectural Design course at the Faculty of Engineering of the University Sapienza of 
Rome, has as its goal is learning the methods of graphic representation that the development 
of analytical skills for understanding and knowledge of architecture. Then through the learning 
of techniques, procedures and methods of the architectural modeling is the ability to amplify 
spatial conception of the student. Starting from data metric, infographic from the 
documentation made available to it and having understood the process of construction of the 
architecture under investigation in the prior realization of a model material, the student 
acquires the ability to develop a three-dimensional digital model with which to communicate 
effectively the different architectural components (formal, historical, structural, functional, 
etc...). The methodology provides for the joint application in computational steps of the 
process:  
1)Implementation of the geometric model for the analysis of volumes and spaces;  
2)Application of textures and materials for a pseudo-realistic visualizzaione  
3) Context. 
 Knowledge of three-dimensional modeling results, so in a useful and powerful instrument for 
market development, representation and communication of the building process and the 
building itself, with which the engineer may, in the right direction, as well as expand its 
planning potential.

1 The three-dimensional virtual size 
  

 

 

 

“The computer gives you the ability to accomplish 
things that you could not do it directly by hand (...). It 's 
still necessary to think, see in three dimensions, since 
the architecture of the media and image era must give 
responses of effective spatiality and corporeality 
regarding space ...” (Peter Eisenman) [1]. 
 

Over the past three decades, the field of graphic 
representation has been strongly influenced both under 
the procedural point of view that under the purely 
technical, as well as in the media, from that new world 
that seemed to look out shyly and then expanded and 
evolved very rapidly, which goes by the name of 
computer revolution. In the specific field of architectural 
design, that phenomenon has led to profound changes 
in the concept, representation and communication as 
well as also on the use of architecture itself. While living 
with traditional methods and techniques, information 
technology has provided from the beginning the 
designer with new techniques and methods of 
representation-processing for the control and the 
definition of the forms as an extension of the contents of 
the architecture. The design software developed in this 
area has been for a long time only means of speeding 
up the processes of representation. If we think that the 
first graphical program dates back to the sixties, and 
that only in the eighties architects and engineers began 
to use professional techniques of computer-aided 
design, we understand that the first results on a new 

conception of design happened only in the last decade 
of the twentieth century, when the use of digital 
technology became common for all the phases of 
professional management: administrative 
(specifications, calculations, cost estimate, etc.)., 
structural, engineering, etc…. Even today, the operating 
mode of the computer in most cases reflects the 
traditional methods except for the times of restitution. 
Although new technologies have become over the 
years an almost essential tool for the designer, their 
potential is still underutilized as a result of a legislation 
that links the production of drawings with traditional 
modes of representation (orthogonal and central). The 
entire design process from preliminary sketches to the 
executive drawings is represented by graphs in 
orthogonal projection, in axonometric and perspective 
by copying, translation, rotation, tilt and cancellation, so 
that drawing with the computer in conceptual terms is 
not different from drawing with a pencil, as though 
allusive images of the third dimension are still physically 
in two dimensions. This way of behaving is also 
enhanced by an opportunistic use of the standardization 
of this instrument which incorporates some aspects, 
perhaps the easiest to manage, for which the scope for 
maneuver is limited to use the computer only as a 
useful surrogate for the manual design that speeds the 
times of restitution allowing a higher degree of 
accuracy. In fact, digital and manual travel parallel 
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replacing or compensating each other when time and 
costs impose it. 

The digital mathematical model1 is not only a 
powerful new form of representation, but also a space-
time dimension that can overcome geometric limitations 
and architectural constraints, allowing both the vision of 
the early morphological development, as the 
overcoming of the forms linked to patterns of Cartesian 
space, which change almost seamlessly in an 
evolutionary process that burns time and money both in 
terms of design and development and feasibility. The 
mathematical model is the transition from a real to a 
virtual2 situation because it is the digital embodiment of 
the idea in its formal, geometric and material aspects. 
The virtual dimension is the ideal condition to invent 
and change, that is to design, because it is a real 
dimension in which designers can easily modify the 
geometry of spaces, sizes and colors, materials and 
environments, simulating situations and conditions that 
are constantly evolving [2]. 

 

2 Professionals and the virtual three-
dimensional 

The precursors of the new digital design language 
were Frank Gehry, whose works are characterized by 
the curved metal structures made of bent and twisted 
steel3, and Peter Eisenmann, distinguished for his 
unique approach to design. They were the first to 
realize and experience the creative potential of digital 
modeling. Gehry himself confessed that the conception, 
design and the realization itself of the Guggenheim 
Museum in Bilbao were only possible through the use of 
digital modeling. The work of the greatest contemporary 
architects are evidence not only of the creative use of 
information technology but also the realization of their 
products. The conference center in the Italian district4, 
the project Haishi "Mirage City", the Eisenmann draft for 
the Virtual House5, the Real Space Pavilion in Quick 
Times and the water H2O Pavilion built in Holland and  

                                                 
1 The mathematical model serves the following purposes: (1) 
to find an optimal solution to a planning or decision problem; 
(2) to answer a variety of what-if questions; (3) to establish 
understandings of the relationships among the input data items 
within a model; and (4) to attempt to extrapolate past data to 
derive meaning. 
2 According to the American Heritage Dictionary, virtual means 
"existing or resulting in essence or effect though not in actual 
fact, form, or name. It can also mean "created, simulated, or 
carried on by means of a computer or computer network. 
Therefore, virtual reality is best described as an illusion of 
reality created by a computer system.  
3 For example, the Statue Monument of the Olympic Village 
that housed the athletes in 1992 in the form of fish (49 x 30.5) 
yards built in the city of Barcelona (1989-1992) stone, steel 
and glass. 
4 This is the spectacular building designed by Massimiliano 
Fuksas in 2000 contest winner. A conference hall in the district 
of Rome called Eur, suspended in midair inside a huge 
transparent glass case - hence the nickname 'cloud'. 
5 Competition for a Virtual House, 1997. The program for the 
Virtual House begins from the memory of the spatial concept 
of Peter Eisenman's House IV, for which he wrote an 
unpublished text in 1987 titled The Virtual House. Here the 
Virtual House is abstracted into cubes that constitute a 
potential field of internal relations and conditions of 
interconnectivity. Each potential connection can be expressed 
as a vector. Each vector has a field of influence that actualizes 
its virtual movement through time. This actualization is 

 

Fig. 1 The Statue Monument of the Olympic Village that 

housed the athletes in 1992 in the form of fish (Frank O. 

Gehry). 

 

Fig. 2 A conference hall in Eur, suspended in midair inside 

a huge transparent glass case (Massimiliano Fuksas). 

 

Fig. 3 Walt Disney Concert Hall in 

Los Angeles, California (Frank O. Gehry & Partners). 

 

Fig. 4 Carnegie Institute, Pennsylvania (Peter Eisenman). 

                                                                            
visualized through the effect of each vector on the lines within 
its field of influence The lines and their geometric properties 
become forces. 
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Fig. 5 The Virtual House (Peter Eisenman). 

 

Fig. 6 Beijing Olympic Stadium (Herzog & De Meuron 

Architekten). 

 

Fig. 7 The Hotel Marqués de Riscal, Elciego (Frank O. 

Gehry). 

 

Fig. 8 Palace of Ginger and Fred (House of the  dancers) in 

Prague (Frank O. Gehry). 

 

Fig. 9 The Guggenheim Museum in Bilbao (Frank O. 

Gehry). 

 

Fig. 10 The Biocentro in Francoforte (Peter Eisenmann) 

again Trans-Port 2001, the new stadium for the Beijing 
2008 Olympic Games6 represent project ideas resulting 

                                                 
6 Bird's nest stadium by Herzog & de Meuron, which has a 
network of alternating strips of concrete according to a 
randomized design, to compose a mesh which is inserted 
facades, stairs and roofs. 
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from the exploration of new geometric shapes as 
representation and materialization of forces (figs. 1, 2, 
3, 4, 5, 6, 7, 8, 9, 10). 

Digital modeling cannot be regarded as an 
alternative mean that allows different timing and 
precision than manual graphic. Take for example the 
construction of the Sagrada Familia, for which new uses 
of CAD were made during the building process to 
realize reliable digital models of the design drawings. 
The new technology represented a breakthrough in 
terms of time and feasibility of the unfinished work of 
Gaudi. Before the introduction of CAD software, the 
work of architects and craftsmen responsible for 
finishing the Cathedral, was built entirely by hand. 
Using a sophisticated CAD/CAM7 and 3D modeling 
software, were created virtual representations useful to 
"understand" the geometric designs that are the basis 
of the work performed by Gaudi until 1926 (the fire 
occurred in 1936 in his study saved only some plaster 
models made from the same Gaudi for some details). 
To continue to carry out faithfully the work according to 
the author’s design, the whole architecture has been 
digitized in 3D. All the lines of Gaudi, even if they repeat 
the forms of nature are the product of the modulation of 
dozens of geometric figures. The front entrance for 
instance, is dominated by 18 columns that are not 
equal, and this part was still just a drawing of Gaudi's 
not easy to interpret. Only with the computer assisted 
work it has been possible to understand the geometry 
that controlled the colonnade, which was first built 
virtually, then in resin and placed over the real facade, 
to finally cut the columns into the stone with a robot, 
following exactly the 3D model.  

 

3 The mathematical model for the 
analysis of architecture 

The information technology revolution that has 
affected the professional field of architectural design 
could not be ignored by the institutions responsible for 
professional training. They have therefore taken steps 
to adapt their curricula, taking care at the same time to 
frame the new knowledge in an organically designed 
overall context, capable of ensuring an appropriate 
learning content and with regard to the operational 
methodologies. The creation of digital models from the 
point of perception aims to replace the traditional model 
material or “machette”, although the characteristics and 
potentials of the two models result complementary, 
each of the two being able, with its own characteristics, 
to communicate both the project and the implemented 
architecture in a different form, contributing together to 
a better and different definition and communication of 
architecture. Accordingly, the knowledge of software 
and procedures and methods of modeling has been 
broadened within the teachings of the disciplines of 
drawing. At the Bachelor degree course in 
Engineering/Architecture of the University Sapienza of 
Rome, the course content of Architectural Drawing I 
with design Lab, in addition to providing the learning of 
the representation methods and the applications of 
descriptive geometry, have the clear objective of 

                                                 
7 Catia V5 software developed mathematical models with high 
accuracy, not feasible manul. This is related to the tools used 
for processing granite. 

 

reaching a critical analysis of the architecture 
investigated in its dimensional, geometric, spatial, 
structural, functional and distributive aspects in order to 
provide the pupil-engineer the tools needed to achieve 
an architectural choice which is aware and respectful of 
the environment, that inevitably will change irreversibly. 
[3] [4] 
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Fig. 11 Models material or “machette”. 

 

Fig. 13 Axonometric View. 

 

Fig. 13 Axonometric View. 

 

Fig. 14 View of the model in wireframe. 

 
 

This analysis is divided into different stages ranging 
from construction of the "machette" or material model, 
produced on a scale appropriate to the form, content 
and size of the selected building, to the definition of the 
graphical model built using methods believed to be the 
most suitable for the representation of the architecture 
in its entirety, components and organizing principles  

 

Fig. 15 3D Model. 

 

Fig. 16 View of the model in wireframe. 

 

Fig. 17 Villa Stein by Le Corbusier. The images show the 

processing steps of the render. 

that result essentially in internal and external views in 
central and axonometric projections, exploded and split 
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axonometric able to reveal the variety of architectural 
components, first of all the Vitruvian triad: Firmitas, 
Utilitas, Venustas. 

 

Fig. 18 Villa Stein by Le Corbusier. Two-dimensional 

representations obtained from the three-dimensional 

model. 

 

 

Fig. 19 Ostia Lido. 3D Model of the detached house by A. 

Libera in Piazza Magellano. 

The creation of the mathematical model and its 
subsequent three-dimensional processing strongly 

contributes to the achievement of this objective. The 
virtual model "on screen" is a graphical representation 
of the architectural model that is expressed not only on 
paper but on the monitor screen with the difference that 
the latter is made in scale 1/1 while the graphical model 
is made in a scale whose denominator varies according 
to different parameters (size, shape, details, etc...).  

The many possibilities offered by the mathematical 
rendered model represent its significant differences: in 
fact, once the model is built, we are able to achieve, 
depending on our needs, different views, transparent 
walls, enhance, separately or together, one or more 
characteristics of the work (structure, horizontal 
connections, vertical connections, internal distribution, 
recurring elements, etc..) in order to make it more 
understandable or just to bring out some issues and 
communicate them effectively to the designer himself or 
to a client who may not have technical expertise (figs. 
11, 12, 13, 14, 15, 16, 17, 18, 19) [5]. 

4 Conclusion 
The drawing offers the opportunity to represent not 

only what we see with our eyes but also what we don’t 
see, but we think or imagine it to be. If the three-
dimensional representation effectively fulfills this 
function, since it combines different aspects together, 
articulating and disarticulating even the more complex 
realities, making them easy to read, digital modeling 
goes further in that it allows to dynamically reconstruct 
the process of realization of the work to highlight rules 
of operation. The course of Drawing I also aims to make 
students acquire a mastery of methods and techniques 
of digital three-dimensional modeling as a means of 
virtual prototyping and cognitive system, similar, 
homologous and isomorphic to reality, with particular 
reference to the architecture design and to its peculiar 
issues: geometric definition, lighting and materials. 
Knowledge of geometrical criteria for the formation of 
models and methods of their manufacture is an 
essential element. The starting point is the illustration of 
the software and hardware for 3D graphics applications. 
Specifically, the use of three-dimensional software for 
the generation of wire-frame models, polygonal 
modeling, definition of triangular and quadrilateral 
mesh, solid modeling and the corresponding Boolean 
operations for the determination of B-spline curves 
(uniform and non uniform, rational and non rational), 
and finally the generation of three-dimensional surfaces 
and their alignment, rotation and translations, as well as 
swept, trimmed surfaces and skinning functions.  

Of course, it remains crucial in this respect the 
understanding of the physical processes that govern the 
human observer perception of images and their 
computer simulation. In detail, the principles of color 
theory, the human visual perception, the behavior of 
light, the light sources, the appearance of materials, the 
reflectance and color, shading, rendering, global 
illumination models (ray tracing and radiosity), etc. .. 
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Abstract 

Among the elements that complement the buildings also include those made of wrought iron 
that are carrying out different functions: delete, beak, bells, lanterns, etc. . 
The communication anticipate some results of a study addressed to the documentation of the 
works in wrought iron to complement the architecture. Considering the evolution of the 
process over time, based on archival records and the importance of the works themselves, it 
is possible to produce the corresponding computer models that are useful to document the 
construction aspects as well as those of perception. 

1 Introduction 
This paper presents an extract of the results of a 

university study entitled “The design of wrought iron in 
architecture: problems of analysis, appreciation and 
representation”. 

The study is part of the more general issue of 
appreciating architecture, its component elements and 
unique building details. Today we all realise that 
appreciating and documenting architectural heritage 
should be considered a first important step towards its 
safeguard and protection. Justification for the study topic 
lies in the importance that wrought iron elements have 
played in structural, functional and ornamental aspects of 
architecture. Using historical or archival sources to 
understand, interpret and analyse wrought iron designs 
undoubtedly contributes to their safeguard to a greater 
extent than in the past when, for a variety of reasons, it 
was removed and replaced with new iron. 

The study was in two parts: 
- the first focused on collecting the material needed to 

document the existence of preparatory drawings of 
the different elements (a sketch by the smithy or a 
proper design drawing) - sometimes by the smithy 
tasked with making them – as well as documentation 
of existing works in Rome (drawings and images).  

- the second involved surveying several important 
elements in order to understand how the design 
evolved and how each element was made and 
assembled also as regards the period in which it was 
produced. 

2 Historical framework; problems of 
appreciation and documentation 

Working with iron is an ancient art. It was first used 
only to produce tools or weapons. When wrought iron 
began to appear on openings in walls to make buildings 
impregnable – becoming an element either of protection 
or lighting, etc. – this was a turning point in the evolution 
of civilisation. During the barbarian invasions which 
effectively put an end to the Roman empire, iron elements 
were used in architecture mainly as a defensive 
mechanism, but they quickly began to play a new role as 
a beautiful and pleasing visual element.  

 

Fig. 1 Rome. Photograph of the railings between the arches 

of the portico of St. Peter’s in Chains. 

The Roman and Greek word for a smithy was homo 
faber; he was a craftsman who wrought iron to make 
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weapons, household utensils and agricultural tools. In the 
Middle Ages, monks and nuns began to set up forges or 
furnaces in their monasteries and convents. At that time a 
homo faber was a monk or travelling smithy who enjoyed 
numerous privileges. In addition, the specialist skills of the 
homo faber were executed by two different kinds of 
smithies: Faber Ferrarius (architectural structures) and 
Magister Clavarius (keys, locks, gates and protective 
grilles or grates). Only after the 11th century did wrought 
iron production –including bent, hammered and cut iron – 
became a decorative element first in France, then 
Germany, Spain and later in Italy leading to 
improvements in technique and artistry. As new 
procedures and techniques began to be invented and 
refined, the smithies started to make new shapes based 
on drawings provided by their clients. Unfortunately these 
ancient drawings are very difficult to find either in archives 
or other institutions. 

The Middle Ages can be credited with the successful 
use of iron art as a complement to architecture, a success 
further enhanced during the Gothic period starting in the 
city of Siena where even the doors of humble houses 
were reinforced and embellished with hinges and locks. 
The splendid railings around the Scaliger Tombs in 
Verona were made during this period (1380). 

During the Renaissance the production of wrought iron 
in Italy reached new heights. Many different types and 
kinds of elements testify to this excellence by master 
smithies who delicately yet expertly knew how to forge 
iron into exquisitely fashioned and finely detailed railings, 
rostra, bells, lanterns, etc. The wrought iron elements 
made by Niccolò Grasso for Palazzo Strozzi in Florence 
are exceptional in quality and artistry and were described 
by Giorgio Vasari in his book, Lives of the most excellent 
painters, architects and sculptors, from Cimabue to the 
present day. With the advent of the Baroque and Rococo 
churches began to be decorated with wrought iron railings 
or partition screens embellished with curvilinear designs – 
another way to further exploit the qualities of iron.  

Instead imagination was given less of a free reign 
during the neoclassical age and the design of structures 
and ornaments changed radically becoming, vice versa, 
strictly geometric. When the Art Nouveau movement 
appeared in the late 19th century and early 20th century 
iron was used to create complex yet airy floral patterns. 
Its main characteristics included asymmetry, linearism, 
the use of polychrome materials and naturalism inspired 
chiefly by shapes from the vegetal world.  

This brief excursus illustrates how over the years the 
use of iron evolved spontaneously; it proves that the 
design of iron elements was indeed dictated by fashion 
and taste, but also and above all by improvements and 
progress in work methods which made it possible for 
smithies to expertly and creatively fashion exquisite 
finishings and minute details. To truly understand wrought 
iron works we need to consider the entire production 
process, the detailed finishings and assembly and, not 
least, we need to recognise the designs and shapes of 
the recurrent elements representative of the style or 
cultural movement of the particular period in history when 
these iron works were made. [1] [2]  

In-depth knowledge and appreciation of these works is 
based primarily on: 
1) the study and support of iconographic sources; 
2) identification of archival documents (preparatory 

sketches, design drawings, etc.); 

3) survey information and documentation provided, i.e., 
as a way to fully understand all aspects and elements 
of the object; 

4) creation of new forms of representation and 
communication to enhance awareness and hopefully 
progress heritage safeguard and protection. 

It is important to emphasise that the very nature of this 
heritage makes it extremely vulnerable to different forms 
of deterioration and degradation: various factors 
contribute enormously to their gradual yet inexorable loss 
and ruin (little or no maintenance, atmospheric pollution, 
forced removal during restructuring, loss due to wars or 
earthquakes or similar telluric movements).  

 

Fig. 2 Graphic restitution of one of the lateral railings of the 

portico of St. Peter’s in Chains. 

 

Fig. 3 Graphic restitution of the central railings of the portico 

of St. Peter’s in Chains. 

To understand these architectural elements it is very 
important to review iconographic sources; interpretation, 
analysis and comparison of these elements can help us 
record similarities, differences, progress, etc.  



1109

Laura Carnevali      The digital model in the documentation of architectural elements 

June 15th – 17th, 2011, Venice, Italy Proceedings of the IMProVe 2011 

The problems regarding the survey of wrought iron 
works are outlined below and an example is provided - 
specifically the railings between the arches of the portico 
of the church of St. Peters in Chains in Rome. These 
problems include:  

 - documenting all mobile and immobile elements of 
the railings; 

 - documenting the metric, geometric and decorative 
aspects and assembly of the parts. 

 

Fig. 4 Archival drawing. Gino Coppedè, Design of the 

entrance to Villa Odero, black pencil on thick cream-

coloured paper. Size: 313 x 336 mm. Scale 1:50 

To achieve the above we chose an appropriate scale 
of representation and proceeded to produce the 
documentation required to correctly portray the railings 
(preparatory sketches and restitution of the plan and 
elevation as well as 3D restitutions) (figs 1, 2 & 3). 

Finally, mention should be made of the archival 
research which turned up numerous design drawings of 
wrought iron works (some unpublished) by artists and 
architects above all in recent centuries. These documents 
deserve to be studied carefully as well as properly 
represented in order to fully comprehend their component 
elements (figs. 4, 5 & 6). 

3 The 3D model to facilitate 
comprehension and communication 

Survey and archival documents need further in-depth 
study to illustrate and communicate - in the best possible 
way - how the different component elements were 
manufactured, fixed and assembled, etc. 

To achieve these goals we developed matching 
computer models we used to document constructive and 
perceptive aspects.  

To create the model for the example illustrated in this 
paper we used several popular modelling software 
programmes1 which allowed us to quickly develop basic 
2D shapes. We decided not to use a direct approach to 
3D – if necessary using electronic scansion – insofar as 
the result would not have been based on a direct survey 
but on an in-depth analysis and study of the design 
drawings. This interpretation required primary restitution 
of shapes in a 2D environment. The iron elements of the 

                                                 
1 Autocad and 3D Studio Max. 

railings were graphically elaborated separately and then 
assembled based on the rational construction criteria of 
the railings. We first identified the shape, size and 
“material” consistency of the structural elements (vertical 
and horizontal irons), then the decorative elements and 
finally how they were assembled. We then developed an 
axonometric projection separating the overall image into 
its basic elements;  

 

 

Fig. 5 Archival drawing. Gino Coppedè, Railings in Villa 

Odero, black and red pencil on paper sheets. 

 

Fig. 6 Archival drawing. Gino Coppedè. Gate and railings. 

Elevation, black pencil on paper sheets. Size: 480 x 560 mm. 

this was particularly helpful to understand and illustrate 
the work. Some elements, for example the nails, required 
a more detailed finishing to make them look more realistic; 
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this was achieved by creating a mesh of their volumetric 
shapes2.  

The renderings were used to visualise geometric and 
decorative forms by virtualising a source of light that 
projects its shadow on the ground. The application of the 
materials provided a more authentic image reflecting the 
material consistency of the railings and made them easier 
to illustrate (figs. 6, 7, 8 & 9). 

 

                                                 
2 The three-dimensional model is by architect Mariella La Mantia, 
DPhil in Design and Survey of Building Heritage, formerly 
External faculty member of Architectural Design at the Faculty of 
Engineering of Rome “Sapienza” University. 
 

 

Fig. 7 Restitution from a digital model. 

The virtual 3D model (elaborated using solid modelling) 
allowed us to convey and illustrate the cognitive analysis 
of a phenomenon that appears deceptively simple but is in 
fact complex - as is often the case; using this concise 
information we were able to identify the problems by 
carrying out a partial analysis of the representation modes 
that simulate the decomposition of the phenomenon and 
simultaneous reaggregation. [3] [4] 
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Fig. 8 Restitution from a digital model. 

 

Fig. 9 Restitution from a digital model. 
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