
ACCESSING AXIS: EXPLORING DESIGN COGINITION FROM  

VISUAL AND HAPTIC EXPERIENCES AS  

AN APPAREL DESIGNER IN DIGITAL 3D IMAGING USING  

3D PRINTING TECHNOLOGY 

_____________________________________________________ 

 

A Dissertation  

presented to 

the Faculty of the Graduate School  

at the University of Missouri 

__________________________________________________________________  

 

In Partial Fulfillment  

of the requirements for the degree 

Doctor of Philosophy 

_____________________________________________________ 

by 

 

LUSHAN SUN 

 

Dr. Jean Parsons, Major Professor 

 

December 2015 



© Copyright by Lushan Sun 2015 

All Rights Reserved 

 

  



  

The undersigned, appointed by the dean of the Graduate School, have examined the 

dissertation entitled  

 
ACCESSING AXIS: EXPLORING DESIGN COGINITION FROM  

VISUAL AND HAPTIC EXPERIENCES AS  

AN APPAREL DESIGNER IN DIGITAL 3D IMAGING USING  

3D PRINTING TECHNOLOGY 

 

presented by Lushan Sun, 

a candidate for the degree of Doctor of Philosophy  

and hereby certify that, in their opinion, it is worthy of acceptance.  

 

 

Professor Jean Parsons, Committee Chair 

 

 

Professor Jana M. Hawley 

 

 

Professor Myunghee Sohn 

 

 

Professor Yong Volz 

 



 
 

ii 

ACKNOWLEDGEMENTS 

 

  I would like to extend my sincere gratitude to my advisor, committee members, 

parents, and friends for your invaluable contribution, instruction, and continued support and 

help throughout the course of my dissertation research and doctoral study. 

 Firstly, I would like to thank my advisor, Dr. Jean Parsons, who has encouraged me 

to explore the area of digital 3D imaging and 3D printing technology and provided me 

guidance in finding the unique research direction through exploring human-computer 

interaction based design process. More than anyone, Dr. Parsons has been patient and 

supportive of me in such newly expanded research area. For serving on my committee and 

previous graduate assistant supervisor, I thank Dr. Myunghee Sohn for opening the horizon 

for me in the area of 3D computer-aided design (CAD) and 3D body scanning research, 

which have been fundamental in the further exploration of novel technology such as 3D 

printing. I would like to also thank Dr. Jana M. Hawley, my former Department Chair, who 

has been continually inspiring me in not only applying unique qualitative research approach 

but also establishing a productive career in academia. Further, I could not have completed 

this dissertation without the guidance of Dr. Yong Volz, who have provided me with helpful 

advise on research methodology and given patience and understanding through the course of 

my doctoral study.  

 I would also like to extend a special thanks to the executive board members and 

decision makers at the Center for Digital Globe (CiDG) and Graduate Student Association at 

Textile and Apparel Management for providing me with the funding necessary to complete 

the various components of this research. I would like to also thank Dr. Jung Ha-Brookshire 



 
 

iii 

for having the confidence in me and recommending me in applying the CiDG research 

grant. Also, I would like to express my sincere appreciation to Michael Absheer, Manager of 

the 3D Printing Lab at the Engineering School, who have continually been very 

accommodating and supportive of my 3D printing related projects during the my doctoral 

study. Without your kind help and knowledge of 3D printing, this dissertation would not 

have resulted in a unique garment artifact. Further, I would like to send my gratitude to all 

the TAM faculties, staff, and fellow graduate students for your support in my research area 

and the lighthearted smiles that you bring to campus day after day. 

 Lastly, I would like to thank my dearest mom, Xiaoxi Lu, and dad, Dr. Jianzhong 

Sun, in Nanjing, China, who have supported me both emotionally and financially during the 

course of this dissertation research and my doctoral study. Without my dad, I would not 

have been inspired to follow through the idea of exploring 3D printing technology in the 

realm of apparel and textile design. They have also continually brought patience and 

encouragement to me during the many moments of frustration. Another special thanks to my 

cat, Mike, who has been given me the unconditional love and company during the countless 

hours of dissertation writing. This dissertation is to you all.  

 

      

  



 
 

iv 

TABLE OF CONTENTS 

 

ACKNOWLEDGEMENTS ................................................................................................ ii 

Table of Contents ............................................................................................................... iv 

List of Figures .................................................................................................................... xii 

List of Tables .................................................................................................................... xvi 

ABSTRACT .................................................................................................................... xvii 

Chapter 1 INTRODUCTION .............................................................................................. 1 

Rationale of the Study ..................................................................................................... 2 

Aim and Research Question ............................................................................................ 5 

Objectives ........................................................................................................................ 6 

Terms and Definition ....................................................................................................... 7 

Outline of the Research ................................................................................................... 8 

Chapter 2 CONTEXTUAL REVIEW ............................................................................... 10 

Overview of Design in the Virtual Environment .......................................................... 11 

Theoretical Framework ................................................................................................. 14 

3D Printing Technology and Advancement .................................................................. 17 

    3D Printing Material Technology .............................................................................. 19 

    3D Printer Technology .............................................................................................. 20 

     Selective Laser Sintering .................................................................................. 21 

    Advantages and Impacts of 3D Printing Technology ................................................ 23 

Design .................................................................................................................... 24 

Labor ...................................................................................................................... 25 



 
 

v 

Space ...................................................................................................................... 26 

Sustainability ......................................................................................................... 26 

Supply Chain ......................................................................................................... 28 

Application in the Textile and Apparel Industry Design ........................................... 31 

Accessories ............................................................................................................ 32 

Textiles .................................................................................................................. 34 

Garments ................................................................................................................ 35 

3D Design Approaches in 3D Printing Apparel and Textiles Design ........................ 37 

Flat Patternmaking ................................................................................................. 38 

Contour and Textile Structure ............................................................................... 39 

Body Scan and Textile Articulation ...................................................................... 40 

Body Scan and 4D Printing ................................................................................... 41 

Summary .................................................................................................................... 43 

Digital 3D Imaging ........................................................................................................ 46 

Visualization in Apparel Design ................................................................................ 47 

Virtual Environment .................................................................................................. 49 

Virtual Presence ..................................................................................................... 50 

From Hand Craft to Digital Craft .......................................................................... 51 

Visual Perception ....................................................................................................... 53 

Size, Depth, and Space .......................................................................................... 53 

Haptic Perception ....................................................................................................... 55 

Visuo-spatial Cognition ............................................................................................. 57 

Spatial and Object Visualization ........................................................................... 57 



 
 

vi 

Mental Imagery and Visual Memory .................................................................... 60 

Mental Imagery and Haptic Memory .................................................................... 61 

Spatial Knowledge and Decision-making ............................................................. 63 

3D Computer-aided Design and Manufacturing (CAD/CAM)  ................................. 64 

2D to 3D Computer-aided Design ......................................................................... 65 

3D Modeling and Techniques ............................................................................... 67 

Avatar and 3D Computer-aided Design ................................................................ 68 

Computer-Based Tool for Virtual Environment .................................................... 69 

Summary .................................................................................................................... 72 

Chapter 3 METHODOLOGY ........................................................................................... 75 

Naturalistic Inquiry ........................................................................................................ 76 

Tacit Knowledge ........................................................................................................ 77 

Trustworthiness .......................................................................................................... 78 

Case Study ................................................................................................................. 79 

Reflective Practice ......................................................................................................... 80 

Methodology .................................................................................................................. 82 

Research About Design .............................................................................................. 82 

Research Through Design .......................................................................................... 83 

Data Collection Methods ............................................................................................... 83 

Focus Group ............................................................................................................... 85 

Personal Mind Mapping ........................................................................................ 86 

Video/audio Recording .......................................................................................... 88 

In-depth Interview ................................................................................................. 88 



 
 

vii 

Member Checking ................................................................................................. 89 

Independent Case Study ............................................................................................. 89 

Screen Recording ................................................................................................... 91 

Video Recording .................................................................................................... 91 

Reflexive Journal ................................................................................................... 91 

Peer Debriefing ...................................................................................................... 93 

Final Artifact ......................................................................................................... 93 

Summary ........................................................................................................................ 94 

Chapter 4 FOCUS GROUP STUDY ................................................................................. 97 

Sample ........................................................................................................................... 98 

Personal Mind Mapping .............................................................................................. 100 

Physical Touch and Seeing ...................................................................................... 102 

3D CAD Program .................................................................................................... 103 

Digital Fabrication ................................................................................................... 106 

Virtual Touch and Seeing ........................................................................................ 107 

Personal Mind Mapping Connection ....................................................................... 108 

Discussion and Reflection ........................................................................................ 110 

Focus Group Discussion .............................................................................................. 112 

Transitioning from Hands-on to Digital .................................................................. 112 

Cognition in Digital 3D Modeling ........................................................................... 116 

Pros and Cons of 3D CAD Program ........................................................................ 118 

Application of Digital Fabrication ........................................................................... 120 

Discussion and Reflection ........................................................................................ 122 



 
 

viii 

Follow Up In-depth Interview ..................................................................................... 124 

Hands-on Object Making ......................................................................................... 125 

Digital 3D Modeling ................................................................................................ 129 

3D CAD Program .................................................................................................... 137 

Discussion and Reflection ........................................................................................ 140 

From Hands-on to Digital Object Making ........................................................... 141 

Visual vs. Haptic Orientation .............................................................................. 144 

Object vs. Spatial Visualization .......................................................................... 146 

3D CAD Capability ............................................................................................. 148 

Reflection ............................................................................................................ 149 

Chapter 5 INDEPENDENT CASE STUDY ................................................................... 151 

Idea Conception ........................................................................................................... 153 

Reflection ................................................................................................................. 155 

CAD Tool Exploration ................................................................................................ 158 

Rhino Tools .............................................................................................................. 158 

3D Mouse Exploration ............................................................................................. 160 

Reflection ................................................................................................................. 161 

Mock-up Experimentation ........................................................................................... 161 

Reflection ................................................................................................................. 162 

Hand Sketch Development .......................................................................................... 163 

Reflection ................................................................................................................. 164 

CAD Tool Planning ..................................................................................................... 165 

Reflection ................................................................................................................. 168 



 
 

ix 

Digital 3D Modeling .................................................................................................... 168 

Bodice Cup ............................................................................................................... 173 

Procedure ............................................................................................................. 174 

Screen Recording ................................................................................................. 175 

Journal Reflection ................................................................................................ 176 

Bodice band ............................................................................................................. 179 

Procedure ............................................................................................................. 179 

Screen Recording ................................................................................................. 181 

Journal Reflection ................................................................................................ 182 

Skirt Front ................................................................................................................ 185 

Procedures ........................................................................................................... 185 

Screen recording .................................................................................................. 188 

Journal reflection ................................................................................................. 190 

Skirt Back ................................................................................................................. 193 

Procedure ............................................................................................................. 193 

Screen Recording ................................................................................................. 195 

Journal Reflection ................................................................................................ 195 

Skirt Side .................................................................................................................. 196 

Procedure ............................................................................................................. 196 

Screen Recording ................................................................................................. 198 

Journal Reflection ................................................................................................ 198 

Findings .................................................................................................................... 199 

Component Explosion and Layout .............................................................................. 202 



 
 

x 

Reflection ................................................................................................................. 204 

Prototyping .................................................................................................................. 205 

Reflection ................................................................................................................. 208 

Discussion and Reflection ........................................................................................... 209 

Digital Design Process ............................................................................................. 209 

From Traditional Apparel Design to Digital 3D Modeling ..................................... 212 

3D CAD Program as Design Studio ........................................................................ 215 

Reflection ................................................................................................................. 217 

Chapter 6 CONCLUSION ............................................................................................... 219 

Research Findings ....................................................................................................... 219 

From Hands-on to Digital Modeling for Non-apparel Design Practitioner ............. 219 

From Hands-on to Digital Modeling for Apparel Designer ..................................... 221 

Digital Design Enhancement ................................................................................... 223 

Research Limitation ..................................................................................................... 224 

Implication of Research Findings ................................................................................ 226 

Cognition for Apparel Designer in 3D CAD ........................................................... 227 

Collaborative Strategy with Non-apparel Design Practitioner ................................ 228 

Virtual Reality for 3D CAD ..................................................................................... 229 

Development of 3DP in the Apparel and Textile Industry ...................................... 230 

References ....................................................................................................................... 234 

Glossary and Acronym .................................................................................................... 244 

Appendix A – Focus Group Script .................................................................................. 247 

Appendix B – Personal Mind Mapping Instruction and Data ......................................... 249 



 
 

xi 

Appendix C – Follow Up In-depth Interview Script ....................................................... 255 

Appendix D – Screen Capture Coding Result for Digital 3D Modeling ......................... 257 

Appendix E – Research Resource ................................................................................... 264 

VITA ................................................................................................................................ 265 

  



 
 

xii 

LIST OF FIGURES 

 
 
Figure 2.1 Research flow diagram. ........................................................................................ 11!
 
Figure 2.2 Simplified 3D printing stages, including 3D modeling, 3D printing in layers and 

printed outcome. ............................................................................................................ 18!
 
Figure 2.3 FDM printed object in colored thermoplastic by MakerBot (a.); PolyJet printed 

medical model of a foot using multi-material technology by Objet (b.); SL printed 
object in thermoplastic (b.); DLP printed object in ceramic (d.). .................................. 21!

 
Figure 2.4 Diagram of the laser sintering printing mechanism (a.); SLS printed object in 

nylon (b.). ...................................................................................................................... 22!
 
Figure 2.5 Continuous scale of complexity or customization between traditional 

manufacturing and additive manufacturing. .................................................................. 25 
 

Figure 2.6 Structure of a manufacturing supply chain including 3DP technology. .............. 30!
 
Figure 2.7 3D printed Amish hat and Poem hat by Gabriela Ligenza for the Capsule 

Collection fall winter 2014, using SLS technology in nylon (b.); corset by Catherine 
Wales for Project DNA collection, 3D printed using SLS nylon, 2013 (a.); 3D printed 
custom shoe design by Earl Steward printed using PolyJet multi-material technology in 
plastic, 2013 (c.); 3D printed football cleat, the Vapor Carbon Elite, by Nike, 2014   
(d.). ................................................................................................................................. 33!

 
Figure 2.8 The first 3D printed textile by Jiri Evenhuis, 1999 (a.); 3D printed textile in 4-in-

1, 5-in-1 and Mobius patterns by Jiri Evenhuis and Janne Kyttanen of Freedom of 
Creation, 2003 (b.); flexible textile and detail designed by Negar Klantar and Alireza 
Borhani at the DREAMS lab, Virginia Tech, using FDM and Powder Bed Fusion 
technology, 2013 (c.); garment with 3D printed textile detail designed by Richard 
Beckett in collaboration with Massimo Nicosia for Pringle of Scotland Autumn Winter 
2014 ready-to-wear, printed using SLS technology in nylon (d.). ................................ 35!

 
Figure 2.9 Iris van Herpen 3D printed garment designs: cape/skirt ensemble and detail 

designed in collaboration with Neri Oxman for the Voltage Collection 2013, printed by 
Shapeways using PolyJet multi-material technology in plastic (a.); black dress and 
detail designed in collaboration with Julia Koerner for the Voltage Collection 2013, 
printed by Materialiste (b.); magnet dress and details designed for the Wilderness 
Collection Autumn/Winter 2013, printed by Materialiste using Mammoth SL 
technology, 2013 (d.). .................................................................................................... 37!

 
 



 
 

xiii 

 
Figure 2.10 The inBloom dress and detail by XYZ Workshop, printed by Ultimaker FDM 

3D desktop printer using PLA plastic filament, 2014 (a.); 3D model in individual 
patterns and detail (b.). .................................................................................................. 39!

 
Figure 2.11 The world’s first fully 3D printed ready-to-wear N12 bikini and detail (a.) 

designed by Continuum Fashion, printed by Shapeways using SLS technology and 
nylon, 2011; digital circle packing detail in 3D CAD program (b.). ............................. 40!

 
Figure 2.12 World’s first fully articulated 3D printed gown and detail designed by Francis 

Bitonti and Michael Schmidt custom made for Dita Von Teese, printed by Shapeways 
using nylon, embellished by Swarovski crystals, 2013(a.); garment 3D modeling avatar 
in progress and 3D printed parts articulated by flexible joints (b.). .............................. 41!

 
Figure 2.13 Kinematics dress by Nervous System using nylon in SLS technology printed at 

Shapeways, 2014 (a.) and textile detail in white (b.); Kinematic Cloth design interface 
using four design stages (c.); hinge structure detail in 3D model (d.); stages of a 
Kinematics dress development through 3D modeling, simulation and compressed for 
limited 3D printing building volume using Kinematic Fold simulation software (c.). . 43!

 
Figure 2.14 Hierarchy of spatial decisions. ........................................................................... 64!
 
Figure 2.15 The 3D CAD view pane in Rhino showing four views (a); x-y-z coordinate 

system detail (b.); the perspective diagram showing the vanishing point (c.). .............. 66!
 
Figure 2.16 Virtual fit testing using 2D/3D digital patternmaking and visual prototyping 

system, OptiTex. ............................................................................................................ 69!
 
Figure 2.17 Rutgers Master glove (a.); Demo glove device by Dexta Robotics (b.); pen-

based Phantom device by SensAble Technologies, Inc. (c.); 3D mouse SpaceMouse Pro 
by 3DConnexion (d) and control cap 6DOF capability (e). .......................................... 71!

 
Figure 3.1 Matrix of research design. .................................................................................... 76!
 
Figure 3.2 The Cowan diagram of reflection-for-, -in-, and -on-action looping process. ..... 81!
 
Figure 3.3 Diagram of methods and data collection system. ................................................ 85!
 
Figure 3.4 Personal mind mapping work sheet. .................................................................... 87!
 
Figure 4.1 Examples of participants’ PMM, P9 (top) and P8 (bottom) (Appendix B). ...... 101!
 
Figure 5.1 Case study design stages. ................................................................................... 152!
 



 
 

xiv 

Figure 5.2 Helix earrings designed by Kate O’Daly for FabAllThings (a); Mono glasses by 
ITUM (b). .................................................................................................................... 153!

 
Figure 5.3 Initial 2D hand sketch of the garment during the idea conceptualization stage. 154!
 
Figure 5.4 Helix and spiral tool application in Rhino program, shown in perspective view.

 ..................................................................................................................................... 159!
 
Figure 5.5 6 degree of freedom (6 DOF) mapping for 3D mouse (a); ergonomic mouse by 

Penguin (b). ................................................................................................................. 160!
 
Figure 5.6 Garment mock-up experimentation in front and back views using paper bag 

material. ....................................................................................................................... 162!
 
Figure 5.7 Detailed hand sketch in front and back views for preplanning. ......................... 164!
 
Figure 5.8 Various Rhino tool explorations in four dynamic views (top, front, right and 

perspective) during the CAD tool planning stage. ...................................................... 166!
 
Figure 5.9 Example of Rhino surface tool applications, Sweep 1 rail (a) and patch (b) shown 

with line and surface comparison in four dynamic views (top, front, right, and 
perspective). ................................................................................................................. 167!

 
Figure 5.10 Timeline (hour) of garment development during the digital 3D modeling stage; 

shown in various garment sections; duration: 12 hour 36 minutes. ............................ 169!
 
Figure 5.11 Frame of the bodice cup in curve format using point edit command (a), surface 

format using patch command (b), surface format using point edit command and 
gumball dragging/rotating tool (c), and in surface format using mirrored command (d), 
shown in Rhino perspective view and rendered and ghosted display modes. ............. 175!

 
Figure 5.12 Bodice band cross section development for surface development using polyline 

and curve (a), in surface format using sweep 1 rail command (b), in solid format using 
offsetting command (c), in mirror pair and adjusted position with the bodice cups (d), 
in surface format using point edit command for side seam fitting (e), in solid format 
and mirror pair in back side (f); shown in Rhino perspective view and rendered and 
ghosted display modes. ................................................................................................ 180!

 
Figure 5.13 Space evaluation at the bodice cup and band joint in perspective view. ......... 182!
 
Figure 5.14 Point editing the surface format of the back bodice band in side view (a) and 

perspective close up view (b). ..................................................................................... 183!
 
Figure 5.15 Twisted ribbon developed in curve format using the helix, scale and point edit 

command (a), twisted ribbon in curve format contoured around the waist using the bend 



 
 

xv 

command (b), contoured ribbon in surface format duplicated and spaced out across the 
front waist (c), twisted ribbon in surface format further contoured using the bend 
command (d), twisted ribbon in surface format extended below and contoured around 
the hip area using the spiral and bend command (e), and extension ribbon pieces in 
surface format developed for the front right side using the spiral, scale and bend 
command (f); shown in Rhino perspective view and ghosted display modes. ............ 187!

 
Figure 5.16 Twisted ribbon developed in curve format using the helix, scale and point edit 

command (a), twisted ribbon in surface format contoured to the waist and hip curve 
using the bend command (b), contoured ribbon in surface format spaced out and 
contoured at the hip area using the bend command (c), ribbon in surface format 
duplicated, spaced out across the back waist and hip area (d); shown in Rhino 
perspective view and ghosted display modes. ............................................................. 194!

 
Figure 5.17 The ribbon in curve format wrapped from the front was manipulated in 

straighter fashion at the side seam to provide more natural transition with the back 
pieces using the bend command (a), twisted ribbon in surface format at the front skirt 
right was spaced out and arched to fall downward at the side seam using the bend 
command (b), front skirt side ribbon extensions in surface format fitted along the waist 
and hip contour area at the side seam using the bend command (c); shown in Rhino 
perspective view and ghosted display modes. ............................................................. 197!

 
Figure 5.18 The final 3D model of the ribbon dress in ghosted display mode; front view (a) 

back view (b), and right side view (c). ........................................................................ 199!
 
Figure 5.19 Component placement for print 1 in progress in Rhino four dynamic views (top, 

front, right, and perspective) in Rhino (a), and completed placement in NetFabb 
perspective view (b), component placement for print 2 in four dynamic views (top, 
front, right, and perspective) in Rhino (c), and set in reference box shown in 
perspective view in NetFabb (d). ................................................................................. 204!

 
Figure 5.20 Cross section of print 1 file in model slicing program for SLS printer (a), SLS 

printer command screen showing print cross section at layer 1078 (b). ..................... 205!
 
Figure 5.21 Assembled 3D printed Ribbon Dress, front and back views. .......................... 207!
 
Figure 5.22 Timeline (hours) of the eight design stages of the independent case study. .... 209!
 
Figure 5.23 Diagram of workflow in the digital design stages. .......................................... 211!
  



 
 

xvi 

LIST OF TABLES 

Table 2.1 Action, bodily movements and mannequin movement allowance involved in 
apparel design using draping techniques ....................................................................... 48!

 
Table 4.1 Focus group sample demographic ....................................................................... 100!
 
Table 4.2 Personal Mind Map data coding for Physical touch and seeing .......................... 104 !
 
Table 4.3 Personal Mind Map data theme coding for 3D CAD Program ........................... 106 !
 
Table 4.4 PMM data theme coding for Digital fabrication ................................................. 108 !
 
Table 4.5 PMM data theme coding for Virtual touch and seeing.  ..................................... 109!
 
Table 4.6 Focus group data result in the area of transitioning from hands-on to digital object 

making ......................................................................................................................... 115!
 
Table 4.7 Focus group data result in the area of cognition in digital 3D modeling ............ 118!
 
Table 4.8 Focus group data result in the area of pros and cons of 3D CAD program ........ 120!
 
Table 4.9 Focus group data result in the area of applying digital fabrication ..................... 122!
 
Table 4.10 In-depth interview subthemes for hands-on object making .............................. 128!
 
Table 4.11 Cognitive process for hands-on object making ................................................. 129!
 
Table 4.12 In-depth interview data subthemes for digital 3D modeling ............................. 133!
 
Table 4.13 Cognitive process for digital 3D modeling ....................................................... 134!
 
Table 4.14 In-depth interview subthemes for 3D CAD program ........................................ 139!
 
Table 4.15 Hands-on object making and digital 3D modeling comparison ........................ 144 
 
Table 5.1 Garment design themes considered in the idea conception stage ....................... 158 
 
  



 
 

xvii 

ACCESSING AXIS: EXPLORING DESIGN COGINITION FROM 

VISUAL AND HAPTIC EXPERIENCES AS 
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Dr. Jean Parsons, Dissertation Supervisor 

 

ABSTRACT  

 

Despite the rise of 3D printing technology in recent years, the novel technology has 

not yet heavily expanded to the realm of textile and apparel design. Although 3D printed 

design explorations have been unique and successful, the information shared only pertains to 

unique garment silhouettes or materials applied as oppose the insights into the specific 3D 

CAD process, which is the core of such digital fabrication methods. Following the Mutual 

Shaping of Technology framework, this study zoomed in on the ways for traditional apparel 

designers transition into the digital 3D modeling process from the visual and haptic 

cognitive aspects. This investigation involved a focus group study with 10 participants who 

are 3D CAD practitioners with hands-on object making backgrounds. The group study 

outcomes further contributed to the strategy that was then utilized in an independent case 

study involving studio practice and the development of a 3D printed wearable garment.  

The results from this exploratory study suggest that the transition from hands-on to 

digital modeling is a rather challenging process and relies heavily on tacit knowledge and 

the combination of object and spatial visualization skills interpreted in the forms of visual 
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and haptic memory in order to develop an efficient workflow in the digital design process. 

The findings of this study are of great value in understanding the cognitive nature of the 

apparel designer’s virtual design process in order to reflect on the current design curriculum. 

This study also is of importance to the future 3D CAD program interface design for both 

apparel and non-apparel design practice.
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Chapter 1 INTRODUCTION 

The development of new and novel technologies has altered the way we live and 

transition through countless historical periods. Novel technology often leads to some 

form of disruption that is a result of the average consumer applying new tools in their 

everyday lives (Lipson & Kurman, 2013). The concept of mutual shaping of technology 

suggests that technology will be evolved and altered based on its user’s feedback, and its 

user may be thus impacted at the same time (Boczkowski, 1993). The birth of additive 

manufacturing, commonly known as three-dimensional printing (3DP) technology, took 

place in 1984 and is now bringing us to a time of the third industrial revolution (Barnatt, 

2013). As the rapid prototyping technology has advanced and become more readily 

available in recent years, 3D printing technology is taking on a new role in the current 

digital age through a diverse range of domains. In the last few years, the capabilities of 

3DP technology have generated much media exposure in both the popular press and 

industry-specific publications, detailing what may have been previously imaginable only 

in science fiction. Aside from the traditional rapid prototyping industrial applications, the 

rapid advancement of today’s 3DP technology is inclusive of architecture, airspace, 

health, defense, and culinary fields, as well as the textile and apparel industry. 

The wide exploration of 3DP technology is driven by a few main aspects of its 

potential impact. The core focus and feature of 3DP technology is embedded in its 

potential to interrupt the current supply chain and enhance the concept of product mass 

customization. Considering this unique aspect, 3DP technology is quickly being adopted 

in the consumer customization, or the DIY, market through the growth of desktop 3D 



2 

 

printers that can be bought for personal use to print customized products right at home. 

From 2013 to 2014 alone, the market has seen 200% growth in the U.S. (“Tracking the 

growth,” 2014) and estimates place total unit sales at 850,000 in 2018 (“Global 3D 

printer,” n.d.). According to CCS Insight, a global technology analyst company, the 

global 3D printer market is expected to grow a steady 60% per year to reach an estimated 

worth of $4.8 billion in the year 2018 compared to $1.6 billion in 2014 (“Global 3D 

printer,” n.d.). On a bigger scale, the 3D printer market in North America is expected to 

take up 49% of the global revenue in 2018 (“Global 3D printer,” n.d.). 

Consequently, 3DP technology is recognized for its large potential to disrupt the 

traditional supply chain, in which offshore sourcing for manufacturing from developing 

countries will evolve into more domestic or local production (Winnan, 2013). In this 

perspective, the technology also is expected to provide alternative ways for sustainable 

production and business structures from the environmental, social, and economic 

perspectives in this evolving process (Lipson & Kurman, 2013). Experts point out “even 

if 3D printing is a complement to, rather than a replacement for mass production, it will 

serve in generating new economic activity” (Winnan, 2013, p.225). From another aspect, 

due to the adoption of new technology that often couples with changes in material and 

design, the rapidly growing 3DP market ultimately reflects the need for a new design 

approach in product customization and personalization (Delamore, 2004). 

 Rationale of the Study 

“Changing supply chains induce the need for more information technology-
related skills in labor. This includes both a paradigm shift in design-thinking as 
well as the need to increase training and education in digital manufacturing” 
(Gebler et al, 2014, p.166). 
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To meet the trending technology of 3DP, the textile and apparel (TA) industry has 

begun to explore ways to integrate digital fabrication methods to promote innovation. 

Due to the constraints of 3DP material and technology currently available, apparel 

products manufactured using this technology are not yet feasible for the mass 

customization market. In the last few years, 3DP has been commonly implemented in 

accessory and footwear markets. A few other pioneers in the couture fashion sector are 

experimenting with 3DP in expressing new aesthetics through conceptual art forms. 

Dutch designer Iris van Herpen, well known as one of the leading designers in applying 

3D printed fashion, believes that this technology holds much potential in providing a 

viable method to create apparel in the future. 

Besides the challenge of material technology in 3DP, the process of 3D modeling 

using specialized computer-aided design (CAD) software is also the key in the 3DP 

process. According to Lipson and Kurman, one of the biggest barriers in transitioning 3D 

printing technology into wide adoption is the lack of a “killer app” (2013). For the adapta 

tion of 3D modeling software, a designer’s cognitive process and interaction with the 

computer is crucial. In the current market, there are a number of 3D CAD programs 

available for various rapid prototyping design work. However, these often do not offer 

“one-stop shop” convenience for most 3D designers, who often end up accessing several 

different programs before finalizing the 3D model in using the 3DP technology. Apparel 

designers are more challenged with such applications considering that most 3D CAD 

programs are designed with architects and engineers in mind and do not offer intuitive 

features suitable for designing apparel products. 
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For many apparel designers coming from traditional design education 

backgrounds, designing involves hands-on experience in applying two-dimensional 

patternmaking and three-dimensional draping techniques through manipulating textile 

materials to develop a garment that fits the body. Designing using 3D modeling software 

would require apparel designers to appropriately transfer the fundamental apparel design 

skills into the virtual dimension in order to create an object that often is unattainable in 

the traditional approach. Potential barriers may exist in visualizing the design in the 

modeling process and therefore create constraints in physically exploring the material and 

form. Previous studies conducted in modeling and designing an accessory waist cage for 

women using 3D modeling software revealed that much disconnect exists in the transition 

between the natural physical urge of the hands and body for the traditional apparel 

designer and the computer-based tool, such as the conventional mouse and keyboard (Sun 

& Parson, 2014). 

Currently, most apparel designers do not have disciplinary training in 3D CAD 

programs and often end up working with 3D modeling experts from other disciplines or 

professional 3D printing companies in order to transform abstract design ideas into real 

objects. Thus, apparel designers often lack the experience in virtually modeling 3D 

objects independently and the understanding in how previous physical world design 

experience may impact such a process. In order for TA research to gain clarity in this 

aspect, the knowledge gap needs to be filled in the area of design process and cognition 

and even formats of collaborative design thinking for apparel product “making” from 

both industry and academic perspectives. 
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 Aim and Research Question  

Considering 3DP’s potential for the apparel industry, this study is established to 

bridge the knowledge gap between traditional apparel design and the process of human-

computer interaction for apparel design and product development. Under the influence of 

the Mutual Shaping of Technology framework (Boczkowski, 1993), the goal of this study 

is also to examine the visuo-spatial cognition influenced by the visual and haptic 

experiences in developing apparel products using 3D CAD programs and 3DP 

technology for a traditional apparel designer. 

The following research questions are explored in this study: 

1. How does the 3D CAD environment affect the cognitive process of a digital 3D 

modeling practitioner who has been accustomed to hands-on design experience 

with traditional media? 

a. How do the visual and haptic experiences in the 3D CAD environment 

impact such a process? 

b. How do the components and capabilities of various popular 3D CAD 

programs (3ds Max, Rhino, Solidworks, Google Sketchup, etc.) impact 

such a process? 

2. How does the traditional apparel designer transfer tacit knowledge gained in the 

physical world to the virtual environment in the process of 3D modeling apparel 

products using an avatar as the virtual dress form? 

a. How do the apparel designer’s visual and haptic experiences from the 

human-computer interaction affect the visuo-spatial cognitive process of 

3D modeling using an avatar as the virtual dress form? 
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b. How does the computer-based device (3D mouse) aid the visual and haptic 

experience in such a design process? 

c. How does the capability of 3DP technology affect such a design process? 

d. How do the capabilities or components of the 3D CAD program aid such a 

design process? 

 Objectives 

The specific research objectives are as follows: 

1. Research 3DP technology advancements, digital 3D imaging in terms of human-

computer interaction (HCI), (including areas of virtual environment, visual 

perception, haptic perception, and visuo-spatial cognition), 3D CAD in 3D 

modeling, and relevant computer-based tools. 

2. Examine 3D modeling practitioners’ visual and haptic experiences and the 

subsequent effect on the cognitive process in 3D CAD programs through 

establishing a research about design (RAD) focus group with 10 participants. 

3. Develop a 3D printed wearable ensemble using the Selective Laser Sintering® 

(SLS) technology and 3D modeled using 3ds Max CAD program. 

4. Examine a traditional apparel designer’s visual experience, haptic experience, and 

cognitive process using 3D CAD and 3DP technology through establishing a 

research through design (RTD) case study. 

o Examine the use of an avatar as the “virtual dress form” in 3D modeling, 

considering the designer’s visual and haptic experience. 
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o Examine the use of 3D mouse in 3D modeling, considering designer’s 

visual and haptic experience. 

o Compare and contrast 3D modeling the wearable ensemble in sections of 

bust, waist, and hip, considering designer’s visual and haptic experience. 

 Terms and Definition 

The key terms used in this section are defined as follow (Glossary and Acronym).  

 

Avatar: character that represents a player in second-person virtual system, sometimes 

developed from 3D body scanning technology (Blade & Padgett, 2002). 

Cognitive process: mental processes of perception, memory, problem solving, and 

abstract thinking, often involves information retrieval, maintenance, and visualization 

through mental representation based on sensory stimulus. 

Haptic: skin-related or cutaneous information and refers to information obtained by 

active touch and manual exploration (Blade & Padgett, 2002).  

Human-computer interaction (HCI): study of how people work with computers and 

how computer can be designed to help people effectively use them (Blade & Padgett, 

2002). 

Selective Laser Sintering (SLS): 3DP technology that relies on laser technology to bind 

building material, often some form of nylon powder; a registered trademark of 3D 

system. 
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Three-dimensional printing (3DP): a digital fabrication process that rely on computer-

based models to produce real objects in the form of additive manufacturing, in which 

building material is deposited in layers to form real objects. 

Virtual environment (VE): Three-dimensional data set describing an environment based 

on real-world or abstract objects and data (Blade & Padgett, 2002). 

 

 Outline of the Research  

This dissertation is described in six chapters. Chapter 2 presents a contextual 

review of the 3DP technology and the digital 3D imaging in terms of human-computer 

interaction. It begins with laying out an overview of design in the virtual environment 

and explaining the guiding framework for this investigation. Then, the realm of 3DP is 

discussed through advancements in printer and material, advantage, and impact, as well 

as application in the textile and apparel (TA) industry. The second part provides a review 

of the digital 3D imaging field, including the virtual environment, visual and haptic 

perception, visuo-spatial cognition, and 3D computer-aided design. 

Chapter 3 explains the research methodology that will be applied in this practice-

based study for data collection and subsequent analysis. The study adopts the approach of 

naturalistic inquiry and reflective practice. The methodology proposed includes research 

about design (RAD) applying to the focus group and research through design (RTD) 

applied to the independent case study investigation. 
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Chapter 4 presents the data and analysis from the focus group discussion and the 

follow up individual in-depth interview using the research about design (RAD) approach. 

Data includes audio, video recording and personal mind map illustrations.   

Chapter 5 presents the data and analysis from the independent case study 

investigation following the research through design (RTD) method. The data include 

computer screen recording, video recording, and reflexive journal recording of the 3D 

modeling process using 3D CAD program. A final 3D printed garment is also included as 

the final artifact.  

Chapter 6 concludes the findings, limitation, implication for future research of 

this exploratory study in relation to the content from Chapters 4 and 5.  
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Chapter 2 CONTEXTUAL REVIEW 

This investigation is a practice-based design research, or essentially design and 

research by doing, revolving around the mutual shaping of 3D printing (3DP) technology 

and digital 3D imaging processes for apparel design. This chapter begins with an 

overview of design in the virtual environment and explains the Mutual Shaping of 

Technology frameworks (Figure 2.1). The section discussing 3DP technology includes 

the sub-sections on 3D printer and material technology and their advantages and potential 

impacts in future adoption. It also includes innovative applications in the textile and 

apparel (TA) industry. Then, the later section focusing on digital 3D imaging involves a 

the review of virtual environment (VE) in terms of human-computer interaction (HCI), 

including visual and haptic perceptions that impact the visuo-spatial cognition of the user 

or designer. The two sections are unique, yet closely linked. The former section on 3DP 

technology may directly affect the later section on 3D digital imaging, which is involved 

in the process and cognition of 3D computer-aided design and manufacturing 

(CAD/CAM). Ultimately, these two sections mutually influence each other as suggested 

by the guiding framework, the Mutual Shaping of Technology, in this investigation.  
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Figure 2.1 Research flow diagram.  

 

 

 Overview of Design in the Virtual Environment 

According to Professor Robert Bloomfield from Cornell University, the virtual 

environment (VE) is a “computer-mediated environment that simulates…real-world 

physics with sufficient fidelity, and in which one or more human participants can control 

one or more actors” (Watstein & Czarnecki, 2010, p.276). This environment is said to 

provide sensory experiences and opportunities for activities and learning, where the user 

interacts “inside” of the environments (Watstein & Czarnecki, 2010). With today’s digital 
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technology, a similar virtual world has been applied in developing interactive computer-

aided design (CAD) software. 

Under this evolution, more and more hands-on tasks are being replaced with 

digital machinery. In apparel production, digital software is capable of an interface that 

allows designing in a rather efficient manner. Previously, the TA industry and academics 

have applied and explored the use of 2D digital patternmaking software with 3D virtual 

simulation and 3D body scanning in analyzing garment fit and body shape, improving 

sizing systems, and even visualizing textile pattern design and layout. Such design and 

product development interfaces are found to reduce labor, raw material, time, and, at 

times, transportation involved in the conventional manufacturing processes. In the 

cognitive aspects, the 3D simulation technology has also been found to be effective in 

enhancing spatial visualization skills in traditional apparel design training (Park et al., 

2010). 

In 2D digital imaging, research has highlighted that the perception of the physical 

world informs one’s interaction with digital technology such as CAD programs 

(Treadaway, 2009). Thus, the physical experience is critical in the way one visualizes and 

imagines the development of the artifact (Treadaway, 2009). In conjunction, Treadaway 

highlights that a material’s tactile quality and visual stimulation are fundamental to the 

creative action in 2D digital imaging (2009). In 2D digital textile design research 

explorations, hand rendering and manipulative tasks were found to be critical in the 

creative process and aided in defining the parameters of thought essentials in the 

decision-making process of creative work (Treadaway, 2009). Research also further 
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highlighted the critical role of memory in the way by which the physical experience 

impacts the digital design process (2009). 

More recently, the emerging digital fabrication processes using 3DP have been 

described as a tool to “reproduce a physical ‘touch-and-feel’ model directly from a virtual 

computer model using a variety of processes and materials” (Pasko, 2011, p.414). Design 

in such environments is recognized as direct and active and transitioning to and from the 

physical world (Pasko, 2011). Typically, architectural and engineering related areas have 

a long tradition of working with 3D CAD programs. Some works result in 3D rendered 

visual representations of 3D objects or scenes whereas others result in the form of 3D 

modeled objects for real object production as a way to rapidly produce prototypes using 

3DP (Danaher, 2004). Another group may include the use of 3D motion technology to 

develop animation and simulation of objects, scenes, or people that are commonly seen in 

the gaming and film industries. 

Beyond the architectural and engineering disciplines, previous studies of 3DP in 

artistic work focused on the relationship between thought, space, and dimension. The 

results revealed that the relationship between 3D modeling processes and visualization is 

a reflection of the long cycle from real construction to the imaginary construction of 2D 

illustrations to the virtual environment and back to the physical material (Pasko, 2011). 

However, it does not specifically explain how designers’ tacit knowledge or lived 

experience may have impacted the visual and haptic experience in 3D CAD, which has 

been suggested by some to be meaningful for further investigation of digital design in VE 

(Treadaway, 2009). 
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In addition, there has been some research work on digital design of apparel, but it 

has been limited to particular visual effect, realistic rendering, or simulation of textiles 

through computer graphics. Others, such as textile engineers, have concentrated solely on 

the mechanical properties of cloth and applying unique algorithms that govern the drape 

and nature of textile in the 3D CAD program (Breen, 1996). As a result, very limited 

work has contributed to the examination of designing apparel product for actual rapid 

prototyping, and even less research has reflected on the use of 3DP in the 3D digital 

imaging processes (Breen, 1996; Treadaway, 2006). 

 Theoretical Framework 

In the many cases of life-changing technology in history, the end user has always 

been the direct receiver of its potential impacts. Consequently, the freedoms and 

limitations of some of these modern technologies were merely the reflections of the 

user’s feedback and demands. This study is guided by the theory of the Mutual Shaping 

of Technologies in examining the relationship between the technologies, 3D computer 

modeling for 3DP, and the user, a traditional apparel designer. 

According to Boczkowski, this concept explains that the technology and user are 

mutually exclusive but shape each other (1993). The changes in technology trigger a 

mediation process that enables some forms of social changes, which may in turn cause 

the alteration or evolution of a technology (Boczkowski, 1993). Such a relationship 

usually continues to influence the changes in dynamic disciplines and does not stop when 

one artifact or technology is implemented. Often, it will continue to manifest throughout 

the course of the technology’s use (van Hippel, 1988). Further, the reinvention of the 
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technology may sometimes occur multiple times at various stages through different ways 

of integration and application (Boczkowski, 1993). Previous research has found that users 

may adapt to both the constraint and freedom provided in the technology, and other 

times, users will challenge or refine the technology based on its unappealing aspects 

(Boczkowski, 1993). 

For instance, the current technology of web-based social networks has changed 

the lives of many through newly created means and freedom of communication. The 

expansion of virtual communities, such as Facebook, which has now grown to 

accommodate over 800 million active users, has not only reconfigured the social network 

structure for many but also provided new media for self-expression and stimulated the 

generation of cyber language, or an Internet slang. In this technology trend, Facebook 

was transformed from merely featuring the News Feed and Mini Feed, to the Real-time 

Stream, to the Ticker for real time activity feed, to the Video Chat capability, and finally 

adopting the personal wall Timeline and linking to other social networks such as 

Instagram. These efforts were made to meet the users’ demands for more convenient 

approaches to communication and ultimately more information. 

Unlike social networks, today’s phenomenon of the Maker movement, frequently 

labeled as do-it-yourself (DIY), allows many hobbyists or enthusiasts to get their hands 

on a wide range of technologies and subsequently bend these technologies to their will 

(Lipson & Kurman, 2013). Research surveying members of a 3DP maker organization, 

Manufacturing in Motion, found that the majority of its members liked creating things 

with electronics and software (Lipson & Kurman, 2013). Although experts have 

recognized that such a movement is centered on community, creativity, social change, 
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and problem solving, Lipson and Kurman suggest that it may not be the direct igniter of 

industrial revolution but does hold the potential for increased awareness on a larger scale 

(2013). 

Boczkowski also highlights the economic value in the user-generated technology 

changes, if considering the “learning by using” nature of the industry (1993). Thus, the 

presence or absence of transformative attempts in the mutual relationship between 

technology and user should be given more attention (1993). In the case of a virtual fitting 

room in the TA industry, the technology implementation is essentially a response to the 

vast growing online apparel shopping markets and apparel brands’ intention to seek 

alternative merchandising strategies. The application is intended to enhance consumers’ 

shopping experiences and the level of product satisfaction. With the 3D technology and 

the use of virtual models or avatars, the virtual fitting room essentially provides a 

convenient and efficient method of showcasing and trying on apparel products for 

consumers and eliminating the hassle and delay of returning and exchanging ill fit 

products. One study has suggested that such implementation also positively impacts 

consumers’ final purchasing intention through using vivid representation and interaction 

(Liaw & Chen, 2013). 

In relation to this investigation, the diffusion of the 3DP technology in the TA 

industry quickly drew attention to the concept of mass customization and the “consumer 

as designer” business model in response to the demands for personal product tailoring. 

This model triggers the need to explore not only the user’s acceptance of 3DP material 

and cost, but also the adaptability in the 3D virtual design processes (Winnan, 2013). And 

such virtual design adaptation will ultimately influence the rate of technology adoptions 
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and impact on the structure of design thinking. Specifically, a traditional apparel designer 

who is accustomed to hands-on physical manipulation of material and form will have to 

overcome both the physical constraints and cognitive reconfiguration in working with 

computer-based tools to achieve the desired outcomes. This unique transition from 

traditional practice to computer-based 3D design, reflecting capabilities of 3DP 

technology, becomes the core focus of this research. 

 3D Printing Technology and Advancement 

3D printing technology first appeared in 1980, when Dr. Hideo Kodama applied, 

unsuccessfully, for the first rapid prototyping (RP) patent in Japan (The free beginner’s, 

2014). In 1986, Chuck Hull, co-founder of 3D Systems corporation, was issued the first 

patent for his additive manufacturing machine, called the stereolithography apparatus (SL 

or SLA), at the Massachusetts Institute of Technology. SL technology led to the wide 

acceptance of the .stl file format for most 3D printing systems. 3DP technology 

essentially allows a form of digital fabrication where a computer model is transformed 

into a real three-dimensional object. Additive manufacturing involves the compression of 

thin layers of building material into a solid object through a form of adhesive agent 

(Figure 2.2). In 3D printing, the additive process is controlled under the CAD programs, 

and the printer is ultimately an industrial robot that builds objects in cross sections one 

layer at a time. Many 3D printers also require post-finishing processes, either complex or 

simple. 
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Figure 2.2 Simplified 3D printing stages, including 3D modeling, 3D printing in layers 
and printed outcome1.  
 
 

In traditional manufacturing, an object is mostly made by hand and it is often 

labor intensive. Although automated techniques such as machining, casting, and molding 

have shortened the production time, these still are based on the subtractive method of 

making, meaning removing material from a large block. These techniques and are limited 

in structural complexity considering the conventional subtractive process. The 3DP 

technology essentially combats some of the constraints from current production methods, 

such as costly machinery, workflow and the potential for immense material waste. It 

allows the instant formation of objects by applying material only in the area where 

needed, which is much like automated building using Lego blocks. 

Much of the 3DP application has been used toward rapid prototyping as part of 

the product development process. Often, 3D scanning technology is used to capture 

geometric data of an object, which can be later imported into a CAD program for further 

editing and development. This technique is commonly known as reverse engineering and 

can also be used in functional design to develop quicker prototypes for further testing. In 

other cases, 3D printing is used in concept modeling, in which 3D modeling experts can 

design some forms of an intricate object from scratch in a CAD program, often a complex 

                                                
1 Photo from http://3dprintingindustry.com/wp-content/uploads/2014/07/3D-Printing-Guide.pdf 
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structure that is almost impossible to achieve in the conventional subtractive molding 

method. This in turn can reduce cost in areas such as design, labor, and time spent for 

waiting and assembly in the traditional manufacturing processes. Many are now 

beginning to also use 3DP technology in producing goods directly for personal use or 

sale, commonly known as direct digital manufacturing (DDM) (Jadavji & Kesselman, 

2013). 

 3D Printing Material Technology 

In the past few decades, 3D printable material has come a long way and is now 

diverse, ranging from synthetic materials such as thermoplastics, ceramic, clay, and 

different metals, to natural materials such as food, wood, paper, and even bio-based 

living tissues. Most materials are made available for specific printing processes and can 

appear in the forms of powder, filament, and liquid. Others are more versatile and 

adaptable to multiple types of printing systems. Although more innovative materials are 

adapted to the 3DP technology, most of today’s common and accessible materials still 

rely on plastic due to its light weight, strength, and low cost. This section discusses some 

of the most popular synthetic materials used for 3DP. 

Acrylonitrile butadiene styrene (ABS) is a strong plastic and is frequently seen in 

motorcycle helmets, Lego blocks and golf clubs. It has been used for injection molding 

products (Barnatt, 2013). However, it is made out of an oil-based material, thus is more 

damaging to the environment (Barnatt, 2013). The polylactic acid (PLA) plastic on the 

other hand is more environmentally friendly and is known as the green plastic (2013). 

Currently, it is made using agricultural produce like cornstarch and sugar cane (2013). Its 
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biodegradable quality is often used for packaging (PLA vs. ABS, 2013). For 3DP, both 

ABS and PLA plastics offer various color options and translucent surface appearance. 

Nylon material, or polyamide, is a strong, durable, and flexible plastic that 

sometimes is mixed with aluminum to make another material with a different quality, 

called alumide (The free beginner’s, 2014). One unique aspect of 3DP materials is that 

they may be combined with other printable materials to achieve various strengths and 

properties. Most materials are not yet capable of complex color combinations but may be 

treated in pre or post processes to include unique dyeing or surface enhancements.  

 3D Printer Technology 

Today’s 3D printer technology has expanded into two main categories—the 

selective deposition printer and the selective binding printer (Lipson & Kurman, 2013). 

The selective deposition printer includes the fused deposition modeling (FDM) 

technology, which builds an object by melting and depositing material filament from an 

extruder nozzle in layers (The free beginner’s, 2014) (Figure 2.3.a). The PolyJet printer 

prints with light-reactive liquid photopolymer and is known for its precision printing and 

capability of printing multiple materials in one print job (Lipson & Kurman, 2013) 

(Figure 2.3.b). The selective deposition process includes laminated object manufacturing 

(LOM) that applies a laser beam to cut plastic, paper, or metal materials (Lipson & 

Kurman, 2013). 

In selective binding printers, raw material binds or fuses using lasers or other 

adhesive agents (Lipson & Kurman, 2013). This category includes the first patented 3DP 

technology, the laser-based stereolithography (SL) process, which precisely builds 
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objects with UV-sensitive photopolymer liquid resin (Lipson & Kurman, 2013), and 

digital light processing (DLP), which also works with photopolymers but uses a 

conventional light source (The free beginner’s, 2014) (Figure 2.3.d). Today, many 3D 

printers are popular in a commercial desktop form and can be connected directly to a 

computer with the machine’s built-in software or firmware, while others remain large in 

size for professional printing. 

 

a. b. c. d. 
 

Figure 2.3 FDM printed object in colored thermoplastic by MakerBot (a.)2; PolyJet 
printed medical model of a foot using multi-material technology by Objet (b.)3; SL 
printed object in thermoplastic (b.)4; DLP printed object in ceramic (d.)5. 
 

 Selective Laser Sintering 

As one of the most frequently applied technologies in apparel product design, 

Selective Laser Sintering (SLS), or laser sintering (LS), is another selective binding 

printing technology. Unlike the SL process, the LS process uses lasers to trace across a 

bed of compacted powder, which serves as both building and supporting materials, and 

results in higher durability during printing (Lipson & Kurman, 2013) (Figure 2.4.a-b). 

The printer works with a roller that sweeps across a powder bed between each layer being 

                                                
2 Photo from http://cdn.zmescience.com/wp-content/uploads/2013/09/3d-printing-project.jpeg 
3 Photo from http://www.fabbaloo.com/blog/2009/7/23/objets-polyjet-technology.html 
4 Photo from http://makezine.com/review/guide-to-3d-printing-2014/formlabs-form-1/ 
5 Photo from http://www.3ders.org/articles/20140415-ecn-uses-new-dlp-technology-for-3d-printing-
metals.html 
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fused. The advantage of this process is that the unused powder can be recycled and mixed 

with other virgin powder for future print jobs. Also, the usual post processing for LS is 

much less complex than other methods, only involving brushing and air blowing of the 

loose powders on the object surface. In general, the LS process is currently capable of 

printing plastic and metal materials (The free beginner’s, 2014). Although, SLS-printed 

objects have been recognized for their more porous surface compared with the SL 

process, which requires a high printing temperature with longer cooling times, SLS 

technology is still a popular choice for many designers because it is lightweight, flexible, 

and allows for free-flowing object building in the printing chamber. 

 

a. b. 

 
Figure 2.4 Diagram of the laser sintering printing mechanism (a.)6; SLS printed object in 
nylon (b.)7. 

 

For this study, the SLS process is selected to use with nylon powder in the 

development of the artifact for the above qualities, considering the wearability and 

flexibility in the final garment structure. Particularly, its free-flowing printing capability 

is especially helpful in fitting uneven structures or slices of the garment components in 

the printing space. From the sustainability perspective, this process also allows the 
                                                

6 Photo from http://3dprintingindustry.com/wp-content/uploads/2014/07/3D-Printing-Guide.pdf 
7 Photo from https://www.shapeways.com/wordpress/wpcontent/uploads/2012/12/674x501_24470_88337 
_13384133851.jpg 
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recycling of unused powder for future print jobs, which enhances efficiency in material 

use. 

 Advantages and Impacts of 3D Printing Technology 

Since the last industrial revolution, we have come to the realization that mass 

manufacturing is efficient in yielding large numbers of products in short amounts of time. 

However, the downside is that product variety and customization are exchanged for 

speed. The most distinctive and appealing aspects of 3D printing technology are its 

potential low cost, CAD-enabled digital fabrication processing for ease in customization 

(Berman, 2012), and material recyclability. In the current digital age where people are 

increasingly demanding personalized products for either added freedom of expression, 

self-efficacy, or meeting diverse functional needs, individuals are drawn to products that 

are tailored just for them. On the other hand, more attention is drawn to the negative 

impact of the traditional mass production system that is causing increasingly severe 

environmental damage to the ecosystem. Thus, the introduction of 3DP technology can 

be multifaceted, disruptive to the existing means of manufacturing, and stimulating to 

new business and organizational structure in production, recycling, and supply chain 

management in a much more sustainable manner. 

In the book Fabricated: The new world of 3D printing, Lipson and Kurman 

describe the 10 most attractive characteristics, or principles, of 3DP technology (2013); 

those are discussed in the following five sub-sections.  
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 Design 

The foremost advantages of 3DP are that it allows manufacturing complexity with 

variety and ease in developing various design options. In traditional manufacturing, the 

more complex a designed object is, the higher the cost to make the product. In this digital 

fabrication method, one only needs to develop the 3D computer model of an object that 

can be almost limitless in structure and shape complexity. Further, unlike in traditional 

machine production, the ability to use an infinite variety of materials suggests that 3DP 

allows for blending of various raw materials freely. In 3D CAD, digital models allow the 

refinement of precise physical details of objects, a process that is capable of endless 

replication. With the effective use of 3D scanning technology that is capable of rapidly 

capturing forms and translating to other CAD interfaces, the CAD process can be made 

easier and cheaper when developing prototypes of multiple variants as mentioned earlier 

(Berman, 2012). The 3D scan also offers designers the opportunity to take risks without 

worrying over potential cost and time limitations found in the traditional manufacturing 

method, hence the recalculation of product cost and market price. Research suggests that 

when product complexity levels reach beyond the break-even point, the higher cost per 

part will make it more effective to produce using additive manufacturing (Conner et al., 

2014) (Figure 2.5). In addition, 3DP does not require the creation of new tools for new 

product design and complexity as is the case with traditional manufacturing methods.  
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Figure 2.5 Continuous scale of complexity or customization between traditional 
manufacturing and additive manufacturing8. 

 

Labor 

In terms of manufacturing labor, the 3DP method generally offers zero-skill 

manufacturing and lead-time. For many industries and markets, product design and 

development may take years of training and practice. However, in 3DP, the manufacturer 

will only rely on the 3D computer model. From a 3D computer model store or 

increasingly available open sources, any product can be downloaded, edited, printed, and 

reprinted on demand at any time, even without a standby operator, and allow direct 

delivery to the consumers. With reduced shipping costs compared to the traditional 

supply chain, this advantage also offers many opportunities to companies in developing 

new business models that fit specific needs for some particular markets. Moreover, 3DP 

technology requires much less or no assembly processes. Instead of producing individual 

parts as in conventional manufacturing, a 3D printer is capable of building the entire 

product with its connecting parts in a single print job. 

 

                                                
8 Figure from Conner, B. P., Manogharan, G. P., Martof, A.N. et al. (2014). Making sense of 3-D printing: 
Creating a map of additive manufacturing product and services. Additive Manufacturing 1-4, p.71. 
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 Space 

3D CAD modeling also allows limitless design space in the CAD program, unlike 

the traditional manufacturing technique where design in large scale is difficult and not 

always practical. Moreover, 3D printers are much more compact and portable than most 

traditional manufacturing machines. One does not have to deal with finding large 

warehouses to store machinery and products. A digital model is also retrievable for 

updating a current product with additional features that are most fitting for specific 

markets. Essentially, 3DP enables a virtual inventory for the ready-to-print product with 

freedom and ease in redesign, thus eliminating some of the spaces needed for physical 

products and tools (Lockwood, 2014). 

 Sustainability 

In the sense of being environmentally friendly, 3DP technology has large 

potentials in benefiting all aspects of sustainability, including environmental, economic, 

and social. First of all, this manufacturing method is based on the concept of minimal 

waste design and reduced by-products. The two types of 3D printers, selective binding 

and deposition processes, essentially build objects based on the blueprint from the CAD 

file, only applying materials where the object requires. For instance, the traditional 

production of metal objects may result in wasting around 90 percent of the original metal 

(Lipton & Kurman, 2013). In 3DP technology, some selective binding printers such as 

the SLS process build with nylon powder that serves as both building and support 

material in printing. It also allows 50 percent of the material to be recycled with virgin 

powder for future print jobs. The Department of Energy has estimated that the 3DP 
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manufacturing method can save up to 50 percent of the energy used compared to the 

traditional subtractive manufacturing approach (“We can’t wait,” 2012). Another 

forecast, generated by a researcher from University of Groningen in The Netherlands 

using an environmental and economic impact model, suggests there can be a global 

reduction in cost of $170 billion to $593 billion dollars (U.S.), and 5 percent in energy 

and CO2 emissions of industrial manufacturing by 2025 (Gebler et al., 2014). 

Another innovative piece of research indicates that 3DP can be pushed further in 

the green boundary. In the development of the Solar Sintering process, the 3D printer not 

only takes advantage of solar power for running the printer but also ingeniously uses 

concentrated sunlight as the printer’s “laser” to fuse the building material, sand, to form 

the object (Lipton & Kurman, 2013). As the sand melts, the object can be transformed 

into a strong glass material without added adhesive, and would be able to be ground back 

into sand in the desert (2013). This is recognized as the ultimate sustainable approach to 

3DP and successfully implements the concept of cradle-to-cradle (Braungar & 

McDonough, 2002), in which products are designed and made in a regenerative way. 

On a more approachable note of recycling in the effort to reduce the earth’s 

massive landfills, 3D printing technology has the capability of making a large impact on 

the way we use and reuse everyday materials and products. At the Washington Open 

Objects Fabricators Club (WOOF), a single person-sized plastic boat was 3D printed as a 

“canoeyak” using recycled polyethylene-based plastic milk jugs, which often do not end 

up recycled in the conventional recycling chain (Lipton & Kurman, 2013).  In fact, only 

10 percent of all plastics we use are recycled due to the high cost of machining plastic 

and the potential contaminations in the process (Hakkens, n.d.). Currently, plastic, such 
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as PLA and ABS, can be recycled in low temperatures into filaments for the selective 

depositing process like FDM. Companies such as Precious Plastic are actively sourcing 

and developing “valuable” plastics using methods of extrusion, rotating, oven heating, 

and injection (Hakkens, n.d.). Experts Lipson and Kurman believe that soon people will 

be able to recycle their own household plastic into material suitable for a desktop 

personal 3D printer (2013). Studies have shown more promise in this possibility, 

considering the shredding and extruding of high-density polyethylene for 3D printing 

between the centralized recycling system and home-based recycling (Kreiger et al., 

2014). Its results also reveal that the process would conserve 100 million MJ (Megajoule) 

of energy per annum and significantly reduce greenhouse gas emission (Kreiger et al., 

2014). 

Embodying the concept of Precious Plastic, 3DP would also offer unique business 

models for various needs and sustainability approaches beyond the simple repurposing 

and recycling of plastic. Companies like the ProtoPrint enterprise of India are already 

focusing on social sustainability and offer opportunities to the impoverished members of 

society by restructuring the recycling industry (Molitch-hou, 2014). The company 

promotes ethical concepts in production through recruiting local waste pickers who will 

be able to earn 15 percent more than their typical income (Molitch-hou, 2014). 

 Supply Chain 

In the traditional supply chain, products are manufactured in offshore developing 

countries, especially in the textile and apparel industry in China and India. The different 

product components and production stages may also be completed in different countries, 



29 

 

thus creating a higher carbon footprint, transportation cost, and longer lead-time. From a 

business model perspective, goods today are mostly distributed from warehouses to retail 

stores or to customers directly. In industries where 3DP is implemented, one can expect a 

much leaner and more productive manufacturing process with a reduced carbon footprint, 

lead-time, transportation, and inventory cost. 

Research has also shown that the 3D printer will become the just-in-time machine 

for consumers (Birtchnell & Urry, 2013). This will result in a more flexible global supply 

chain through a range of new business approaches. Products could be customized to 

consumers’ preferences and needs for various markets. In developed countries, 3DP will 

impact the way companies seek offshore resources, allowing them to become less 

dependent on cheap manufacturing from the developing countries (Dawson, 2014). 

In such conceptualized supply chains, products can be printed in three different 

places, including homes, retail shops, and factories. They can also vary according to the 

way with which the 3D computer model is generated, thus creating markets like bespoke 

manufacturing services, home-based 3DP, and manufacturing of 3D printers and 

materials (Sisson & Thompson, 2012). In one aspect as mentioned before, customers are 

able to access readily available online open source designs to tailor the 3D models with 

added features or directly reproduce them via commercialized personal 3D printers using 

various materials. For the 3DP shop markets, a company can provide the generic but 

potentially complex designs that allow further bespoke design customization by 

customers. With the available 3DP materials and processes, the shops would then 

assemble the printed products and deliver them to the customers. 
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Finally, when 3DP is implemented in factory assembly lines, the result may 

reflect the dynamic represented in Figure 2.6. The digital design can be produced using 

traditional methods, but then 3DP could be implemented in the assembly of selected 

components. Furthermore, the designs could lead to customizable bespoke products 

through a 3DP-ready shop. For some industries, part of the assembly line could be 

replaced by 3DP technology while the rest may remain traditional (Sisson & Thompson, 

2012). One expert suggests that the ability to localize production and minimize cost will 

allow 3DP to serve as a technological means to encourage small business development 

(Berman, 2012). 

 

 

Figure 2.6 Structure of a manufacturing supply chain including 3DP technology9. 

 

It is important to note here that, like mass customization, 3DP is able to lower 

inventory, price, and supply chain management, but it still differs in the perspectives of 

structure and process despite these similarities (Berman, 2012). Mass customization relies 

on preassembled parts from different suppliers and requires a highly integrated supply 

                                                
9 Figure from http://www.biginnovationcentre.com/Assets/Docs/Reports/3D%20printing%20paper_ 
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chain, while 3DP is dependent on CAD models and operates by fusing one or multiple 

raw materials sourced from a small group of vendors (2012). Also, 3DP is mostly 

automated using computer control and CAD programs, whereas the mass customization 

system is team-oriented production (2012). Ultimately, in a world where 3DP is 

implemented, there will be two modes of production: mass production and disruptive 

localized manufacturing (Sisson & Thompson, 2012). 

 Application in the Textile and Apparel Industry 

The vast development in 3D printer and material technology has ultimately made 

its advantages and capabilities more appealing to a wide audience for further 

explorations. The most cutting-edge and highly disruptive advancements have reached 

beyond the traditional prototyping for industrial design and expanded to the production of 

aircraft, automobiles, medical means, art, architecture, cosmetics, bioprinting, cuisine, 

weapons, artifact preservation, and education. Among the industries exploring 3DP, 

experts point out that the textile and apparel (TA) sector has much potential to do great 

things through reducing time and energy spent on producing products in small quantities 

(Mau, 2013; Sisson & Thompson, 2012). Compared to some other industries that 

established a longer relationship with 3DP, the TA industry has only been exploring 3DP 

for less than two decades and is still at a premature stage for wide adoptions. 

Unlike other industries, the concept of 3DP and its relevant feasibilities are rather 

foreign to the practitioner in the TA industry, where woven or knit textiles made of 

natural fibers are used. The 3DP materials, such as PLA and ABS plastics, can be seen as 

less resilient and flexible for apparel products and are not typically used, thus creating 
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some challenges for many people who are exploring and implementing such disruptive 

technology. Another challenge is embedded in the process of creating the digital 3D 

model since most apparel designers have been traditionally trained with methods using 

hands-on manipulation of material in a live studio setting as opposed to the virtual 

environment of computer and other digital platforms. Considering some of these 

limitations, the 3DP advancement in the TA sector has been mainly focused on the area 

of conceptual garments and accessories that often do not require seamless fit but instead 

require high proficiency levels in 3D CAD modeling in the design process. 

Accessories 

In the realm of accessories, designers have taken 3DP exploration further than 

other design categories by generating new design concepts and material structures in 

products including jewelry, shoes, hats, and more. Architect and milliner Gabriela 

Ligenza took high-end millinery fashion to another level through creating a series of hats 

incorporating mathematical art forms (Park, 2014) (Figure 2.7.a). Other designers have 

taken advantage of 3D body-scanning technology in the 3DP exploration, enabling a 

customized fit for the human body. In the luxury market, Catherine Wales has taken 

inspiration from the visual structure of human chromosomes and developed a scaffolded 

corset where interchangeable balls could be attached to various sockets to form different 

proportions and silhouettes (Park, 2013) (Figure 2.7.b). In the functional aspect, industrial 

designer Earl Stewart has applied 3D body-scan data in developing a series of customized 

shoes, XYZ, that are both biologically and culturally unique to the individual (Molitch-

Hou, 2013) (Figure 2.7.c). With the capability of the PolyJet multi-material technology, 
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Stewart is able to apply both rubber and plastic at various densities to provide the desired 

cushion and lightweight qualities for individuals (Molitch-Hou, 2013). In a different 

approach, Nike has created the Vapor Carbon Elite shoe that improves football players’ 

performance in the 40-yard dash. They are strategically designed with sets of unique 

football cleats that enable the player to create more friction in the ground at startup 

(Molitch-Hou, 2014) (Figure 2.7.d). 

 

a. b. 

c. d. 
 
Figure 2.7 3D printed Amish hat and Poem hat by Gabriela Ligenza for the Capsule 
Collection fall winter 2014, using SLS technology in nylon (b.)10; corset by Catherine 
Wales for Project DNA collection, 3D printed using SLS nylon, 2013 (a.)11; 3D printed 
custom shoe design by Earl Steward printed using PolyJet multi-material technology in 
plastic, 2013 (c.)12; 3D printed football cleat, the Vapor Carbon Elite, by Nike, 2014 
(d.)13.  
 
 
 

                                                
10 Photo from http://www.gabrielaligenza.com/collections/3D-printed-hats-collection/poem 
11 Photo from http://www.dailymail.co.uk/sciencetech/article-2384802/Catherine-Wales-uses-3D-printing-
create-range-accessories-taking-fashion-world-storm.html!
12 Photo from http://3dprintingindustry.com/2013/06/05/xyz-shoes-custom-footwear-by-earl-stewart/ 
13 Photo from http://3dprintingindustry.com/2014/01/16/nikes-series-3d-printed-shoes-continue/ 
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 Textiles 

Although the process is complex, independent designers like Jiri Evenhuis have 

been successful in prototyping 3D printed textiles. In 1999, Evenhuis invented the first 

3D printed textiles using 3D CAD programs (Evenhuis, n.d.) (Figure 2.8.a). The textile is 

created through interlocking circles to form a woven mesh. Under Freedom of Creation, 

founded in 2003, Evenhuis and Janne Kyttanen created a series of 3D printed textile 

structures, including the x pattern, 5-in-1 pattern, 4-in-1 pattern, Mobius pattern (Figure 

2.9.b), flex pattern, 8 pattern, and 3-in-1 pattern using similar interlocking structures to 

create various levels of flexibility in a single print job (“FOC Textiles,” 2008). Ten years 

later, in 2013, Negar Klantar and Alireza Borhani created new structures of flexible 

textile at the Virginia Tech DREAMS lab (Kalantar, 2014) (Figure 2.8.c). Their 3D 

printed textile allows both flexibility and rigidity at any angle of movement, and their 

outcome also is capable of manipulation into fixed shapes from the interference among 

the joints of the textile (Kalantar, 2014). 

Although Kalantar and Borhani’s 3D printed textile prototypes may be applied on 

a larger scale for apparel products, such as a whole garment, the designers instead have 

explored combining 3D printed textiles with traditional fabrics. Designer Richard Beckett 

developed garments for Pringle of Scotland’s Autumn Winter 2014 ready-to-wear 

collection in collaboration with the head of their design house, Massimo Nicosia 

(Beckett, 2014) (Figure 2.8.d). In this collection, the 3D printed textile was digitally 

engineered with more than 1,000 unique interwoven geometries and was applied to a 

traditional knit textile by traditional knitting techniques at selected areas to achieve 

dramatic contrasts in texture (Beckett, 2014). This collection achieves the idea of visually 
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blurring the boundary between the 3D printed and traditional knit textiles, thus allowing 

3DP to be more approachable in the ready-to-wear market for the first time (Pringle of 

Scotland, 2014). 

 
 

a. b. c. 

d. 
 
Figure 2.8 The first 3D printed textile by Jiri Evenhuis, 1999 (a.)14; 3D printed textile in 
4-in-1, 5-in-1 and Mobius patterns by Jiri Evenhuis and Janne Kyttanen of Freedom of 
Creation, 2003 (b.)15; flexible textile and detail designed by Negar Klantar and Alireza 
Borhani at the DREAMS lab, Virginia Tech, using FDM and Powder Bed Fusion 
technology, 2013 (c.)16; garment with 3D printed textile detail designed by Richard 
Beckett in collaboration with Massimo Nicosia for Pringle of Scotland Autumn Winter 
2014 ready-to-wear, printed using SLS technology in nylon (d.)17. 
 

 Garments  

Based on creating a full ensemble to fit the whole body, fashion pioneers of 3DP 

have mostly exerted creativity in innovative sculptural forms and materials. Dutch 

couture designer Iris van Herpen is well known as one of the most innovative and leading 
                                                

14 Photo by Paul Barbara, from http://www.jiri.nl/product_foc_01.htm 
15 Photo from http://www.ecouterre.com/are-3d-printed-fabrics-the-future-of-sustainable-textiles/ 
16 Photo from http://www.icat.vt.edu/rfp/project/3d-printing-flexible-textile-structures 
https://www.youtube.com/watch?v=dpL0Y2l_BSI 
17 Photo from http://www.dezeen.com/2014/02/17/3d-printed-fabrics-by-richard-beckett-woven-into-
pringle-of-scotlands-ready-to-wear-garments/ 
http://islamicdigitalarts.com/tag/fashion/ 
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fashion designers in incorporating 3DP. In the past decade, she has worked with a wide 

range of materials through professional 3DP companies and independent 3D modeling 

experts to envision her couture garments. In her Voltage Collection 2013, she has 

collaborated with MIT professor Neri Oxman in a highly textural piece, the cape and skirt 

ensemble, printed using the PolyJet multi-material technology allowing both hard and 

soft materials in the garment to provide flexible movements (Park, 2013) (Figure 2.9.a). 

Their design process not only considers the garment texture but also its movement when 

worn on a body. 

Besides texture, Herpen’s Voltage collection also explored new materials. It 

includes her work with architect Julia Koerner that experimented with the flexible 3DP 

material thermoplastic polyurethane (TPU), from Materialiste, for the first time (Park, 

2013) (Figure 2.9.b). This dress involves highly complex and intricate structures that 

mimic the look of traditional lace fabric. They have achieved this look by superimposing 

layers of interwoven lines to wrap around the body using the SLS technology (Park, 

2013). 

In her Wilderness Collection 2013, Herpen continued to push the envelope in a 

3DP material application for apparel. She collaborated with product designer Jolan van 

der Wiel to grow clothing using magnetic forces by mixing iron into resin for 3DP. The 

material essentially becomes magnetic plastic and is later pulled by magnets and gravity 

to form a spiky yet soft texture (“Magnetic dresses,” 2013) (Figure 2.9.c). With the new 

material, the designers are pleased that it moves much better with the body than their 

previous explorations that resulted in more restricting forms (“Magnetic dresses,” 2013), 

and Herpen revealed that it is an ideal direction for future explorations. 
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a. b. c. 
 
Figure 2.9 Iris van Herpen 3D printed garment designs: cape/skirt ensemble and detail 
designed in collaboration with Neri Oxman for the Voltage Collection 2013, printed by 
Shapeways using PolyJet multi-material technology in plastic (a.)18; black dress and 
detail designed in collaboration with Julia Koerner for the Voltage Collection 2013, 
printed by Materialiste (b.)19; magnet dress and details designed for the Wilderness 
Collection Autumn/Winter 2013, printed by Materialiste using Mammoth SL technology, 
2013 (d.)20. 
 

 3D Design Approaches in 3D Printing Apparel and Textiles 

Among the current TA explorations applying the technology of 3DP, there are 

various innovative approaches in tackling the digital imaging process that incorporates 

design limitations and printing capabilities. Due to the drastically different ways 

designers handle traditional materials and forms in apparel products, today’s designers 
                                                

18 Photo from http://www.additivefashion.com/iris-van-herpen-voltage-jan-13/ 
19 Photo from http://www.additivefashion.com/iris-van-herpen-voltage-jan-13/ 
20 Photo from http://www.dezeen.com/2013/07/30/magnetic-grown-dresses-by-iris-van-herpen-and-jolan-
van-der-wiel/ 
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have to reach beyond the physical realm and reimagine the forms in the virtual 

environment via a 3D CAD interface. As Herpen had hoped for 3D printed apparels, the 

movability of the garments in consideration of the human body is important for future 

expansion and adoption (Barrett, 2013). The design approaches in general take into 

account the flexibility and resilience of their structures and materials. 

 Flat Patternmaking 

The inBloom dress by XYZ Workshop borrows traditional flat patternmaking 

concepts, using 3D CAD programs, and digitally designs individual pattern pieces, 191 

panels in total (Figure 2.10.a). In its 3D modeling, each of these patterns is also added 

with “seam allowances” for post-printing assembly and is embellished with unique floral 

relief on the outer surface to achieve a lace-like texture (Chavez, 2014) (Figure 2.10.b). 

Unlike other 3D printed fashions, this dress enables much more freedom in the material 

movement and proper fit to the body due to the multiple components or “pattern pieces” 

designed. The dress is also much more affordable, costing less than $100 in materials, 

using the Ultimaker desktop printer and PLA filament (Chavez, 2014). Thus, this design 

method enables a much more consumer-approachable apparel product from the aspects of 

material, printer, and cost. 
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 a. b. 

Figure 2.10 The inBloom dress and detail by XYZ Workshop, printed by Ultimaker 
FDM 3D desktop printer using PLA plastic filament, 201421 (a.); 3D model in individual 
patterns and detail (b.)22.  

 

 Contour and Textile Structure 

Another way of applying 3DP in garment development is through the creation of 

the interlinking textile structures in the process of designing and contouring the textile to 

a form using a 3D CAD program. The N12 Bikini by Continuum Fashion was created as 

the first set of 3D printed swimwear fully ready to wear (“N12: 3D printed,” n.d.) (Figure 

2.11.a). It essentially relies on a unique algorithm to develop the swimsuit material or 

textile that is packed with circles connected by thin strings. The size of the circles also 

varied in response to the curve in the body (“N12: 3D printed,” n.d.) (Figure 2.11.b). In 

the modeling process, these circle sizes and tolerance parameters are first applied in value 

ranges onto a curved surface (n.d.). Then, each of these circles is repeated at different 

sizes onto the bra coverage parameter, leaving small gaps where the next placement is not 

certain. Later, the gaps are filled with another set of circle packing, using smaller circles 

                                                
21 Photo from http://3dprintingindustry.com/2014/08/22/blossoming-catwalk-xyz-workshops-3d-printed-
inbloom-dress/ 
22 Photo from https://www.youmagine.com/designs/inbloom-dress-by-xyz-workshop 
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for complete coverage (n.d.). The material use and structure design result in an outcome 

that is actually more comfortable when wet.  

 

 a. b. 

Figure 2.11 The world’s first fully 3D printed ready-to-wear N12 bikini and detail (a.) 
designed by Continuum Fashion, printed by Shapeways using SLS technology and nylon, 
2011; digital circle packing detail in 3D CAD program (b.)23.  

 

 Body Scan and Textile Articulation    

The third way of designing apparel using a digital CAD program is by applying 

articulated joints to connect components of the garment to form fit a body using 3D body 

scans. In 2014, the world’s first fully articulated 3D printed gown was created through 

the collaboration between architect Francis Bitonti and designer Michael Schmidt to 

custom fit actress and model, Dita Von Teese (Figure 2.12.a). This gown was inspired by 

the golden mean ratio and relied on 3D body scan data and the Fibonacci sequence to 

allow contraction and expansion of the mesh gown during bodily movements (Figure 

2.12.b-c). It is composed of 17 components and 3,000 moving parts that were later dyed 

                                                
23 Photo by Ariel Efron, from http://www.shapeways.com/n12_bikini# 
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in black lacquer and embellished with Swarovski crystals (Duann, 2013). The end result 

is a moveable garment that is wearable and fluid (Duann, 2013).  

 

a. b. 

Figure 2.12 World’s first fully articulated 3D printed gown and detail designed by 
Francis Bitonti and Michael Schmidt custom made for Dita Von Teese, printed by 
Shapeways using nylon, embellished by Swarovski crystals, 2013(a.); garment 3D 
modeling avatar in progress and 3D printed parts articulated by flexible joints (b.)24. 

 

 Body Scan and 4D Printing 

Although the Von Teese dress was fully articulated it still required post-printing 

assembly of its various components. The design studio Nervous System has taken the 

physical elements in the textile to the next level by revolutionizing the entire process of 

digital design, 3D printing, and finishing to develop the Kinematics dress that allows the 

material to move like a conventional fabric (Figure 2.13.a-b). The movement is created 

by 2,279 rigid interlocking triangles connected by 3,316 hinge-like structures (Figure 

2.13.d). Like the circles created in the N12 bikini, these triangles also vary in scale and 

size to adapt to the body form. The dress is made possible by a unique design interface 
                                                

24 Photo from http://www.shapeways.com/blog/archives/1952-Revealing-Dita-Von-Teese-in-a-Fully-
Articulated-3D-Printed-Gown.html 
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called Kinematics Cloth, or the “geometry of motion” (Ibrahim, 2014) (Figure 2.13.c). 

This intuitive software includes four orders of operations for a dress design, including 

importing body scan, garment shaping, paint pattern or tessellation, and constructed 

textile using Kinematic structure. The finished digital model is made 3DP ready. 

Another appealing aspect of the Kinematics concept is its ability to allow the 3D 

CAD model to fold or collapse into a limited space, as if folding the “virtual garment.” 

The diagram in figure 2.13.e reflects these unique design processes in 3D simulation, 

from the dress shape development and tessellation to added kinematic structure and 

visualizing the draped effect. Finally, it is compressed and simulated into a drastically 

reduced size, small enough for the SLS printing space. The digital model size reduction 

can be up to 85 percent, thus solving the challenge of producing objects larger than the 

3D printing space. The biggest advantage of this innovative process is that it eliminates 

post-printing construction processes through an intuitive design interface. Some already 

consider this design approach as a form of 4D printing, or 3DP plus the time dimension 

(Echaluce, 2014), in which changes in the movement and drape of the garment are 

considered in the 3D modeling process (Molitch-Hou, 2014). The Kinematic dress is 

produced with more than $3,000 worth of nylon material. 
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a. b. 

c. d. 

e. 
 
Figure 2.13 Kinematics dress by Nervous System using nylon in SLS technology printed 
at Shapeways, 2014 (a.)25 and textile detail in white (b.)26; Kinematic Cloth design 
interface using four design stages (c.)27; hinge structure detail in 3D model (d.)28; stages 
of a Kinematics dress development through 3D modeling, simulation and compressed for 
limited 3D printing building volume using Kinematic Fold simulation software (c.)29. 

 

 Summary 

This section reviewed the 3DP technology advancements in the aspects of its 

materials and the printing technologies, potential impacts and benefits, as well as the 

                                                
25 Photo from http://thefashionfoot.com/2014/12/25/3d-printed-kinematic-dresses/ 
26 Photo from http://vimeo.com/113561369 
27 Photo from http://vimeo.com/113561369 
28 Photo from http://3dprintingindustry.com/2014/03/31/3d-printed-bodice-nervous-system/ 
29 Photo from http://thefashionfoot.com/2014/12/25/3d-printed-kinematic-dresses/ 
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innovative applications in the TA industry. Although how 3DP will eventually influence 

design, manufacturing and the entire supply chain still needs further investigation, its 

markets are potentially very dynamic and will vary by industry (Sission & Thompson, 

2012). As more companies adopt 3DP in production and slowly alter the current mass 

production supply chain, the range of efficient productions will likely be increased with 

lowered material cost, higher quality, and the levels of product customization (Berman, 

2012; Connor et al, 2014).  

At present, the technology is limited in properties such as strength and heat 

resistance, and precision and large size accommodation will become important elements 

in the rate of future adoption and expansion (Sission & Thompson, 2012).  Experts also 

predict that by the time the price of personal 3D printers prices drops to $300, it will be 

comparable to the saturation of the small laser printers (Berman, 2012; Burtchnell & Uri, 

2013). More importantly, Sisson and Thompson have further predicted that the furniture, 

textile, clothing and leather industries will be among the most likely sectors to be highly 

disrupted (2012). With the repeatability advantage of 3DP that enables unlimited 

reproduction, high-end apparels would now require much less labor.  

Consequently, the implementation of 3DP will or has already introduced a new 

aesthetic in the realm of design (Lipson & Kurman, 2013). Often, many 3D printed TA 

products appear to be structural in silhouette due to the limitation of printing materials 

and the lack of knowledge in applying creative structures in the 3D printed “textile”. 

However, many 3DP innovators are carefully considering the human usability of the final 

products as opposed to the aspects of aesthetic and economic feasibility. Such design 

strategies have been influenced by the biophysical fit or wearability and comfort factors 
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through taking advantage of existing 3DP materials, such as their lightweight and 

capability of maintaining a complex structure. Another trend in the design approach has 

focused on the kinematic elements as a result of resolving the limitations in the structure 

and movement of a garment and textile. Designers are actively exploring alternative 

materials in apparel products. In terms of virtual prototyping processes in developing 3D 

printed TA products, designers have mainly relied on 3D body scanning technology to 

achieve fit in conventional 3D CAD programs. Also, its capability of programming 

structures into an object to form a textile-like chainmail provides an alternative in 

obtaining flexibility in the 3D printed outcomes. Such textiles can then be used for 

construction of the wearable garments.  

However, many of the outcomes discussed in this section are a result of 

collaborations between traditional apparel designers and architects or engineers who are 

more knowledgeable in the 3D digital imaging techniques through disciplinary training. 

Considering the potential of 3DP adoption through the model of consumers as the 

designers, one would not only need a user for friendly design interfaces but also for the 

knowledge in garment design. As for the traditional apparel designers, many of them may 

need to be more proficient in 3D modeling before CAD technology moves to the next 

level. Thus, questions remain in understanding how a traditional apparel designer 

interacts with computers in the 3D CAD process in developing 3D printed TA products.  
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 Digital 3D Imaging 

The advancement in 3DP has stimulated the demands for knowledge in using 3D 

CAD interfaces, where the products are created or modeled in some forms of virtual 

environment (VE) for direct digital manufacturing (DDM) or rapid prototyping. This 

investigation’s focus on the digital 3D imaging process for 3D printed apparel falls in the 

realm of human-computer interaction (HCI). The foundation of HCI lies in the 

management of information science between the user and computer and is now 

influenced by technology advancements. It is commonly evaluated against the constraints 

of a task to be accomplished (Dix et al, 2004).  In HCI, humans receive the relevant 

information through input-output channels of vision, auditory, haptics, and movements, 

which is stored in the sensory, long-term, and short-term memories. In this process, 

information is applied through reasoning, skill acquisition, problem solving, and making 

mistakes (Dix et al, 2004). Therefore, the nature of HCI is interdisciplinary where not 

only the physical characteristics of machines are involved, but also the cognitive and 

psychological aspects of how the machine affects its users are explored (2004). HCI also 

involves the ways that people work. The features of the computer-based interfaces will 

influence the nature of such interaction and possibly change the outcomes of the task. 

In the context of this research, the process of HCI is discussed through three 

systems, as described by the Model Human Processor (Card, Moran & Newell, 1983), 

including the perceptual system involving sensory stimulus, the motor system controlling 

action, and the cognitive system connecting the former two parts. A model is always 

applied in consideration of specific tasks. Considering the focus of this investigation, this 

section first lays the groundwork for visualization in apparel design practice, the physical 
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world, and the nature of virtual environments. Then, it discusses the aspects of visual 

perception, haptic perception, and visuo-spatial cognition in VE, which is inclusive in 

spatial visualization, memory, and decision-making aspects. Here, the virtual 

environment of 3D CAD/CAM for object modeling practice is further reviewed with 

some relevant computer tools. 

 Visualization in Apparel Design 

 When considering 3D virtual design for apparel products, it is also important to 

evaluate traditional production methods and design approaches. A designer often works 

in a physical studio where a mannequin is used as a reference base to represent the 

wearer’s body measurements. The techniques of 2D flat patternmaking and 3D draping 

can apply in interchangeable orders. The process is recognized as prototyping, which 

frequently involves using muslin to develop a sample garment to fit the mannequin. The 

draping technique includes the application of fabric cutting to remove excess material, 

fabric clipping providing smoother fit for the body contour, pinning to temporarily secure 

fabric, marking reference points, and measuring distances between reference points 

(Table 2.1). In the patternmaking process, the muslin fabric is removed from the 

mannequin and laid down flat to transform into 2D flat patterns for further processing. In 

the draping process, a designer is able to horizontally rotate and vertically lift the 

mannequin. The designer’s own body is often in a standing position or sitting at an 

adjustable chair. The body is also able to apply fingers, hands, arms, and legs in the 

process of carrying out the actions in the draping procedure and manipulating the 

mannequin (Table 2.1). 
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Table 2.1 Action, bodily movements, and mannequin movement allowance involved in a 
traditional apparel design using draping techniques. 

 

 Draping 
Actions in 
procedures 

• Fabric cutting 
• Fabric clipping 
• Pen marking 

 

• Pin securing 
• Measuring 

Bodily 
movements 

• Finger pitching 
• Hand smoothing/cutting 
• Arm lifting  
• Legs bending 

 

• Head turning/tilting 
• Torso 

turning/bending 
• Stepping 

forward/back 
 

Mannequin 
movement 
allowance 

• Horizontal rotation 
• Vertical rise/drop 
• Horizontal shoulder claps 

 

 

Further, in the process of manipulating materials and working with the hands and 

body in the traditional apparel design techniques, one is required to understand space. It 

is considered an important element in apparel design and product development and can 

be interpreted in terms of spatial visualization ability. It refers to the ability to imagine 

how something will look after moving it around or with reconfigured parts (Workman & 

Ahn, 2011). Previous studies have stressed the unique role of spatial visualization ability 

in apparel design students (Gitimu et al., 2005; Orzada & Kallal, 2001; Workman & Ahn, 

2011). The findings revealed that spatial ability, including line estimation skill in absence 

of measurement tools, could be improved by training, such as apparel design classes. 

Further study also suggests that such spatial visualization ability is influenced by one’s 

cultural upbringing and experience (Workman & Lee, 2004), as well as age and gender 

factors. 
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The key here is that spatial ability ultimately requires dimensional crossing, from 

2D to 3D, in transforming a problem from one to the other (Voyer et al, 1995). At the 

same time, it involves the use of various problem-solving strategies, such as landmark 

extraction, tacit knowledge application or guessing (Workman & Lee, 2004). However, 

most of these studies are based on visual aspects in the apparel design’s physical world 

and lack the knowledge transfer in 3D digital imaging in CAD from the perspectives of 

haptic perception and visuo-spatial cognition. 

 Virtual Environment 

The essence of virtual environments (VE), at times recognized as virtual reality, 

rises from the need to operate in one synthetic environment from a remote distance, such 

as at a computer desk using a mouse and keyboard controls. It involves in the synthetic 

sensory experiences that communicate physical and abstract components to a user. 

Within such a system, operational instruction is obtained through some forms of visual 

feedback (Kalawsky, 1993). Such VE ultimately allows one to gain some levels of 

presence within a remote environment and strive to achieve the most natural means of 

communicating with a computer-based interface.  

The current VE is mostly software driven. A full VE is inclusive in visual, 

auditory, and haptic components. In a more complex VE system, users could interact with 

augmented full visualization for the synthetic environments, auditory systems covering a 

360 degree sphere, and some sorts of the kinesthetic systems allowing virtual controlling 

switches (Kalawsky, 1993). Currently, VE is implemented in application and research 
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development of gaming, movie animation, special effects, architecture, aviation, 

medicine as well as the textile and apparel industries. 

 Virtual Presence 

For most people, the virtual presence in a VE system is either a partial synthetic 

experience or immersive experience, where the complete immersion does not occur 

(Kalawsky, 1993). In order to enhance such immersion, often 3D movie audiences 

experience augmented visual screens with three-dimensional imagery, sit on chairs that 

are automated to move with particular movie scenes, and sometimes may experience heat 

and splashing. Consequently, the audiences feel the actual effects of the physical 

surroundings, motion, sound, and even tactile sensation. Experts have found that the 

visual cue is especially important in allowing the increased sensation of VE (Kalawsky, 

1993). Also, the quicker one immerses within the VE, the more “real” the experience 

feels (1993). 

Further, the sense of physical reality is far beyond the immediate sensations but it 

is a result of internal processing (1993). Thus, the main concern of the VE is its ability to 

affect the sensorimotor perception and cognitive performance of the users. One factor 

that could reduce the amount of “reality” one experiences is increasing fatigue from the 

additional tools that users apply in an interaction, such as a headset or computer mouse. 

More importantly, virtual presence is a subjective sensation, and there is yet to be a 

measure to define the various levels of presence communicated (1993). 

We are often mentally accustomed to the way in which the objects move in the 

real world, and the characteristics of the VE are thus important in a user’s performance. 
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Sheridan has provided some factors that influence the way one may react to the sense of 

presence, including the extent of sensory information, the ability of users to modify their 

viewpoints for a visual field, and the ability to modify the spatial relationships of objects 

in VE (1992). 

Kalawsky expands the guidelines by adding a factor for motion of objects in 

considering the potential time delay from computer graphic software (1993). Secondly, 

the ability to see a part of one’s own body will result in an increased sense of reality 

within a VE. Technology advancement has been involved in developing a computer 

interface where the user’s hands are simulated as a part of the visual cue (Kalawsky, 

1993). Thirdly, a high-resolution display is important in offering a large field of view. In 

an ideal VE, the users would be able to view a field that is larger than his/her peripheral 

vision (Kalawsky, 1993). Finally, one who is not familiar with the VE is less likely to 

feel a sense of “reality.” Once the VE is relevant to the real world, the users will take a 

much shorter time in adapting. 

 From Hand Craft to Digital Craft 

Most hand craft or hand-based design practices rely heavily on tacit knowledge, 

intuition, and tactile or sensory explorations with materials and forms. In many cases, 

such a process also involves in extensive bodily movements. Compared to traditional 

hands-on object creation that can be slowed in the designing and making process, the 

digital crafting process has been observed to be a less reflective process due to the speed 

of action taken to execute a command (Treadaway, 2009). Many designers with a 

background in making by hands find it natural and important to keep the “hands-on” 
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component in various creative processes. It almost indicates a level of intimacy between 

the designers and his/her creation. Some even find the quick modifications in digital 

crafting results in an exhausting experience (Treadaway, 2009).  

As for applying digital tools, a connection has been found between vision, touch 

and cognition in consideration of imagination and experience (Treadaway, 2006). It has 

been suggested that hand craft practitioners who have more training in haptic skills are 

more likely to experience challenges in the VE of digital crafting (Harris, 2005). 

Sometimes, this experience changes as the balance between hands and digital crafting 

process shifts (Philpott, 2010). In another words, such an environment does not provide a 

designer with the visual, haptic or other sensory stimuli that are common in a real world 

design studio. Also, there may be a form of conflict between the tacit knowledge that a 

designer or hand crafter brings to the digital design process and the nature of the digital 

crafting environment.  

On the other hand, a researcher does also appraise digital craft or CAD for its 

greater design complexity and cost effectiveness (Philpott, 2010), much like 3DP 

technology. However, it is important to note here that the designers with traditional hand 

crafting backgrounds need to recognize the differences between the two modes of 

crafting and allow time to develop tacit knowledge and time to adapt to the digital 

process (Philpott, 2010). Furthermore, it is noteworthy here to mention that most research 

on the transition from hand to digital crafting in the realm of art and design has been 

mostly limited to 2D digital imaging. The VE of 3D digital design is rather foreign and 

less practiced among many hand craft, art and/or design practitioners.  
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 Visual Perception 

Visual perception has been the most dominant and natural way of perceiving the 

world for humans. In general, a vision is understood in two phases: the physical reception 

of stimulus and the processing of such stimulus (Dix et al., 2004). The human eyes are 

light sensitive and consist of photoreceptors that help the visualization of images and 

colors. Also due to the unique nerve cells, the ganglion cells, distributed on the human 

eye’s retina, the eyes are capable of recognizing movement through peripheral visions 

(Dix et al, 2004). Mostly, the understanding of ways humans visually perceive their 

environments is gained through spatial knowledge acquired from experiences.  

 Size, Depth, and Space 

Spatial awareness is important for one in creating 3D objects in a CAD VE 

(Danaher, 2004). In viewing 3D virtual objects, size and depth perceptions are important 

to discuss as intrinsic characteristics of an object. Human depth perception enables the 

detection of distance and dimension. The object position within a coordinate system in a 

virtual space could then be perceived accurately due to the reproduced imagery in the 

eyes (Vernon, 1964). 

Depth can also be explained in terms of pictorial cues, which are the spatial 

arrangements that convey relative differences in depth (May & Badcock, 2002). First, the 

relative size of the object is referred to as the visual angle, which is affected by both the 

size of an object and the object’s distance from the eyes (Dix et al, 2004). The visual 

angle also impacts the field of view, and the larger the object, the smaller the visual angle 

(Dix et al, 2004). When looking at overlapped objects, the one partially overlapped would 
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be perceived to be the background and further away, and the completely revealed object 

would be perceived as the foreground and closer to the viewer (Dix et al, 2004). The 

relative distance between the two objects would thus be determined based on the amount 

of an overlap (2004). However, the law of size constancy explains that the size perception 

of the object’s height, for instance, remains constant regardless of the visual angle (2004). 

Also, the relative height of the object varies depending on its relationship to the horizon. 

An object that is below the horizon will appear closer than the object in the far field (May 

& Badcock, 2002). Thirdly, the occlusion between the viewer and objects will help to 

communicate the sense of depth (May & Badcock, 2002). 

Moreover, the shadow and aerial perspectives are critical in determining the three-

dimensionality of the perceived object and space (Vernon, 1964; May & Badcock, 2002; 

Dix et al., 2004). When light casts shadows on an object in a certain direction, the 

partition of the lightness and darkness often helps one understand the shape, size, and the 

object’s relationship with its environments  (May & Badcock, 2002). Conversely, an 

object may look flat when it loses its shadow depending on the illumination in the 

surrounding space (Vernon, 1964). Also, linear perspective and texture gradients will 

impact on the way one interprets space (May & Badcock, 2002). The human eyes will 

converge linear lines as the distance increases. Then, when the texture density of an 

object’s surface increases, the distance increases between the viewer and the surface. 

More recent research has also suggested that more spatial cues, such as textures and 

details, would enhance the presence of reality and improve the accuracy in one’s 

judgment for spatial dimensions (Balakrishnan et al., 2012). 
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In general, the visualization of an object is related to the familiarity of the object 

(Dix et al., 2004). The habitual way one interacts with environments from experience, 

including body movements and object characteristics, also impacts on the sense of space 

(Vernon, 1964). Thus, one is likely to feel uneasy in an unusual environment with 

conflicting visual and body sensations but will adjust and adapt to a new sense of space 

through “doing” or CAD practice (Vernon, 1964). 

Lastly, it is important to note that one’s perception of the space and position of an 

object is related to the orientation of our body (Vernon, 1964). In most cases, when one 

moves the body, the surrounding environments are expected to be motionless. Thus, a 

sense of stability is important in helping one perceive the space and the position of an 

object within (Vernon, 1964). The sense of space is further related to the perceived 

position of the horizon, where one may have a feeling of disorientation when it is tilted 

(1964). Also, in the virtual environments of a 3D CAD program, the designer does not 

have the freedom to move and shift head and body as in traditional apparel design 

environments where one works with a mannequin at various positions (Table 2.1). 

Therefore, additional barriers may be rooted in the position within the computer and 

keyboard setting. 

 Haptic Perception 

One’s visualization ability is heavily established through haptic interaction with 

the surrounding environments. In a way, haptic interaction is concerned with the notion 

of touch that relates to feeling, as sight is related to the previously discussed visual 
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perception. Ultimately, touch is what makes the world real and is recognized as a critical 

component of the spatial senses (Gallace & Spence, 2014). 

The idea of haptic sensations can be interpreted in terms of human and machine 

haptics. In human haptics, the concept is based on “the study of human sensing and 

manipulation through touch” (Srinivasan, n.d., p.1). For HCI, fingers often serve an 

important role through typing on a keyboard and scrolling or clicking via a conventional 

mouse control resulting in a machine-based manipulation. Thus, the notion of machine 

haptics is concerned with “the design, construction, and use of machines to replace or 

augment human touch” (Srinivasan, n.d., p.1). Since this investigation mainly involves 

the examination of a user’s haptic interaction with computer screens and tools, such as a 

3D mouse, but at the same time overlaps with the memory of human haptic experience or 

live experience, the meaning of haptics here is adapted to be the information obtained by 

active touch and manual explorations (Blade & Padgett, 2002). 

Haptics are essentially based on skin-related information and rely on the sensory 

receptors of the human skin to register any touching of an object. The surface of these 

receptors communicates tactile sensations such as pressure and vibration and can be 

found in various parts of the body (Gallace & Spence, 2014), with hands being the most 

obvious body part for haptic interaction. For instance, the inner palm has various types of 

tactile receptors, and each responds to a unique characteristic of sensation (Gallace & 

Spence, 2014). This sensation is often a result of microgeometric, macrogeometric, and 

spatial stimulus of an object (2014). Microgeometric or tactile stimulus involves the 

surface, including texture, roughness, stickiness, and spatial density, whereas 

macrogeometric stimulus reflects the shape, size, and structure of an object (2014). Note 
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that tactile in this investigation is not to be confused with haptic but only is recognized as 

the sensory information from the object contact, sometimes seen as passive information 

as opposed to the active explorations of haptics (Blade & Padgett, 2002). 

One important concept to mention here is that human haptic perception is related 

or similar to visual perception (Gallace & Spence, 2014). For instance, elements close 

together with same texture may be perceived in a group (Gallace & Spence, 2014). In 

addition, an object needs to be separated from the ground to be recognizable in both 

visual and haptic perception (2014).  

 Visuo-spatial Cognition  

For most people, the sense of physical reality goes far beyond the immediate 

sensation and is a result of internal processing (Kalawsky, 1993). This area is rather more 

related to the extrinsic information of an object (Newcombe & Shipley, 2015). Cognitive 

activity in understanding the visuo-spatial structure and process is inclusive in the 

maintenance and transformation of visual and relevant reasoning and problem-solving 

processes. The specific areas relevant to this investigation are spatial and object 

visualization ability, mental imagery formation in relation to memory, and spatial 

reasoning as well as sources of spatial knowledge. 

 Spatial and Object Visualization 

Spatial visualization is defined as “the ability to process visual information about 

spatial relations between objects or their parts and perform mental spatial transformations 

and manipulation” (“Neural correlates of object,” n.d.). This type of mental processing is 
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concerned with elements of location, movement, spatial transformation, and relations 

(“Neural correlates of object,” n.d.).  

Spatial visualization is categorized into two areas. First, allocentric spatial 

visualization is “the ability to mentally manipulate objects from a stationary point of 

view” (“Neural correlates of object,” n.d.); some define it as mental rotation, one of the 

more extensively studied areas of image transformation (Pearson et al., 2001). It is 

frequently involved in the organization of structural space and objects. When an object is 

mentally rotated, the object is mentally simulated with movements (Pearson et al., 2001). 

Although one study suggests that allocentric spatial visualization is not reflective of one’s 

ability in spatial orientation (Kozhevnikov & Hegarty, 2001), previous research has 

highlighted that 3D CAD program users often have difficulty mentally imagining the 

orientation of an object at an axis and angle due to lack of experience in the coordinate 

system (Parsons, 1995). It may also be a result of prior experience in handling objects 

with non-arbitrary motion, and difficulty learning rotation of their own body about an 

axis in conjunction with the axis in their visual environments (Parsons, 1995). Body 

rotation in the real world that one is accustomed to may not use the same direction as the 

way one would rotate an object in a 3D CAD program. Thus, this may lead to further 

translation of the way an object is rotated or delay in rotating an object via the 

appropriate axes using a computer mouse.  

Secondly, egocentric spatial visualization is “the ability to imagine taking a 

different perspective in space” (“Neural correlates of object,” n.d.) or perspective-taking 

(Kozhevnikov et al., 2006). Such ability is often applied in predicting how one navigates 

through complex environments, both real and virtual. A previous study has found that 
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applying egocentric strategy is not always helpful in transforming an object in a two-

dimensional-based environment or flat surface, and this process may be affected by the 

specific demands of a task (Kozhevnikov et al., 2006). However, researchers have 

pointed out that the egocentric transformation of an object is important in large-scale 

environments and most people do not apply such strategy for orientation changes under 

90 degrees (Kozhevnikov & Hegarty, 2001). The application of allocentric and 

egocentric spatial transformation varies on an individual basis (Kozhevnikov et al., 2006). 

Further, it is critical to separate spatial visualization from object visualization 

abilities—the visual information processing of object’s appearance in terms of its color 

and shape (Kozhevnikov et al., 2010). The brain’s pathway between the occipital lobe 

and the posterior parietal lobe controls spatial visualization, and the pathway between the 

occipital lobe and the inferior temporal lobe governs object visualization transformation 

(Courtney et al., 1996). These have been found to be essentially two different cognitive 

styles (Kozhevnikov et al., 2005), but research also suggests that both are not 

independent from each other and have a trade-off relationship (Kozhevnikov et al., 2010). 

The study examines visualizers, ones who prefer the visual to verbal processing, and 

suggests the ones with high spatial ability perform better in spatial visualization tasks but 

not object visualization tasks (Kozhevnikov et al., 2005). Parsons’ study found that 

individuals of high spatial ability were frequently unable to seek the shortest path when 

rotating simple 3D objects via a particular axis and angle in transitioning between various 

orientations in 3D CAD programs (1995). 

From another perspective, scholars have pointed out the importance of discipline-

based training, where engineers and scientists are more likely to excel in spatial 
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visualization that tends to be more analytical in image processing, whereas visual artists 

perform better in object visualization and are described as pictorial, holistic, and 

spontaneous (Kozhevnikov et al., 2010; Kozhevnikov et al., 2005). 

 Mental Imagery and Visual Memory 

Commonly, the development of mental imagery may rely on visuo-spatial 

working memory or long-term memory (Cattaneo et al., 2006; Pearson et al., 2001). 

Visuo-spatial working memory (VSWM) here is the “system involved in maintaining 

information used in mental activity” (Pearson et al., 2001, p.4). Understanding its role 

and structure in visualization helps the investigation of mental image generation, access, 

and retrieval. According to Rinck and Denis, mental imagery is described as the mental 

recreation process that makes “the figural aspects of previously seen objects, or scenes 

when these are no longer accessible to perception, temporarily available to the mind” 

(2004, p.1211). The mechanism of mental image generation can be defined as thinking 

about what happens in a CAD environment where perceptual information can be 

analyzed by the “mind’s eye” (Cattaneo et al., 2006). 

Further, such mental imagery may appear automatically for some people (Pearson 

et al., 2001), while others will judge such imagery based on intuition (Parsons, 1995). 

Researchers have explained that this involuntary thinking could be a result of interpreting 

the nature of a task and metacognition, or a kind of image most appropriate for the 

situation (Pearson et al., 2001). Another study found that the mental image is related to 

the nature or property of a material involved in the creation of the visual imagery 

(Kosslyn, 1980).  
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More recent research revealed that the ability to mentally rotate objects, or the 

allocentric spatial visualization as mentioned earlier, is related to the structure of working 

memory (Pearson et al., 2001). Often, mental rotation will limit the capacity of working 

memory through increasing cognitive load (Parsons, 1995; Pearson et al., 2001). Thus, 

the more complex an object is, the slower one makes a judgment about the mental object 

(2001). However, regardless of the object’s complexity, mental imaging can be an active 

process that consists of highly complex yet systematic manipulations of mental images 

(Pearson et al., 2001; Logie & Pearson, 1997).  

 Mental Imagery and Haptic Memory 

Often, at the sight of an object, one may retrieve the haptic interaction that one 

previously had with this object. This is registered by the neuron representation in the 

human brain (Gallace & Spence, 2014), which allows us to recall and develop mental 

imagery of the object with eyes closed. Compared to the research addressing visual 

memory of mental imagery processing, the role of haptic memory is rarely examined. 

Instead, most studies have been more concerned with the haptic recognition of a real 

object. 

In general, some components of haptic perception and memory are essentially 

facilitated through mental imagery (Gallace & Spence, 2014). The nature of such mental 

imagery can last a lifetime and is often more memorable than passive tactile or sensory 

memory (Gallace et al., 2006). It is also often stored in long-term memory, which helps 

to recognize the spatial position of a manipulated object (Gallace & Spence, 2014).  
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Like the relationship between visual and haptic perception, haptic memory needs 

the presence of visual input to aid the storage of multisensory information when 

navigating a space (Gallace & Spence, 2014). In this relation, another important nature of 

haptic memory is that it may be impaired by a change of perspective (Gallace & Spence, 

2014) or the egocentric spatial visualization, thus resulting in a slower mental 

visualization in manipulating an object. Here, the perspective shift is perceived visually 

subsequently impacting haptic memory. 

Moreover, although tactile and haptic memories are distinctively different, the 

two are not solely independent from each other. A change in any tactile stimulus, such as 

size, may result in drastically increased time in haptic exploration based on memory 

(Berla, 1982; Gallace & Spence, 2014). Regarding the effect of tactile stimulus on haptic 

exploration, Krantz (1972) found five stimuli that are most impactful in one’s haptic 

identification ability. These include the exertion needed to explore an object with its 

roughness, sharpness, and size as well as the temperature of the object. 

Overall, haptic memory is unavoidably related to the tactile nature of an object 

and often involves the notion of movement or mental rotation. Also, literature highlights 

that haptic memory may be concerned more with the familiarity of objects, thus involving 

a different processing system compared to the visual memory that is involved in the 

symbolic representation of objects (Gallace & Spence, 2014). Previous design research, 

as with studies of textile designers applying digital tools, suggests that memory of a 

material’s tactile quality and visual stimulation from lived experience may affect the 

development of 2D digital imaging (Treadaway, 2009). Gallace and Spence also support 

the importance of the multisensory relationship between visual and haptic memory in 
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mental imagery (2014). For this investigation, both the visual and haptic memories of 

traditional apparel design techniques, such as draping and patternmaking, and previous 

3DP application experience, impact the way the designer develops and manipulates 

mental imagery in 3D modeling. Also, the level of training and experience in this 

conventional design practice may indicate the familiarity of a 3D object in a VE and thus 

influence the process of 3D apparel modeling.  

 Spatial Knowledge and Decision-making 

The maintenance and transformation of mental imagery is essentially a cognitive 

activity that involves reasoning, problem-solving, and decision-making processes, and 

such a visualization process also relies on the acquisition of spatial knowledge. At a 

micro level, the knowledge of perspective, distances, and views helps a 3D CAD user to 

judge the appearance of an object and its spaces (Tverksy, 2000). This knowledge in turn 

is related to the behavioral and functional knowledge that enhances the comprehension of 

how the virtual objects interact with each other and how the specific actions affect the 

objects (Munro et al., 2002).  

Further, the hierarchy of spatial decision is also mentioned in previous research to 

understand the decision-making in 3D CAD. This process is related to the acquisition of 

procedural and action sequence knowledge (Munro et al., 2002). According to Garling 

and Goledge (2000), when one is involved in a goal-directed task, the decision begins 

with the choice of a place to move in, then the retrieval of alternatives from the cognitive 

map of an environment, and proceeds to a choice of path in the evaluation of alternatives 

(Figure 2.14). Finally, the choices are refined and followed with a final implementation. 
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This is evident in the architectural modeling study that found the 3D CAD user to rely on 

clear hierarchical goal planning to strategize and identify key components of an object to 

be modeled (Oprean & Balakrshnan, 2013). Further, the acquisition of spatial knowledge 

also relies on active exploration in a virtual environment (Peruch et al., 2000) with the 

understanding of bodily or sensorimotor movements (Tverksy, 2000). In general, it will 

evolve with an increase in age and experience (Kozhevnikov et al., 2010).  

 

 
 
Figure 2.14 Hierarchy of spatial decisions30. 

 

 

 3D Computer-aided Design and Manufacturing (CAD/CAM)  

Two-dimensional (2D) CAD software, such as Adobe Photoshop, was originally 

created to provide simple color correction and painting tools. Such 2D programs have 

become popularized in all dynamics of the industry and education, which stimulated the 

growth of a generation of digital designers. Today, software engineers have combined 

Photoshop and CAD programs to develop 3D CAD platforms, which are capable of 

                                                
30 Garling, T. & Golledge, R. G. (2000). Cognitive mapping and spatial decision-making. In R. Kitchin & 
S. Freundschuh (Eds.), Cognitive mapping: Past, present and future. p.47. 
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mixing 2D imagery with 3D models and even incorporating motion for video making. 

3DP technology takes 3D models to the next level through a wide range of manufacturing 

and rapid prototyping processes. Unlike most complex virtual reality systems, 3D CAD 

interfaces are less inclusive for three aspects of VE: visual, auditory, and haptic. Most 3D 

CAD programs rely on computer graphics and are centered on the visual component. Its 

use is generally for two purposes. For industries, like movies and gaming, it is most 

useful in visualizing a 3D object and its animation. Such visualization focus is commonly 

understood as 3D rendering. On the other hand, in an effort to create objects for 3DP such 

as in this investigation, a 3D CAD program is used to model an object that is instead 

functional and suitable for real production. 

 2D to 3D Computer-aided Design 

In the VE of a 3D CAD program, the workflow is drastically different from 2D 

designs. The nature of the 3D modeling programs relies on the Cartesian coordinate 

system formed with x-y-z axes and planes (Danaher, 2004) (Figure 2.15.a). A typical 3D 

modeling program is designed with a large 3D view pane that sometimes offers multiple 

views and is surrounded with various tool bars and menus (Figure 2.15.b). The different 

views are usually available in one perspective view, three non-perspective views, or 

orthogonal views, as in the same object section (Danaher, 2004). The multiple views 

were found to be useful in seeing and understanding the relationships among the object’s 

components and its surrounding spaces in previous apparel design exploration (Sun & 

Parsons, 2014). 
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In 2D imaging of textile design, scholar Treadaway explored various tools in 

software such as Photoshop to add layers of color and texture to create images of various 

compositions and contrasts (2006). However, the design process using 3D CAD software 

is much more abstract than the flat 2D designing and planning. First, the coordinate 

system contrasts with the 2D design system in that the final image of the object is not 

revealed until the later stages of the modeling process. Also, the 3D CAD tools are not 

like the brush or pen tool in Photoshop and require the user to apply logical thinking in 

the way each 3D CAD tool will affect the outcome of the following steps. Some describe 

such tools as awkward, bizarre (Danaher, 2004), or non-intuitive and point out the 

difficult transition for 2D CAD users to work in 3D CAD software. Thus, working in a 

3D CAD environment always requires a user to think and plan ahead of the task at hand 

more than some of the 2D CAD tasks. 

 

a. b. c. 
 
Figure 2.15 The 3D CAD view pane in Rhino showing four views (a); x-y-z coordinate 
system detail (b.)31; the perspective diagram showing the vanishing point (c.)32. 

 

                                                
31 Photo from http://mycodelog.com/tag/gl_modelview/  
http://gameindustry.about.com/od/game-development/ss/Introduction-To-3ds-Max-2013-Part-1_4.htm 
32 Photo from https://artintegrity.wordpress.com/2008/05/26/24-trouble-with-perspective-in-drawing-this-
may-help/ 
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One of the most important aspects in the use of 3D CAD software is the 

understanding of perspective. Unlike 2D CAD environments, 3D CAD programs allow 

an object to be created and visualized in an accurate perspective automatically. The 

theory of simple perspective is that the vanishing point, always located at the horizon, is 

where parallel lines appear to meet (Figure 2.15.c). Another feature of the 3D CAD 

interface is its surface rendering components. In the visual rendering application, shadow 

and light are frequently used in illustrating the realistic appearance of an object. Thus, 

understanding how light casts onto the object will allow designers to more accurately 

render. 

3D Modeling and Techniques 

In 3D CAD programs, modeling is understood as the process of building 

geometry (Danaher, 2004), where voxel is a term used to define the 3D generalization of 

a pixel and an indivisible small cube that represents a quantity of volume. In such VE, the 

x-y-z axes meet at zero, the origin, and can be expanded at any given point to form basic 

2D triangular shapes, which could eventually connect into a 3D object. Thus, the objects 

are edited in forms of mesh or polygons that are connected by various anchors. Each of 

these anchors can be manipulated to change the shape of the object. In the modeling 

process, an object can also be edited, rotated, moved, and scaled up and down through the 

common use of two-dimensional input devices such as the mouse and graphic tablet. The 

axes also help the user to align the object so that further changes in its orientation can be 

planned and controlled. 
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One of the main concerns in 3D modeling is the tessellation process, which 

converts forms into triangles and determines the resolution of an object design (Danaher, 

2004). Often, mistakes may be made with the amount of polygon density engineered in 

the typology or the surface structure of an object (2004). When not enough tessellation is 

applied, the object tends to appear choppy and rough, especially for curved surfaces and 

organic forms. Alternatively, with too much tessellation in place, 3D CAD programs will 

be expected to use more computer RAM and will slow down the program’s graphic 

display (2004). 

With respect to 3D modeling in which organic shapes and surfaces are involved, a 

few important tools and processes are often applied. Primitive modeling is considered the 

simplest form of 3D modeling, where an object is shaped from the primitive shapes that 

come with the CAD program (2004). Such shapes may be in the form of a sphere, cube, 

plane, or cone and can be edited at various anchor points and polygons. Another 

important tool in 3D modeling is the smoothing function. Such algorithms allow an 

object developed in the primitive modeling process to be converted efficiently into high-

resolution objects with subdivided polygons. 

Avatar and 3D Computer-aided Design 

In the TA industry, 3D CAD programs are used in the visualization of garments made 

with a 2D digital patternmaking system, such as in Figure 2.16. The human avatar 

developed from 3D body scan data is used to aid the visualization of a garment fit, style, 

and even textile print design through 3D simulation technology. This approach allows 

subsequent 2D pattern alterations based on the visual analysis of the 3D garment in 
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custom fitting and sampling (Apeagyei, 2010). Beyond the made-to-measure garment 

prototyping application, 3D body scanning technology is also used for testing garments 

for specific target markets, and for improving apparel sizing systems (Ashdown et al., 

2004). Research has indicated that the accuracy of the body scan data and its extracted 

measurements are critical in each of the above applications (Apeagyei, 2010). However, 

the use of 3D CAD programs for modeling apparel products is rare in the current TA 

industry and is also limited in academic research. It is often applied in accessory product 

design and development, such as the Coach handbag hardware design and some 

previously mentioned customized shoe designs, for rapid prototyping using 3DP. 

 

 
 
Figure 2.16 Virtual fit testing using 2D/3D digital patternmaking and visual prototyping 
system, OptiTex33. 

 

 Computer-Based Tool for Virtual Environment 

                                                
33 Photo from http://www.pressreleasepoint.com/optitex-plays-expanded-role-bravo%EF%BF%BDs-tim-
gunn%EF%BF%BDs-guide-style 
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The development of 3D CAD has been enhanced by the creation of computer-

based tools to increase the feeling of reality. Most computer tools are sensor-motor based, 

including the conventional mouse, digital tablet, 3D mouse, haptic devices, and more. 

In the realm of haptic devices, the essence of such technology relies on the force 

feedback concept, in which an output device transmits pressure, force, or vibrations to 

provide users with the sense of resisting force, such as weight, in the VE (Blade & 

Padgett, 2002). It is used to investigate, enhance, or replace human haptic interaction in 

the real world and ultimately to improve performance levels and interaction in the VE. As 

graphic user interfaces evolved, this technology has also been suggested to have the 

potential for revolutionizing HCI (Iwata, 2008). The current haptic application includes 

not only virtual prototyping or modeling but also areas of surgical simulation, medical 

training, assisting impaired individuals, and scientific visualization. 

There have been several types of haptic devices throughout its evolution. Earlier 

versions of haptic devices were developed in the form of exoskeletons in the 1990s 

(Iwata, 2008), such as the Rutgers Master glove and the Demo glove with only the 

skeletal structure (Figure 2.18.a-b).  Here, the forces are applied to the fingertips and 

simulate grasping an object (Iwata, 2008). Then, there is the pen-based force display, 

which relies on a screw-motion mechanism with rotary and swivel joints (2008) (Figure 

2.17.c). Such a device intends to reflect the ability in human hands to manipulate in 6 

degrees of freedom (6DOF), meaning to freely move and rotate an object in 3D space on 

three different axes. The object movements include moving up/down, moving left/right, 

moving forward/back, tilting up/down, tilting left/right, and turning left/right. The users 

interact in the 3D CAD environments through handling the pen at the end of a device. 
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a. b. c. 

d. e. 
 
Figure 2.17 Rutgers Master glove (a.)34; Demo glove device by Dexta Robotics (b.)35; 
pen-based Phantom device by SensAble Technologies, Inc. (c.)36; 3D mouse SpaceMouse 
Pro by 3DConnexion (d) and control cap 6DOF capability (e)37. 
 

 
The 3D mouse has become popular in recent years for 3D modeling (Figure 

2.17.d). Unlike haptic devices, it does not rely on force feedback but does offer the 

capability of simulating more freedom in panning, zooming, and rotating an object 

simultaneously in 3D CAD programs. The SpaceMouse Pro by 3DConnexion also offers 

the capability of 6 degrees of freedom or 6DOF (Figure 2.17.e), and the user simply 

needs to push, pull, twist, or tilt the controller cap. The number of DOF indicates the 

user’s capability in manipulating an object in various directions. In addition, it provides 

the advantage over a conventional mouse in its inclusion for intelligent function keys that 

are programmable and auto-detectable for frequently applied commands in the modeling 

                                                
34 Photo from http://escience.anu.edu.au/lecture/ivr/exercises/a1/02IVRA1_U3948801/index.en.html 
35 Photo from http://www.ibtimes.co.uk/exoskeleton-dexmo-glove-lets-users-hold-virtual-objects-remotely-
operate-robotic-hands-1471969 
36 Photo from http://sunnybains.typepad.com/blog/2007/08/feeling-virtual.html 
37 Photo from http://mobiledady.com/the-latest-mouse-from-3d-connexion-technology-2013/ 
http://www.3dconnexion.com/products/what-is-a-3d-mouse.html 
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process (SpaceMouse Pro, n.d). Further, its quick view hot keys allow the users to access 

12 views at their fingertips for error detection in a timely manner (SpaceMouse Pro, n.d). 

Thus, users have the choice of not using the computer keyboard to access quick 

commands, leading to a more fluid workflow (SpaceMouse Pro, n.d). 

For this investigation, Rhino was chosen as the 3D CAD program to design and 

model a garment using a female avatar developed from 3D body-scanning technology. 

Also, the use of a 3D mouse in conjunction with a conventional ergonomic computer 

mouse aided the process of 3D modeling in simulating a more realistic spatial 

manipulation of objects compared to a conventional computer mouse only.  

 Summary 

This section reviews visuo-spatial cognition in VE in terms of HCI. The HCI is 

concerned with and interpreted through the sensory, motor, and cognitive systems. Visuo-

spatial cognition concerns the components of visual and haptic perceptions in the 3D 

CAD environment, in which a mixture of virtual and actual reality exist. The 3D CAD 

environment is often based on a coordinate system where objects can be modeled and 

manipulated along axes and planes of x, y and z. Its nature of automated perspective is 

one of the main differences compared to the 2D CAD interfaces. Although many 

procedures in the VE are manipulated, they still are described as non-intuitive, especially 

for 2D CAD users. Advances have been made in developing haptic and other computer-

based devices or tools to enhance the reality of such 3D VE. 

Currently, the VE of digital 3D imaging processes for traditional apparel 

designers contrasts drastically with the physical, made-by-hand experience in the real 
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world, where hand and body have much more motor freedom with the use of a 

mannequin. In traditional apparel design, visualization is key in terms of space 

comprehension and estimation. Research has suggested that training, age, gender, and 

cultural experience are all factors that may potentially affect a designer’s spatial ability, 

but research so far lacks exploration in the ways both visual and haptic experiences 

impact the use of various problem-solving strategies. 

Within a VE, physical reality may be simulated based on immediate sensation but 

it is more a result of internal processes for individuals. Although subjective, such a 

process can be influenced by hardware display and other factors, such as the software’s 

automatic processes and the user’s interactions in object modification. From the user’s 

perspective, visual perception plays a role in judging the size, depth, and space and in 

interpreting the visual angle of the object in VE. Visually perceived objects and space 

will also vary based on relative height, distance, overlap, or occlusion between objects as 

well as shadow, perspective, and surface texture of objects. Body orientation, stability, 

and object familiarity all can be critical determinants of space perception. On the other 

hand, haptic perception or active touch and manual exploration are much less explored 

areas of VE. It references some aspects of visual concepts and involves the sense of 

haptic completion, proximity, and similarity. 

In response to visual and haptic perceptions, visuo-spatial cognition encompasses 

one’s interpretation, maintenance, and transformation of information through reasoning 

and problem-solving processes as in the visualization of traditional apparel design. The 

cognitive process is examined in terms of spatial visualization versus object visualization, 

mental imagery affected by visual and haptic memories, and the decision-making 
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approach. Spatial visualization differs from object visualization or visual information 

processing of object appearance in that it refers to the ability to process visual 

information of the spatial relations between objects. It can be further dissected into two 

different but interdependent areas of allocentric visualization, or mental rotation, and 

egocentric visualization, or perspective-taking. Studies have argued both sides in the 

effects of spatial ability in spatial visualization but do suggest discipline-based 

differences in performance. 

Spatial visualization relies on the active yet temporary mental imagery or mental 

recreation developed from visual and haptic memories, which both suggest the use of 

visuo-spatial working memory (VSWM) as a visual buffer in a conscious cognitive 

process. The capacity of VSWM can be overloaded with the involvement of object 

complexity and the use of mental rotation or allocentric spatial visualization. However, 

haptic memory also involves the use of long-term memory that helps recognize spatial 

position and the ways to manipulate objects within a VE. Regardless of a link to different 

kinds of memory processes, both haptic and visual memories work in conjunction with 

each other. Visuo-spatial cognition also varies in its spatial knowledge source and the 

platform generating procedural and action sequence knowledge in decision-making. 

Spatial knowledge includes understanding of perspective, distance, and views as well as 

the behavior and functional aspects of the CAD interface. The decision-making process, 

especially in a CAD environment, often results in a planning hierarchy influenced by 

action sequence knowledge related to the particular CAD interface. Overall, the cognitive 

process in 3D CAD practice may involve the use of visualization skills, relevant spatial 
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knowledge, and CAD procedural or action sequence knowledge to effectively evaluate 

and manipulate objects in the virtual environments.  

Chapter 3 METHODOLOGY 

Considering the focus on cognitive aspects of 3D CAD with 3DP technology in 

apparel design, the nature of this design research is practice-led and interdisciplinary, 

encompassing fields of HCI, apparel design and product development. It adopted the 

hermeneutic perspective of Interpretivism that derives multi-meaning through the 

researcher’s reflective practice and interpretation based on his/her own experience 

(Crotty, 1998). This investigation also followed the approach of naturalistic inquiry 

(Lincoln & Guba, 1985) where the design researcher is viewed as a “self-organizing 

system” (Jones, 1970) in providing transparent process. The investigation also centered 

around three categories of design research, including people, process and product (Cross, 

1999) (Figure 3.1). Reflecting different or combinations of fields, these categories are 

reflected through both focus group and independent case study in this investigation. The 

focus group involves research about design (RAD) methodology where people and 

process are the focus, whereas the case study involves research through design (RTD) 

methodology where people, process and product are included. Also, the focus group was 

established to contribute to the later phase of this investigation, the independent case 

study. 
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Figure 3.1 Matrix of research design.  

 

Further, this research was designed with mixed methods approach. It was applied 

in the non-traditional sense, in which qualitative data collection was involved in both 

phases of the study. Creswell and Plano Clark (2011) suggest the model of exploratory 

sequential research design, in which data from the initial phase was utilized in the design 

of the following phase. In this research, the findings from the focus group study (RAD) 

involving non-apparel designers were linked and contributed to the design of the 

independent case study (RTD) involving an apparel designer, the investigator herself.  

 

 Naturalistic Inquiry 

As a frequently applied paradigm in the realm of practice-based design research, 

naturalistic inquiry generally is qualitative in nature and suggests that reality cannot be 

understood without the appropriate context (Lincoln & Guba, 1985). It is essentially an 

approach set in a real situation through the recognition of the natural setting (Gray & 

Malins, 2004), namely the studio, as a main component of an investigation. It also 
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recognizes the importance of the individual, the investigator, as the primary data 

generation instrument in examining the human capability of evaluating meaning from 

differential interactions of the multiple-reality (Lincoln & Guba, 1985). In this 

investigation, the data was partly generated by the focus group study and partly collected 

from the researcher’s first hand experience in an independent case study.  

 Tacit Knowledge 

Tacit or intuitive knowledge (Lincoln & Guba, 1985) is recognized as an 

important characteristic in the application of naturalistic inquiry. Bringing personal 

experience and knowledge to the investigation, the researcher becomes the main source 

of data generation (Gray & Malins, 2004). Tacit knowledge essentially allows the 

expression of multiple-reality and helps to accurately reflect the researcher’s value in 

thinking and interpretation (Lincoln & Guba, 1985).   

Considering the focus of this investigation, the tacit knowledge brought to this 

research is based on apparel and textile design and product development experiences 

using both traditional and digital mediums. The practice and training in this area grounds 

the researcher in the understanding of the nature of a traditional apparel designer’s 

decision-making approach and working environment. This includes sensorimotor and 

cognitive perspectives in applying conventional design techniques, such as draping and 

patternmaking. Further, the investigator’s experience and design scholarship in 2D/3D 

CAD programs provides familiarity with the nature of human-computer interaction (HCI) 

Visually, the investigator is proficient in the use and interpretation of 2D and 3D digital 

imaging programs in visualizing textile design and even analyzing garment fit. 
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Physically, I have adapted to the use of computer-based tools such as the conventional 

mouse and keyboard. The investigator’s experience in designing and modeling in the VE 

is also enhanced by the prior explorations in various 3D modeling programs for apparel 

design. Moreover, prior experience in working with 3DP technology, specifically the 

selective laser sintering (SLS) system, support the investigator’s understanding in the 

capability of such systems and materials. These experiences not only strengthen the 

knowledge and skill in spatial visualization but also enrich the investigator’s visual and 

haptic memory in mentally imagining object formation during digital 3D modeling. 

Ultimately, they offer the researcher insights in the ways one thinks, makes decision, and 

problem-solves in similar virtual design environments.  

 Trustworthiness 

As another key criterion of naturalistic inquiry, trustworthiness here involves 

credibility, transferability, dependability, and confirmability, which are adopted in place 

of external and internal validity, reliability, and objectivity applied in the conventional 

research paradigm (Lincoln & Guba, 1985). Conventional research recognizes that 

methods and analysis needs to provide stability and replicability through research design 

and finding generalizations. Due to the emergent nature of naturalistic research, the 

concept of credibility replaces internal validity and is generated by findings supported 

through multiple-reality (Lincoln & Guba, 1985). Relevant activities include prolonged 

engagement, persistent observation, triangulation, and at the same time applying methods 

such as de-briefing and member checking (1985). This credibility also relies on the 

dependability of naturalist research. It is often achieved through overlapped methods and 
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audits, which also support the confirmability of the naturalistic inquiry (1985). 

Transferability on the other hand replaces external validity and supports naturalist 

research in providing proper “thick description” that consists of the widest range of 

information possible (1985). Much of the trustworthiness in naturalistic research is 

provided through the use of reflexive journal applying reflective practice (Cowan, 1998).  

 Case Study 

One other important characteristic of naturalistic inquiry is that research is likely 

to be established in the case study mode, as in the second part of this investigation. To 

adapt to the multiple-reality nature of naturalistic inquiry, case study accommodates the 

investigator’s interaction within the realities and biases from the subsequent reflective 

reporting (Lincoln & Guba, 1985) during both parts of the investigation, focus group and 

independent case study.  It is thus suitable in supporting the subsequent generalization 

and transferability in the investigation through the investigator’s thick description 

(Lincoln & Guba, 1985). It also allows readers to build upon their understanding in a life-

like situation that is described through “thick description” in support of transferability 

and confirmability (1985).  In such naturalistic case study, purposive sampling is often 

effective in maximizing the researcher’s ability to apply ground theory based analysis 

(1985). Such sampling approach would be applied to the participant recruiting for the 

focus group. This investigation takes the approach of this case study through using 

research about and through design methodologies (RAD/RTD).   
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 Reflective Practice  

Reflective practice was originally proposed by Donald Schon in seeking insightful 

knowledge embedded within professional design practice (1983). This idea ultimately 

recognized that all designers carry tacit knowledge from their formal practice and 

experience in developing what he described as a “knowing-in-action’ ability during the 

course of design research and practice. Such designerly thinking in action is not only 

used in articulating the design process but also is frequently improvised during the course 

of practice. Thus, Schon recognized the importance of “reflection-in and –on-action” 

(1983), in which knowledge is obtained through constant reflection during the design 

process, problem-solving, and data synthesis. Also note that this knowledge is not about 

what is more or less true as found in natural science but is about what is more or less 

informed. Schon suggests this form of reflective practice with intention to bridge research 

and practice through systematic inquiry (1983). Schon defines that reflection-in-action is 

about what one is doing whereas reflection-on-action is about the post-action evaluation 

and analysis (1983).  

Based on Schon’s reflective practice concepts, Cowen further proposes the 

component of reflection-for-action in planning future action (1998) (Figure 3.2). In a 

practice-based project, reflection-for-action may occur prior to reflection-in-action as an 

anticipatory phase, in which relevant tacit knowledge is unloaded in order to strategize 

the subsequent actions (Figure 3.2 loop A-B). Then, the reflection generated in these 

exploratory actions, (Figure 3.2 loop B-C), then influences the reflection-on-action 

process through consolidating information, (Figure 3.2 loop D-E) (Cowan, 1998). 

Considering the importance of retrieving tacit knowledge from relevant prior practice and 
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training in the digital imaging practice, this investigation adopts Cowan’s looping process 

to include all three concepts of reflection for, in, and on.  

 

 
 

Figure 3.2 The Cowan diagram of reflection-for-, -in-, and -on-action looping process38.   
 

The concept of naturalistic inquiry has been applied in a number of previous 

design research studies that see the studio as laboratory and is often case study only 

(Dixon, 2001; Treadaway, 2009; Parsons & Campbell, 2004). Often, designers apply tacit 

knowledge that is unique to each individual to the project and apply reflective practice 

through the process of documentation and knowledge generation. Nimkulrat recorded 

reflective thinking through journal writing to provide data through analyzing the artifact 

development and focusing on the impact of material in artistic creation (2009). Gray and 

Burnett’s study also suggests that reflective practice can be effective in making sense of 

or analyzing design knowledge in co-design projects (n.d.). Treadaway’s digital imaging 

research has also applied reflection and studio-based practice in both independent and 

collaborative research (2006). 

                                                
38 Diagram from Cowan, J. (1998). On becoming an innovative university teacher: Reflection in action, p. 
57.  
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 Methodology 

As mentioned in the beginning of this chapter, this investigation involves the 

mixed use of two methodologies: research about design (RAD) and research through 

design (RTD). Although both are relatively young in their definitions and applications, 

both have been effective in design-related research across various fields, including art, 

design and HCI.  

 Research About Design 

The research about design (RAD) methodology has been recognized as the most 

common and “straightforward” approach in design research (Frayling, 1993). Here, it 

references Jonas’s proposed definition (2007). It involves research that “operates from 

without, thereby keeping its object at a distance.” The researchers are viewed as 

“observers who work scientifically and try wherever possible not to change their object” 

(Jonas, 2007, p. 191). Good examples would be historical design research, aesthetic 

design research or design philosophy. In this investigation, a focus group was established 

to examine the cognitive process of 3D CAD practitioners who were purposefully 

selected for their backgrounds in hands-on object making. The investigator served as the 

conversation facilitator and mostly stood at a distance to observe the discussion and 

interaction among the participants to draw meaningful insights. In the follow up, a one-

on-one in-depth interview was conducted to allow each participant to elaborate on his/her 

personal experience and perception of the topic in an environment that reflects the natural 

design studio.  
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 Research Through Design 

Research through design methodology (RTD) on the other hand involves a more 

complex interpretation system and commonly includes an end artifact as part of the data 

generation (Frayling, 1993). It is an approach that systematically acquires knowledge 

through practice and constant reflection (Jonas, 2007). In the sense of general qualitative 

methods, it also references the approach of analytical autoethnography where the 

investigator is under study (Anderson, 2006). It requires the investigator’s analytic 

reflexivity to be visible through text, from which the investigator develops theoretical 

understanding (Anderson, 2006).  

As for the term of RTD, Jonas suggests that it focuses on the research and design 

process that is intrinsic to design, and the researchers are “directly involved in 

establishing connections and shaping their research object” (Jonas, 2007, p. 191) through 

solving various unexpected “wicked problems” (Rittel & Webber, 1973). In this study, 

RTD was applied by establishing an independent case study examining the investigator’s 

own design cognition in the 3D CAD environment. This case study also considered 3DP 

capability, such as in areas of machine and material, in the development of wearable 

apparel as part of the research outcome. 

 

 Data Collection Methods 

Documentation methods are critical in the data collection process of practice-led 

design research (Gray & Malins, 2004; Mäkelä & Nimkulrat, 2011). This investigation 

was based on two types of study that collect data in a naturalistic setting. In the first 
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phase, RAD, was the establishment of a focus group of 10 participants. In this meeting, a 

personal mind map was used in the beginning as an instrument to stimulate participants’ 

thinking and help them reflect-on-action (Figure 3.3). Video/audio recording was used to 

document the participants’ conversation. Finally, an in-depth interview with each 

individual followed the focus group meeting to seek more insights on each participant’s 

3D modeling experience. This interview included a member-checking component with 

the participants to ensure the accuracy of data interpretation from the prior meeting.  

The focus group findings contributed to the later phase of this investigation, the 

independent case study. The RTD case study method involved the use of a reflexive 

journal to reflect-for-, -in-, and -on-action from the researcher’s first-hand exploration. A 

computer screen recording was used to capture the researcher’s 3D modeling process, 

and video recording was used to document the researcher’s body movement during the 

CAD process in front of the computer screen and while using the 3D mouse. Further, 

peer debriefing sessions were included to help objectively evaluate the researcher’s 

reflexive journal content, which would include text, memos, sketches and photographs 

recorded during the development of digital 3D models and physical prototypes or 

artifacts (Figure 3.3). Lastly, it is important to note that both phases involved the 

investigator’s constant application of tacit knowledge and reflective practice. 
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Figure 3.3 Diagram of methods and data collection system.  
 

 Focus Group  

This investigation started with the establishment of a focus group. It included 10 

participants with diverse backgrounds who have experience in 3D CAD-based digital 

modeling and the hands-on making of objects. The number of participants selected was 

based on the standard participant sample size for the focus group method. The intent of 

this focus group was to help the investigator gain insights in the ways other 3D CAD 

practitioners perceive, think and problem solve in the virtual design environment related 

to visual and haptic perception. Findings from this study helped to inform the 3D 

modeling approach and the overall design decision making in the following independent 

case study, in which a wearable garment was digitally 3D modeled using a 3D CAD 

program and prototyped using a type of 3D printing technology.  
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The focus group participants were purposely sampled from the student body of a 

Midwestern university campus and screened based on the following criteria:  

• At least two years of experience or proficiency level in one or more 

popular 3D CAD programs (3ds Max, Rhino, Solidworks, and Google 

SketchUp). 

• At least two years of experience or training in hands-on object 

making/building, such sculpting, apparel construction, or crafting. 

• Minimal to moderate experience and/or knowledge in applying 3DP 

technology for final product development or rapid prototyping. 

 Personal Mind Mapping 

In order to help the participants reflect on previous experiences and retrieve 

memories in their practice of 3D modeling and hands-on object making, the personal 

mind mapping (PMM) method was first applied to aid this brainstorming process. 

Personal mind mapping was intended to promote what Buzan and Buzan call “radiant 

thinking” so that participants are more likely to bring unique aspects of their experience 

to the conversation (2010). It has also been recognized to have the advantage of boosting 

memory and improving learning efficiency and effectiveness (Buzan & Buzan, 1996). In 

design research, the mind map has been especially useful in visualizing concepts, 

organizing data, and finding complex relationships among variables (Gray & Malins, 

2004). A typical mind map may include the use of single words or short phrases, images, 

hierarchy and categorization of ideas, and relationship among the themes or subthemes 

may be generated to reflect meaningful insight (Buzan & Buzan, 2010).  
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In this focus group, four phrases were preselected and listed on a blank sheet, 

including Physical Touch and Seeing, 3D CAD Program, Digital Fabrication, and Virtual 

Touch and Seeing (Figure 3.4). These phrases were chosen based on the contrast between 

hands-on object making, or Physical Touch and Seeing, and digital object making, or 

Virtual Touch and Seeing. Considering the influence of 3D CAD software on the process 

of 3D modeling, 3D CAD program was included in the map. Also considering that 

production method may influence how the participant would make decisions in the 3D 

modeling process, the phrase Digital fabrication was included in the personal mind map 

as well. The four bubbles were position evenly on the blank page in a grid format with no 

particular order to prevent participants from emphasizing one over another.  

 

 

Figure 3.4 Personal mind mapping work sheet. 

 

In this focus group, the mind map aided participants to activate the brain and 

extract important or key elements from their potentially dynamic experiences. A blank 

sheet was given to each participant to develop his/her mind map. Preselected key words 
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and relevant questions were provided to help participants brainstorm around the topic at 

hand. This process provided the participants with the opportunity to reflect on their 

experiences and even discover their subconscious thinking. As a result, the subsequent 

discussion and interaction was more focused, meaningful and vibrant.  

 Video/audio Recording 

The focus group discussion was recorded using video and audio output. This 

helped to capture all the dynamics of this part of the study. The investigator was able to 

review the video and audio data in the course of data analysis and reflection-on- or –for-

action. The audio/video recording was also beneficial in maintaining details that might 

have been unconsciously filtered out by the investigator at the time of the conversation 

(Gray & Malins, 2004). At the same time, considering there were multiple participants in 

the conversation, it was useful to have a visual reference to accompany the audio 

recording to differentiate the voices during the data transcription process. Also, it offered 

additional evidence in evaluating participants’ body movements during the discussion 

and offered insights to how such behavior may relate to the information shared during the 

discussion. 

 In-depth Interview 

Upon the completion of focus group discussion, each participant was asked to 

participate in an in-depth interview with the investigator. The purpose of the interview 

was to allow the investigator to gain more insights into each participant’s personal 

experience that may not have been elaborated during the focus group meeting. To 

encourage a more comfortable disclosure of experience and perception regarding the 
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topic, the follow up in-depth interview was carried out in the natural studio environment 

for 3D CAD practitioners—the computer lab that each participant was familiar with. 

Participants were able to open up the 3D CAD program they have worked with on the 

computer screen to help stimulate and reflect more insights and, at the same time, 

demonstrate 3D modeling processes that may not be easily explained through verbal 

description. Further, each participant was given a blank sheet of paper to illustrate or 

sketch any concept or image-based detail that arose during the interview, as the nature of 

the 3D CAD process often involves drawing 2D images. 

 Member Checking 

In order to further support the credibility of the focus group findings, a member-

checking session was designed as part of the in-depth interview. During the focus group 

conversation, the participants may share a wide range of information in an interactive 

manner. Considering the information density, data recorded may not be later interpreted 

and reflected accurately. Thus, an informal member checking was carried out with the 

participants to audit both factual and interpretive accuracy in a separate session after the 

initial meeting. This audit included a brief explanation in the beginning of the in-depth 

interview of the thought process in developing the PMM. It not only helped the 

investigator ensure the accuracy of the data but also refreshed the participants’ memories 

with the content discussed in the focus group meeting. 

 Independent Case Study 

The case study is often recognized as a method that is individual-based and 

studied in depth. As McKernan explains, it is “a formal collection of evidence presented 
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as an interpretative position of a unique case” and “reports on a project or innovation or 

event over a prolonged period of time by telling a story as it has evolved” (1998, p. 74).  

This case study was conducted through independent and firsthand exploration in 

the 3D modeling process of apparel design using the Rhino program, professional 3D 

CAD software. The application of 3D mouse by 3Dconnexion in the left hand was use in 

conjunction with a conventional ergonomic computer mouse by Penguin in the right 

hand. The keyboard of the laptop computer was also used to short cut CAD commands.  

The avatar (.obj) used in this 3D modeling process was developed from a 3D 

body scan in point-cloud form using the TC2 body scanning technology. The body scan 

(.obj) used was stored as part of a research database. The female participant was scanned 

in a natural standing pose with feet separated, following the American Standard for 

Testing Measurements (ASTM) for Misses Size 8 with bust 35 inches, waist 27 inches, 

and hip 37.5 inches in circumference. In addition, the body scan used here was not 

processes with surface polygon fixing due to the limitation of the appropriate software 

and the risk of inaccurate body measurements. Therefore, the imported body scan in the 

Rhino program did appear with minor surface bump in some parts of the avatar.  

Overall, the objective of this case study was to examine the ways visual and 

haptic perceptions influence the visuo-spatial cognition of the traditional apparel designer 

in a VE with the use of a 3D mouse. Also, it was intended to examine how the capability 

of the selected 3DP process and material impacts the digital 3D modeling and the later 

development of the physical prototype.  
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 Screen Recording  

Screen recording is much like video recording in that it captures a wide range of 

action during the course of digital 3D modeling. As some parts of the cognitive and 

perceptual experiences were recorded and reflected in the reflexive journal, screen 

recording served as another source of data and evidence that helped the researcher to 

reflect-on-action with parts not included in the journal beforehand. In another sense, it 

provided the visual data that can be replayed and coded for further analysis in supporting 

research credibility.    

 Video Recording  

For this case study, video recording was used to capture the investigator’s body 

movements during the 3D modeling process. Considering the potential for discomfort in 

the transition from the real design studio to the virtual design environment, the 

investigator may appear to experience body position adjustment while sitting in front of a 

computer screen using a 3D mouse during the 3D CAD experience. This recording 

provided visual data to be analyzed along with other data sources to enhance the research 

finding. 

 Reflexive Journal  

The case study included various types of text and visual data in the reflexive 

journal. Different from a conventional sketchbook for designers and artists, it is a more 

structured and purposeful method of documentation (Gray & Malins, 2004). Visually, it 

may include inspirational photos, sketching or doodles, and mind mapping to organize 

information and conceptualize problem solving or decision-making processes using the 
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reflect-in-, -on-, and –for-action concepts. Also, text data may be included, not only 

reflection but also periodical memos, mood or feelings during the course of digital 3D 

modeling and physical rapid prototyping using 3DP. Photographs of the entire CAD and 

3D printed garment assembly were included in the journal to help with reflection 

development. Essentially, the reflexive journal was beneficial in documenting the design 

process and providing diverse data for analysis. Each entry followed the best practice of 

journaling, including dating and numbering each page, noting hours of work sessions, 

and developing content immediately before, during or after the action to ensure the 

accuracy of reflection. These best practices all further ensured ease in coding and analysis 

of the journal content.  

In the use of reflexive journal, it was important to apply certain good practices for 

good journal keeping in both phases of this investigation. In general, Pedgley suggests 

specific entries should be made in a timely manner and use stimulating cues to help 

refresh specific events (2007).  He also pointed out that good practice should include the 

use of chronological order, in which bullet points are sometimes preferred (2007). Clarity 

is another important factor in keeping a journal insightful and honest, and focus on the 

other hand will keep entry succinct and to the point (Pedgley, 2007). Lastly, journal 

entries should also note the instances when “out of hour” occur due to limited time in 

each studio sessions, indicate number and date on each sheet, and number all images to 

aid cross referencing.  
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 Peer Debriefing 

In addition to the multiple sources of data during this independent case study, peer 

debriefing was used to further provide credibility in this case study. It is a process in 

which the investigator exposes herself to a disinterested peer in an analytic session so that 

parts of neglected research can be revealed through discussion (Lincoln & Guba, 1985). 

This process was intended to help the researcher be more “honest” and avoid bias with a 

cleared mind free of feeling that could cloud good judgment. It was achieved through 

answering questions from someone who essentially “plays the devil’s advocate” (Lincoln 

& Guba, 1985). At the same time, the process helped the investigator reveal the less 

conscious and analyzed parts of the study. Fellow graduate students who were familiar 

with the qualitative research approach served as the peer debriefers in this case study in 

periodic sessions, and the debriefing content was recorded in the reflexive journal.  

 Final Artifact 

Many practice-led design research efforts result in some form of physical artifact 

as part of the outcome. The final artifact here consisted of both a 3D digital model and 

the physical prototype of a wearable apparel design. The 3D model allowed the 

representation of spatial data that not only served to document the apparel design but was 

also capable of making the real objects using rapid prototyping methods (Gray & Malins, 

2004). In this case, it was produced using a type of 3D printer, the Selective Laser 

Sintering technology. The use of 3DP material and process also informed the way the 

digital 3D model is generated in the CAD program. Thus, the finding from the 3D model 
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development, both the digital and physical prototype, helped to examine the research 

questions posed in this investigation.  

 Summary 

In this investigation, both research about design (RAD) and research through 

design (RTD) methodologies were involved through conducting focus group and 

independent case study. The former examined the cognitive process of the 10 3D 

modeling practitioners who hold experiences in the physical hands-on object making. 

This phase then informed the approach taken in the later case study that examined the 

researcher’s first hand experience in digitally 3D modeling a TA design in Rhino 

program using 3D mouse, human avatar, and prototyping with 3DP technology. Multiple 

methods were applied in the data collection process in both research phases. The 

investigator’s tacit knowledge and reflection were constantly and actively applied in 

conducting both parts.  

Credibility in this research design was supported by the use of multiple sources of 

data collection, such as video recording and the use of debriefing method in the 

independent case study, to keep the investigator objective and conscious of various 

aspects in research findings. In the first part of the research, member checking method 

was applied during the in-depth interview to ensure accuracy in the data interpretation for 

the focus group study. Further, with sufficient “thick description,” the case study 

approach in this investigation provided the transferability for naturalistic inquiry (Lincoln 

& Guba, 1985). Overall, the use of reflexive journal supported all aspects of 

trustworthiness for a naturalistic inquiry, including the aspects of dependability and 
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confirmability (Lincoln & Guba, 1985). Further, it is noteworthy here to mention that the 

use of visual data collection methods, including video/audio, screen recording and 

photograph in the reflexive journal, were an effective way to allow the investigator to 

remember and refresh the content or action occurred previously. Thus, the process of 

analysis and reflection became even more credible.  

All focus group procedures were approved by Institutional Review Board and 

explained to the participants who provided consent.  

 

Detail plan of action was as follows:  

• Examined the cognitive processes of 3D modeling practitioners through establishing 

focus group with 10 participants.  

• Examined the visuo-spatial cognitive process through independent design case study 

using 3D CAD program, Rhino, and applying 3DP technology for physical garment 

prototyping. 

• Examined the apparel design process using 3D CAD program, Rhino, for 3D printing 

application  

• Evaluated the digital 3D imaging process through comparing and contrasting the 

garment bodice and skirt area. 

• Examined the impact of applying 3D human avatar as the “virtual dress form” in 

relation to visual and haptic experience using the selected 3D CAD program. 

• Examined the impact of 3D mouse in the digital 3D modeling process in relation to 

visual and haptic experience using the selected 3D CAD program. 
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• Developed an apparel ensemble prototype applying principles of design using 

Selective Laser Sintering (SLS) 3D printing technology 

• Documented all research phases in reflexive journal in forms of idea, memo, sketch, 

mind mapping, photograph, or reflection components. 

• Documented the independent case study 3D modeling process using computer screen 

recording. 

• Documented the focus group discussion and the follow up in-depth interview using 

personal mind mapping and video/audio recording.   
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Chapter 4 FOCUS GROUP STUDY 

This chapter describes the focus group study, including the sample demographics, 

personal mind map, discussion data, and follow up in-depth interview. The data here are 

presented in the order in which these activities occurred within the project. The focus 

group data collection in this research was established following the research about design 

(RAD) methodology and guided by the naturalistic inquiry approach discussed in Chapter 

3. Previous literature discussed in Chapter 2 has suggested the unique importance of 

mental imaging, memory, and haptic and visual perception involved in the HCI practice. 

The intention of Chapter 4 is to answer the first research question proposed in Chapter 1.  

• How does the 3D CAD environment affect the cognitive process of a digital 3D 

modeling practitioner who has been accustomed to hands-on design experience 

with traditional media? 

a. How do the visual and haptic experiences in the 3D CAD environment impact 

such a process? 

b. How do the components and capabilities of various popular 3D CAD 

programs (3ds Max, Rhino, Solidworks, Google Sketchup) impact such a 

process? 

The idea here is to seek out how the recruited 3D modeling practitioners transition 

from the hands-on to the digital object making, where knowledge of prior experience is 

actually involved and also applied. The key variables here are visual and haptic 

experience and/or perception in the two different object-making environments.  

Based on the inductive data analysis, this chapter has provides a few key findings 
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that contributed to the planning and strategizing of the following part of this research, the 

independent case study in Chapter 5.   

 Sample 

The focus group comprised 10 participants recruited from a large Midwestern 

university campus using a purposive sampling technique, where each participant had at 

least two years of experiences in using one or more of the common 3D CAD programs 

for 3D modeling, including Rhino, 3ds Max, Solidworks, and Google Sketchup. In 

addition, each of the qualified participants had at least two years of experience in hands-

on object making, such as carpentry, model building, or sculpting (Table 4.1). This focus 

group consisted of both graduate and undergraduate students majoring in disciplines that 

involved the application of 3D CAD as part of the requirement, including mechanical 

engineering, architectural studies, and fine art. The length of their hands-on experience, 

as well as the 3D CAD experience, ranged from 2 to 25 years and 2 to 10 years, 

respectively. Most of the engineering and fine art major students had backgrounds in 

using 3D CAD programs, such as Solidworks, and experience in construction and model 

building. In addition, most of the architectural students had 3D CAD backgrounds using 

Rhino, 3ds Max, or Google Sketchup programs, and experience in carpentry or 

woodwork and sculpture. The experience of object making by applying 3D printing 

among these selected participants was minimal but they hold moderate to high levels of 

knowledge in the technologies. This group came from an age range from 20 to 53, with 

an average age in the mid 20s. Of the 10 participants involved in this investigation, two 

were women. 
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Table 4.1 Focus group participant overview39. 

                                                
39 Abbreviation Note: Participant (P), Gender (Gen), Education level (Educ), Experience (Exp), 
Knowledge (Knwldg), Mechanical Engineering (Mech Eng), Architecture Studies (Arch), 3ds Max (Max), 
Google Sketchup (Sketchup); 3DP knowledge rated on a scale of 0-10 with 0 as no knowledge 

 

P Age Gen Educ Discipline Hands-on Exp 

Hands
-on 
Exp 
(yr) 

3D CAD 
Program 

3D 
CAD 
Exp 
(yr) 

3DP 
Knwldg 
(1-10) 

 
 

P1 20 F BS Mech Eng Sculpting 2 
Solidworks

/Rhino 2 6 
 
 

P2 21 F BS Mech Eng 
Woodwork 
/Sculpting 2 Solidworks 2 3 

 
 
 

P3 27 M BS Mech Eng 

 
Construction/engine 
mechanic/sculpting 

3D modeling 10 Solidworks 3 9 
 
 
 

P4 21 M BS Arch Woodwork 10+ 
Max/Rhino 
/Sketchup 3 1 

 
 
 
 

P5 27 M BS Mech Eng 

Carpentry/ 
landscape/lawn 

care/light 
construction 10+ Solidworks 4 9 

 
 

P6 53 M BS Arch Woodwork 25 Sketchup 2 1 
 
 
 

P7 23 M BS Fine Art 
Building/animated 
structure/sculpting 2 

Max/ 
Sketchup/ 

Solidworks 2 6 
 
 
 

P8 33 M PHD Arch 
Product design/ 
model making 18 

Max/Rhino
/Sketchup/
Solidworks 13 7 

 
 
 

P9 28 M MS Arch 
Construction/model 

building 10 
Max/Rhino
/Sketchup 7 5 

 
 
 

P10 28 M MS Arch 
Sculpting/model-

building 6 
Max/Rhino 
/Sketchup 10 6 
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 Personal Mind Mapping 

During the focus group meeting, instruction (Appendix A) was given to the group 

in the form of opening statements to explain the intention, emphasis, and nature of the 

group discussion. In order to stimulate the participants’ thinking and aid them in 

reflections upon their personal experience and perception, the personal mind mapping 

(PMM) activity was provided before the official group discussion. Participants were 

given the PMM instruction (Appendix B) to present their thoughts or feelings toward four 

preselected phrases: Physical Touch and Seeing (P), 3D CAD Program (CAD), Digital 

Fabrication (D), and Virtual Touch and Seeing (V) (Figure 4.1). The instruction sheet 

included an explanation and example of the PMM and a few questions designed to help 

the participants brainstorm. The group was encouraged to use single words, phrases, 

sketches and/or symbols to illustrate ideas and to make connections among the phrases. 

Each participant was given approximately 15 minutes to complete the PMM development 

and was encouraged to use the content as a guide during the later discussion.  

This section mainly explains the findings in terms of the four important areas 

listed on the PMM worksheet. Data from the personal mind maps was coded in two 

different phases. The later phase resulted in six major themes under Physical Touch and 

Seeing, four major themes under 3D CAD Program, four major themes under Digital 

Fabrication, and three major themes under Virtual Touch and Seeing. Also, the majority 

made connections from Physical Touch and Seeing to 3D CAD Program, but only a few 

connected Virtual Touch and Seeing to Digital Fabrication and Virtual Touch and Seeing 

to 3D CAD Program.  
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Figure 4.1 Examples of participants’ PMM, P9 (top) and P8 (bottom) (Appendix B). 
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 Physical Touch and Seeing 

For Physical Touch and Seeing, the majority of participants related this phrase to 

hands-on object making and connected it to the themes of material property, 

craftsmanship, organic process, design process, spontaneous exploration, and spatial 

visualization (Table 4.2). The most highlighted main themes included the involvement of 

material property, craftsmanship, organic process, and design process.  

For material property, the majority of participants emphasized that it is important 

to get a sense of “texture, weight, flexibility, and density” of the material that they are 

working with. Under craftsmanship, participants indicated the importance of “precision” 

of measurement, “matching shapes” between object components, “time becomes 

tangible” and measureable during the making process, “awareness” of the designing 

environment and material, “risk for mistake” in working with expensive real material, 

“use of physical tools” in the object-making process, and the “dexterity” of using hands 

to skillfully manipulate the object. As for the organic process, the great majority noted 

that Physical Touch and Seeing involves a “whole and encompassing” process that allows 

you to “view all sides” of a design or object. At the same time, they are aware that the 

end results are “imperfect” but allow “freedom (free)”, “moldable material”, and the 

inclusion of “human element.” With respect to the theme of design process, Physical 

Touch and Seeing were seen to relate to a “well thought out process,” “involves problem 

solving,” “object analysis,” “hand sketching” and “seeing detail in head.” Lastly, 

Physical Touch and Seeing may involve spontaneous explorations that include 

“experimentation” with the real material in the making process, and considering the 

“different variables” potentially involved with the real material and environment, it “may 
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be difficult to work out design process.” However, participants mentioned that the 

Physical Touch and Seeing is a “fun” process that allows “creativity” and encourages 

“brainstorming” activity. 

 

Table 4.2 Personal Mind Map data theme for Physical Touch and Seeing 
 

Material property Texture 
 Material property, weight, flexibility, density 
 
Craftsmanship 

 
Craftsmanship, precision, matching shapes, 

 Time appreciated, time becomes tangible Awareness 
 Risk for mistakes 
 Dexterity 
 Physical tools 
 
Organic process 

 
Organic, encompassing, whole, view all sides 

 Imperfection, free, moldable, human element 
 
Design Process 

 
Plan, well thought out 

 Problem solving, object analyzing, testing 
 Hand sketching 

Seeing in head, detail 
 
Spontaneous exploration 

 
Spontaneity, experimentation, variables 

 Difficult to workout design process 
 
Fun 

 
Creativity, brainstorming 

 

 3D CAD Program 

Under the phrase 3D CAD Program, there were four themes coded, including 

mental planning, spatial visualization, ease of exploration, and lacking intuitive interface 

(Table 4.3). Eight of ten participants interpreted 3D CAD programs as the process of 3D 

modeling as opposed to independent 3D CAD platforms. The most noted theme was the 

ease of exploration in the 3D modeling process, and the least noted theme was the lack of 
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an intuitive interface. Within the theme of ease of exploration, participants included terms 

like “Ctrl Z,” the undo capability, for “easy error fix” that increases the “user 

friendliness” of the 3D CAD program. Also, the 3D modeling process allows “accuracy,” 

“precision,” “error reduction,” and “perfection” in developing “blueprints” and “technical 

form” at “any scale.” It is also a “fun,” “experimental,” “expressive,” and quick way to 

“rapidly prototype” with considerable “speed.” Such “digital transformation” holds 

“endless possibilities.” Further, under mental planning, many participants related the 3D 

modeling process with terms of “design thinking” involvement, and “wear-tear” for 

problem identification, “analyzing,” and “solving.” The use of “hand sketch” showing 2D 

or 3D views of the object also applied. Within mental planning, they expressed further 

concerns with the “quick access to comparable objects” but it allows the “use of 

templates” to “take ideas from the mind to 3D digital form.” 
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Table 4.3 PMM data theme for 3D CAD Program.  

 

Ease of exploration Ctrl Z, easy to fix errors, user friendliness 
 Accuracy, precision, error reduction 

Perfection, blueprints, technical form 
Any scale  
Fun, experimentation, expressive  
Rapid prototype, speed, digital transformation 
Endless possibilities 

 
Mental planning 

 
Mental planning, design thinking 

 Wear-tear, analyzing, solve 
 
 
 
 

Hand sketches (2D/3D) 
Quick access to comparable objects, templates 
Takes idea from mind to 3D digital (digital 
transformation) 
 

Spatial visualization Camera manipulation, view, visual hierarchy  
CAD tool identification/program 
commands/mental translation of tools 

 Scale identification 
 Shapes, pieces (components planning) 

Abstract/imaginative 
 
Lacking intuitive interface 

 
Lacking tactile experience  
Time consuming learning curve  
Design conflict 

 

In addition, there were other terms indicating a theme of applying spatial 

visualization skill in the 3D modeling process. This theme generally indicated that 3D 

modeling was viewed as an “abstract” and “imaginative” process and involves the use of 

“camera manipulation for viewing” objects in various perspectives within the 3D CAD 

program that often result in a “visual hierarchy” or preference for a particular view. The 

effective “use of program commands” was seen to depend on the “identification of CAD 

tool” and “mental translation of tools” from the real world. This process, at the same 

time, relies on the appropriate “identification of scale” and interpretation of object 

“shape” and relevant “components” (pieces). However, a few participants noted that the 
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3D modeling process could be hindered by the lack of intuitive CAD interfaces in 

providing a “tactile experience,” leading to a “time consuming learning curve” and 

potential “design conflict” or unresolved design problem.  

 Digital Fabrication 

For Digital Fabrication, four major themes were coded according to participants’ 

PMM illustrations, including ease of exploration, fun, material, and mental planning. 

Participants associated Digital Fabrication primarily with its ease of exploration, using 

terms such as “rapid prototype,” “replication,” “accurate” or “precision,” and “allows 

complex manufacturing with end result benefit.” Digital Fabrication is also described as 

fun with terms like “fun,” “create,” “smart,” “new" possibility,” “innovative,” and 

“customizable.” The third theme as mentioned above is related to material, and 

participants expressed this with terms like “can work with untraditional material,” 

“texture,” “heavy duty,” “material possibility.” The last theme for Digital Fabrication is 

mental planning, and some participants commented using terms such as “mental,” 

“critical thinking,” “problem-seeing,” and “solving.” It was also associated with the 

consideration of a “process method: order of operation” and “design-test-build” cycle. 
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Table 4.4 PMM data theme for Digital Fabrication.  
 

Ease of exploration Rapid prototype 
Replication 
Accurate, precision 

 Allows complex manufacturing 
 
 
Fun 

End result benefit 
 
Fun/ create/smart 
New possibility, innovative, customizable  

 
Material  

 
Can work with untraditional material 

 Texture 
Heavy duty 
Material possibility 

 
Mental planning Mental/critical thinking 
 Problem-seeing, solving 
 
 

Process method: order of operation 
Design-test-build  

 

  

 Virtual Touch and Seeing 

For the category of Virtual Touch and Seeing, most participants did not associate 

it with perception and experience in the 3D CAD process they are familiar with. Instead, 

they related it to more advanced technologies that they have yet to experience, where 

object touch and seeing is, indeed, simulated with force feedback as in real life, and often 

it deals with more organic forms with precise measurements. As a result, there were three 

themes coded: organic, interaction, and mental planning. For organic experience, the 

theme was reflected with terms such as “organic forms,” “digital sculpture,” “3D 

molding,” “smooth tool,” “type of shapes,” and “abstract.” The second theme found was 

interaction, which included ideas of user and CAD interface “interaction” through haptic 

“feedback” that is “interpretive” and results in an “immersive” “augmented reality.” 
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Lastly, although Virtual Touch and Seeing may be related to some advanced technologies 

that are more organic and natural to one’s perception, some participants still pointed out 

the involvement of mental planning, which was reflected in terms of “mental design 

process,” “deeper thoughts necessary,” “physical problem worked out mentally,” and 

“unforeseen issues.”  

 
Table 4.5 PMM data theme for Virtual Touch and Seeing. 
 

Organic experience Organic forms 
 Digital sculpture, 3D molding 
 
 

Smooth tool 
Type of shapes 
Abstract 
 

Interaction Interaction, feedback 
Interpretive 
Augmented reality 

 Immersive 
 
Mental planning 

 
Mental design process 

 Deeper thoughts necessary 
 Physical problem worked out mentally  

Unforeseen issues 

 

 Personal Mind Mapping Connection 

Among the four categories of domains listed on the PMM worksheet, participants 

also indicated a network of relationships among various components using straight or 

curved lines and arrows for direction of connection (Figure 4.2). There was connection 

made between the categories of physical touch and seeing and virtual touch and seeing 

but did not indicate the direction of such connection (P-V/V-P). This may suggest that the 

participants view the realms of physical touch and seeing and virtual touch and seeing as 

related to each other due to the amount of physical experience referenced in the virtual 
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environment. Also, the great majority of participants found connections between physical 

touch and seeing and digital fabrication (P-D/D-P). This may further suggest that most 

participants understood that the digital fabrication method requires the experience of 

physical touch and seeing, or hands-on object making, and they also saw the need of such 

experience with digital fabrication to enhance accuracy and testing. In addition, the 

connection between digital fabrication and 3D CAD program (D-CAD/CAD-D) was 

identified, which may indicate that the 3D CAD process and Digital fabrication would 

really rely on each other for product manufacturing. 

 

  

Figure 4.2 Comparison of the connections illustrated among PMM categories40.  

 

In drawing relationships among the themes investigated, the most frequent 

connections identified by participants were made from Physical Touch and Seeing to 3D 

CAD Program (P-CAD) and from Physical Touch and Seeing to Digital Fabrication (P-

D).  This may suggest that the participants view Physical Touch and Seeing, or hands-on 

                                                
40 Note: the order of PMM category abbreviation indicates direction of connection made (e.g. P-V 
represents connection from Physical Touch and Seeing to Virtual Touch and Seeing). 
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experience, as vital in understanding the process of 3D CAD and the application of 

Digital Fabrication methods, such as 3DP. Figure 4.1 shows the P-CAD and P-D 

connections made by participant 9. 

Moreover, although it is apparent the element of Virtual Touch and Seeing exists 

within the process of digital 3D modeling, participants did not commonly associate this 

idea to the virtual design process in the common 3D CAD programs as opposed to 

advanced CAD technology. Thus, the fewest number of connections were made from 

Virtual Touch and Seeing to Digital Fabrication (V-D) and from Virtual Touch and 

Seeing to 3D CAD Program (V-CAD). In addition, the data also resulted in a high rate of 

connection made from 3D CAD Program to Virtual Touch and Seeing (CAD-V), which 

may suggest that participants see that the widely available 3D CAD applications may 

lead to the advancement or the use of virtual reality simulation, or Virtual Touch and 

Seeing, as opposed to connecting in the opposite direction as V-CAD.  

 Discussion and Reflection  

Data analyses regarding PMM activity focused on four areas of the investigations: 

Physical Touch and Seeing, 3D CAD program, Digital Fabrication, and Virtual Touch 

and Seeing. For Physical Touch and Seeing, the focus group valued material property, 

craftsmanship, the organic process, design process, spontaneous exploration, and the fun 

gained in the hands-on process. For 3D CAD Program, the focus group interpreted this 

area in terms of the process of 3D modeling and emphasized the key points of ease of 

exploration, mental planning, spatial visualization, and lack of intuitive interface in the 

virtual design process. As for Virtual Touch and Seeing, participants reviewed it in terms 



111 

 

of advanced CAD technologies that are generally organic, intuitive and interactive, but 

they may also involve spatial visualization and mental planning as in the conventional 3D 

CAD programs. With respect to Digital Fabrication, participants agreed that technology 

such as 3DP would offer ease in exploration and fun processes that allow alternative 

materials but require mental planning.  

Further, the connections made by participants regarding the four PMM categories 

suggest that the Physical Touch and Seeing element can be recognized as a vital 

component that influences the process of 3D CAD use and the application of digital 

fabrication methods, such as 3DP. However, most participants interpreted Physical Touch 

and Seeing to some form of advanced virtual technology that allows the sense of full 

immersion. As they saw its minimal existence in the popular 3D CAD programs, they did 

not relate it to Virtual Touch and Seeing. It is interesting to point out here that the 

participants with less 3D CAD practice but long investment in hands-on experience (P4, 

P6) interpreted Virtual Touch and Seeing as part of the 3D modeling process. This may 

be a result of not only their limited knowledge in advanced virtual technology but also 

their high demand for true-to-life touch and seeing experiences in the CAD process to 

ease the transition from years of hands-on practice.  

In terms of the PMM procedure, most participants expressed that it was very 

helpful in allowing them to reflect better on the topic. However, some participants were 

not able to distinguish differences among the four chosen phrases. This may suggest that 

they have yet to reflect on this unique perspective of the subject matter in their learning 

and practice. At the same time, this may be an indication that the cognitive process of 3D 

CAD is based on highly subconscious behaviors. Also, the transition between hands-on 
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and digital object making may be highly complex and not frequently articulated in terms 

of tacit knowledge application. Furthermore, the participants’ interpretation of Virtual 

Touch and Seeing as discussed above may suggest the need to use alternative phrases to 

communicate the original intention of the PMM.  

 

 Focus Group Discussion 

Upon completion of the Personal Mind Map, the focus group carried out a casual 

yet interactive discussion for 1 hour and 22 minutes. The focus group was prompted with 

open-ended questions (Appendix A) throughout the discussion to help keep the 

conversation focused yet open to various points of view. The focus group was asked to 

use the completed PMM as a guide to help answer questions and share personal 

experiences. The participants were also encouraged to take notes and add ideas onto their 

existing PMM during the conversation.  

The transcribed data from the focus group was coded and analyzed following 

inductive reasoning. As a result of the conversation topic and the content of participants’ 

PMM, there were four major areas of interest during the discussion: transitioning from 

hands-on to digital, cognition in digital 3D modeling, pros and cons of 3D CAD 

programs, and the application of digital fabrication.  

 Transitioning from Hands-on to Digital  
 

During the focus group conversation, most participants pointed out the 

importance of their background in hands-on object making and how that in turn 
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influenced their later 3D CAD practice. As mentioned in the PMM finding, most 

participants described their hands-on object making as an organic experience, in which 

both the material used and the interaction with the material are crucial. Participant 7 

commented, “Physical touch is like pouring a silicon rubber with different plasters and 

polymers and clay. It may be a little bit expansive, but it’s more organic. You can feel 

and walk around it. It’s good for starting ideas.” 
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Table 4.6 Focus group data results in the area of transitioning from hands-on to digital 
object making. 

 

 P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 
Code           

Hands-on experience 
• Hands-on big part, 

hands-on is key     x x x x     x x 
• Evaluating 

texture/density, tactile 
quality      x  x x  

• Organic, spontaneous, 
more possibility with 
tools    x x   x    

Hands-on to digital transition 
• Difficult transition, 

Reality and virtual 
disconnect     x   x x   x     x 

• Need hands-on to 
explore and real 
material for better test 
result, understands 
shape, retrieve muscle 
memory     x   x x    x  x  x 

• Know material 
property, apply real 
world knowledge     x x x   x   x   

• Designer decide tool 
use/efficiency, 
understands real tool         x x     x   

• Need 
functionality/tailoring 
for end user    x x     x x  

Non-object making related experience 
• Start digital 

young/love 3D 
modeling         x  

• In between hands-on 
and digital making     x     

 
 

 

 

When transitioning into the virtual design environment using popular 3D CAD 

programs, they mainly pointed out that it is difficult due to a “reality and virtual 

disconnect” (Table 4.6). Participant 6 commented that “It’s been kind of a hard transition 
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because you can do things actually holding things in your hand and you probably cannot 

do it with any of these 3D modeling software…. It’s just tactile about having something 

in your hand.” Also, as participant 5 noted, “I see hands-on is key, and virtual is a tool.” 

It is vital, in their opinion, to obtain hands-on object making-experience in order to adapt 

in the virtual design environment so that one can understand the material, shape and 

apply real-world knowledge in the final production of the virtual model. Since most 

participants had experience working with clients in various types of design and 

production, they also emphasized the importance of taking the end user into consideration 

during product design in the 3D CAD process.  

Furthermore, some participants (P4, P6) who have been more invested into their 

hands-on object making, in their cases woodwork, showed more enthusiasm in explaining 

the importance of real-world experience and the challenge in transitioning into the 3D 

CAD environment. On the other hand, other participants (P3, P5, P9, P10) with more 

experience in 3D CAD programs expressed that it may be a result of not only the CAD 

learning curve but also the interaction with 3D video games or applications at an early 

age, which would potentially have increased their ability to understand and problem solve 

in the 3D virtual space. Participant 9 agreed and said, “I see mentally everything in 3D 

models and camera manipulation now…. You put a computer in front of me when I was 

10 years old, and that’s all I did…. Now, I do everything virtual…. That’s just how I 

understand and learn.” 
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 Cognition in Digital 3D Modeling 
 
 
In the area of cognition of digital 3D modeling, the participants generally had a 

harder time reflecting on their experiences during the focus group discussion and limited 

information was shared regarding the actual design process or specific operations. Based 

on the data analysis, most expressed that it is a mental process that needs much spatial 

understanding and often the 3D object and solutions to potential problems are visualized 

in the head during the process (Table 4.7). Thus, some participants also explained that 

they must think of individual shapes or components, appropriate tools to recreate the 

object in the virtual environment and apply object mental rotation to help visualize 

solutions in the CAD programs. Participant 3 noted this point and said, “I look at every 

physical object and say how can I recreate that or what shapes are involved, what sort of 

tools could I use inside the virtual space to recreate that.” 

Further, although most participants stressed the use of mental images to visualize 

their object design during and before the process of digital 3D modeling, many also 

pointed out the importance of using hand sketches to visualize their design before the 

actual 3D CAD process. For instance, participant 7 said, “There’ll be sketching on 

paper…. Just how am I gonna make this object or how am I gonna create this exact 

feature?”  Depending on the project nature, however, some may jump directly into the 3D 

CAD software and start modeling right away.  
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Table 4.7 Focus group data result for cognition in digital 3D modeling. 
 

 P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 
Code           

• Mentally visualize 
virtual 3D obj, need 
spatial understanding, 
mental rotation     x   x x   x  x   

• Need sketching to 
visualize design   x  x  x x   

• Think shapes/tool to 
recreate, mentally 
visualize solution in 
3D     x   x        x   

• Need proportion 
understanding, proper 
human scale/shape 
consideration    x x   x x  x 

• Need user evaluation     x   x     x     
• Translate idea into 

medium         x x         
• Manufacturing vs. One 

off job           x     x   
 

Since many participants had the experience of building objects or spaces for 

humans as end users, another element that the group stressed was the understanding of 

human proportion and the overall scale in the digital 3D modeling process, considering 

the limited visual interface of computers and existing common 3D CAD programs. 

According to participant 10, “You need to know real-world knowledge.” Consequently, 

some participants also noted that the end user evaluation must be considered and a 

difference exists between mass manufacturing and customized one-off jobs in the overall 

object design using the 3D CAD method.  
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 Pros and Cons of 3D CAD Program 
 
 
When discussing the work in the digital 3D modeling process, participants noted 

the advantages and disadvantages of the 3D CAD programs that they are familiar with in 

various ways. Overall, the group agreed that 3D CAD programs are efficient, highly 

accurate, provide quick measurements of objects and forms, and they can even apply 

reverse engineering approaches (Table 4.8). As participant 4 stated, “With CAD, you can 

do things absolutely perfect. The accuracy is unbelievable.” For the more experienced 

participants (P3, P7, P9), the 3D CAD programs offer numerous capabilities and aid in 

organizing workflow and objects in the virtual environment. These individuals also 

expressed the convenience of the undo function in the 3D CAD programs to provide them 

ease in exploring various options during the modeling process. The participants who use 

Rhino software and mostly were majoring in architectural studies further pointed out that 

its command line function helps them to easily find tools that they need in a timely 

manner. The ones who use Solidworks software, mostly with mechanical engineering 

backgrounds, noted that the physical element analysis and simulation function helps them 

easily detect problems and evaluate physical reactions within the internal structures of 

their model. 
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Table 4.8 Focus group data result for pros and cons of 3D CAD program. 
 

 P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 
Code           

Pros 
• Efficient, highly 

accurate, quick 
measurement/form 
(reverse engineering), 
virtual is tool   x x x  x x x x 

• Numerous capabilities             x   x   
• Aids in organizing 

workflow/objects       x         x   
• Undo convenience            x   x x 
• Command Line 

(Rhino)               x x x 
• Physical element 

analysis, physical 
simulation 
(Solidworks) x       x   x x x   

Cons 
• Lack trial/error 

efficiency, time 
consuming     x x x x         

• Texture option 
limitation      x      

• Challenge in judging 
scale/size        x x x   x x   

• Difficult to find tool 
(lack user friendly 
icon design)                 x x 

• Need proficiency in 
CAD tools           x x x x   

• Computer flat surface, 
mouse       x  x  

• Intuitive VR with 
force feedback, CAD 
moving to more 
organic, but lack 
intuitive capability         x   x x x x  

 

 

On the other hand, most agreed that there is a challenge in judging scale and size 

within the 3D CAD environment even when exact measurements can be preset. 

Participant 8 noted, “One of the limitations of digital application, at least digital 3D 
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modeling is scale…. We can create something very beautiful or precise with the CAD 

applications, but we don’t have any idea how big or how small is the piece.” 

Also, some less experienced participants who frequently turn their designs into 

real prototypes (P3, P4, P5, P6) have mixed feelings toward the CAD software and 

voiced that it is actually time consuming to use and limits trial and error efficiency due to 

its limited visualization of real texture and material testing capability (Table 4.7). 

Considering the limitations in the 3D CAD program, this may in turn lead them to spend 

more time in the cycle of 3D modeling, testing, and adjusting.  

 From the 3D CAD interface design perspective, participants noted that most tools 

are difficult to locate but did agree that it requires time in gaining proficiency for the 

understanding and application of various CAD tools. Participant 8 complained that 

“Sometimes, you have many limitations when you don’t know all commands of the 

software or the software is not intuitive enough for you.... It’s hard to use CAD software 

intuitively.” In considering other 3D modeling accessory preferences, some participants 

noted that there is a challenge with working in front of a flat computer screen and using a 

conventional mouse with limited precision to maneuver objects in the 3D virtual 

environment and agreed that the future of 3D CAD programs should move toward more 

intuitive virtual reality where force feedback is allowed for a more organic process as in 

the hands-on object making experience.  

 Application of Digital Fabrication  

 
In discussing the use of digital fabrication to produce 3D models, only 

participants who actually utilized 3DP technology for prototyping and had a high level of 
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knowledge expressed their views on its application (Table 4.9). These participants agreed 

technology such as 3DP does allow rapid production and eliminates the traditional 

physical fabrication through a cleaner process. They also agreed that 3DP offers more 

capabilities and is high in repeatability of object production that is professional in 

appearance. However, participant 5 reflected, “Sometimes it’s literally impossible to do 

something with the tool that you can do with the 3D printer.”  A few pointed out that 

some 3DP technology as a rapid prototyping method may not be feasible or best for 

testing real products considering its low measurement tolerance accuracy in the space 

designed for object components’ joints or intersections, such as in a piece of wood 

furniture. The other downsides noted were the limited material options and printing space 

currently existing in 3DP technology. 

 

Table 4.9 Focus group data result for applying digital fabrication. 

 

 P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 
Code           

• Eliminates physical 
fabrication/more 
capability, cleaner 
process, rapidly 
prototype         x     x  x x 

• High repeatability         x   x   x  
• Professional 

appearance             x x x  
• Not good for testing 

real product, low 
tolerance accuracy     x   x   

• Limitation in material 
formats and printing 
area         x     x    
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 Discussion and Reflection 

Findings from the focus group interactive discussion include four major themes: 

transitioning from hands-on to digital, cognition in digital 3D modeling, pros and cons of 

3D CAD programs, and applications of digital fabrication.  

In transitioning from hands-on to digital object making, the focus group 

considered it a difficult adaptation, especially with years of hands-on experience. 

However, the physical experience with real material is critical in developing effective 

designs using 3D CAD programs in terms of visualization and haptic understanding. This 

finding supports previous research suggesting that hand craft practitioners with more 

haptic skills are more likely to experience challenges in digital crafting (Harris, 2005). 

On the other hand, both of the different proficiency levels in the digital process among 

the participants and the existing learning curve for the popular 3D CAD programs may 

indicate that the experience changes as the balance between hand and digital making 

process shifts (Philpott, 2010).  

For the cognition of digital 3D modeling, the focus group was not very specific in 

reflecting personal experiences but agreed that extensive mental visualization would be 

involved in visualizing the object form and scale before and during the virtual modeling 

process. In the focus group meeting, participants were not able to describe such 

visualization processes in depth due to the less reflective nature of the digital process 

considering speed of action as found in previous research (Treadaway, 2009). The time 

awareness mentioned in the practice of hands-on object making may allow participants to 

reflect on each procedure or action taken, and eventually may contribute to the enjoyment 

of this process. The design efficiency in the CAD environment is thus a benefit in the 
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sense of design process, but may be a disadvantage in allowing the designer to gain more 

emotional rewards in the hands-on to digital transition, especially for the ones with years 

of hands-on practice. Further, the limited information sharing during the focus group 

discussion may also be a result of the diversity of participants’ disciplinary backgrounds. 

Thus, examples explained may not be easy to relate to for all participants. 

In terms of the pros and cons of 3D CAD programs, the focus group shared that it 

is overall an efficient and accurate way to model objects but is not intuitive or user 

friendly in identifying and finding CAD tools, especially when using conventional 

computer accessories such as a mouse. This may suggest that a general disconnect still 

exists between the real and the virtual regardless of 3D CAD proficiency. Also, the 

current 3D CAD programs using conventional computer setups are limited in providing 

the physical environment that one needs to gain a higher sense of reality and feel more 

ease in the digital workflow. For the applications related to digital fabrication, such as 

3DP, the focus group agreed that it does offer many more capabilities and more 

efficiency than traditional methods but has limitations in material availability and 

printing space.  

Overall, data from this focus group meeting suggests that relationships exist 

among the above four domains. The hands-on object-making experience supports the 

digital 3D modeling process through tacit knowledge transfer, and the 3D CAD program 

supports the digital 3D modeling process through the development of ease, accuracy and 

efficiency in the workflow. The digital 3D modeling process is then related to the digital 

fabrication method such as 3DP to efficiently prototype for design evaluation.   
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Upon reflecting on the study procedure, the undergraduate participants were more 

timid and careful in answering than the graduate participants, who may have more 

experience and knowledge in advanced technology. Also, the female participants were 

more timid compared to the male participants, possibly a result of gender or their limited 

real-world CAD and hands-on experience. Further, the fine arts major participant shared 

less information from his art background and may have been influenced by the majority 

to discuss more engineering-related experience in selective jargon. Compared to the 

PMM activity, the group discussion setting allowed more information sharing when 

participants found common ground with each other even with different disciplinary 

understanding and diverse experiences. However, the diversity among the participants 

backgrounds also somewhat increased the time for participants to become comfortable 

and willing to share different points of view.  

 

 Follow Up In-depth Interview 

Upon analyzing the focus group discussion, the nature of the group discussion 

may have influenced some participants to be hesitant in sharing information, and a few 

areas of interest were found to require further elaboration to gain more insights on the 

cognitive process of digital 3D modeling. Through in-depth interviews, the following 

questions were further explored:   

• How do the participants transfer knowledge from the hands-on to the digital 
object-making experience? 

• How do the participants experience the mental process of digital 3D modeling 
from the perspectives of visual and haptic experiences?  

• How do participants perceive both the advantages and disadvantages found in 
3D CAD programs? 
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Each participant met with the investigator separately for a period that lasted 

between 30 and 50 minutes in a computer lab that he/she was familiar with. During the 

in-depth interview, participants were given the opportunity to open their preferred 3D 

CAD program to demonstrate their process and to demonstrate with a 3D modeling 

example ideas that might otherwise be difficult to explain. Considering participants’ 

preferences in using sketches in their design process, the investigator provided a blank 

piece of drawing paper for them to better illustrate or explain their ideas as they saw fit. 

Part of the goal regarding the follow-up in-depth interview was also to perform member 

checking to ensure the accuracy of data interpretation from the prior group meeting. To 

begin, the participants were asked to briefly explain their PMM to help them review and 

refresh their reflections and thinking process during the group discussions.  

Through the in-depth interview, participants shared more information and insights 

in response to the semi-structured question prompts (Appendix C). In this section, all 10 

participants’ data were coded and analyzed based on three themes: hands-on object 

making, digital 3D modeling, and 3D CAD programs.  

 Hands-on Object Making 

For the theme of hands-on object making, participants offered more insights 

following the focus group meeting and also described the process with three main 

subthemes. First, they viewed it as a process with creativity freedom, noted with terms 

such as “freeform,” “creativity,” “fun,” and “spontaneous” (Table 4.10). Participant 4 

stressed this subtheme and said, “There’s more room for spontaneous thought…. I love 
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building things physically.” Second, participants said they felt that the hands-on 

experience provides them with the physical presence and interaction that helps them 

understand the materials in working spaces that provide more complete experiences, 

noted with terms such as having the “full picture” and “perspective” of the working 

environment, and an object that is “complete” in real scale. Participant 3 mentioned that 

in a live studio, it is important to have the “complete picture, to see full picture…. 

Relative space, that’s the most powerful thing about the physical touch in real space.” 

Participants also pointed about that being able to feel and evaluate the “texture” and 

“density” of “tangible” material is also important. As participant 8 shared, “The material 

density is important. For example, you need to know how to saw and polish the 

surface…. You need to know how to bend the material into shape.”  

Third, participants commented that the hands-on object-making process involves 

a great deal of “emotional investment” and “time awareness” through which the 

craftsmanship is appreciated by both the maker and the user. Participant 6 commented: 

“You’ve got yourself very invested in it (woodwork). Sometimes I make the product and 

don’t want to give it to my customers…. You get yourself emotionally attached to it. My 

wife has told me that I put too much of myself in it, (and) my response is that my 

customer knows that I do that, so they are willing to pay me what I demand for it.” 

Finally, the in-depth interviews also found that the participants value the mental reward 

of the hands-on object-making experience for the mental processing of “foreseeing 

potential problems,” “imagination,” and “planning order of operations” involved. As 

participant 9 said, “I think design itself has its own mental rewards. I brought it from my 
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mind into the physical…. All I think is the order of operation, what do I have to do first 

in order to not mess up the pieces.”  

 
 
Table 4.10 In-depth interview subthemes for hands-on object making. 

 

Creativity freedom Freeform, spontaneous, fun 
 Creativity 
  
Physical presence & interaction Full picture, complete, space, scale, perspective 
 Physical connection and interaction, fitting parts  
 Texture, density, tactile, tangible 
  
Emotional reward Emotional investment  

 Craftsmanship appreciation  
 Time awareness 
  

Mental reward Foreseeing potential problem, imaginative 
 Order of operation planning 
  

 

Further, participants shared their working process in their hands-on object-making 

experience through five main stages (Table 4.11). The first stage is the idea conception, 

in which a rough design forms in the mind. The second stage is components 

identification, in which shapes of objects are developed in their mind with identification 

of individual components, or component explosion. The third stage is the use of rough 

hand sketches to further solidify dimensions and to use for reference during the actual 

prototyping or making phases. Hand sketching here is usually developed in various flat 

2D views of the design showing the objects in silhouette, but few participants revealed a 

preference for drawing the design with 3D perspective views. The fourth stage is physical 

memory retrieval when participants would think back on how various tools were used 
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with past projects to gather experience. In the last stage, participants move on to 

prototyping or mock-up development to further define dimension, scale, and limitation.  

 
 
Table 4.11 Cognitive process for hands-on object making, shown in five stages. 
 

Visualization  
skill 

Design  
stage 

Type of 
experience 

Tacit knowledge 
applied 

Strategy  
applied 

 
Object 

visualization 
(Stage 1) 

 

 
 
1. Idea conception 
 

 
 
 
 
 
 

!
 

Visual 
oriented 

experience 
(Stage 1-4) 

!
 

!
!

  

 
Object & spatial 

visualization 
(Stage 2) 

 

 
 
2. Components explosion  
 

 
 

 
 
 

Hands-on 
Knowledge 

(material, order 
of operation, 
production 
standard & 

spatial 
knowledge) 
(Stage 2-5) 

 

 
 
 
 
 
 

Problem 
Identification 

 
Solution  

Identification 
 
Planning 

(Stages 2-5) 

 
Object 

visualization 
(Stage 3) 

 

 
 
3. Rough hand sketching 
 

 
 
 
Object & spatial 

visualization 
(Stage 4-5) 

 

 
4. Physical memory retrieval  
 
 
 
5. Final production/prototyping 
 

 
Haptic 

oriented 
experience 
(Stage 5) 

 
 

 
Overall, the first three stages involve visually oriented experiences suggesting a 

great deal of use of mental imagination of the object in visualizing the designs (Table 

4.11). In the first stage, participants mainly utilize object visualization skill, or visual 

image processing of object appearance, shape and color. In the second stage of 

components explosion, participants would then apply object visualization skill in 

conjunction with spatial visualization skill, in which spatial relation is made between 
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objects or parts indicating location, movements, or involving spatial transformation. 

Third, although the rough hand sketching (stage 3) is developed using the physical 

application of pencil and paper, it relies mainly on mental imagination and applies mostly 

object visualization skills to visualize the object’s overall appearance.  

The fourth and final stage applies both object and spatial visualization skills that 

aids the participants in understanding and preparing for the physical action in the actual 

making procedures. The physical memory retrieval stage (stage 4) is a visual oriented 

experience and relies on mental visualization of past experiences with the object, but is 

involved mostly with evaluating how the object components interact with each other and 

how the design failed or succeeded in the past. However, the fifth stage, final 

production/prototyping, is concerned with a haptic oriented experience, in which 

participants actively interact with real material and forms and rely on the sense of touch 

and manual exploration. 

In these design stages, participants also apply tacit knowledge from prior 

experience and training. Through referencing past failure and success, participants are 

able to identify potential problems and solutions, and effectively plan for the current 

object making mainly through stages two to five. Due to the nature of hands-on object 

making, participants rely on mental planning to avoid unnecessary material and time cost.  

 Digital 3D Modeling 

For the theme of digital 3D modeling, the participants still stressed the importance 

of hands-on experience brought into the virtual-design environments. There was a lack of 

trust and confidence in the 3D CAD processing for designs to work seamlessly in the real 



130 

 

world. As participant 5 said, “You don’t know if you don’t go (hands-on explore),” in 

other words, one must test out the digital models with real materials to evaluate their 

feasibility in the physical environment. 

Regardless of the frustration or comfort level toward this digital design process, 

the in-depth interview data analysis further revealed three main subthemes (Table 4.12). 

First was the design efficiency in the digital 3D modeling process as a result of the 

“efficient CAD capability,” and “quick trial and error” that increases the “ease in solution 

exploration.” Participants also referred to exploration as “succinct” and it would result in 

a “peace of mind.”  Participant 9 commented, “I can step back, and this (CAD program) 

measures for me, and tells me exactly how much something is. It’ll tell me this (object 

edge) is 2 inches. So for me, it’s all about being able to trial and error without permanent 

mistakes.”  

Second was tacit knowledge translation. The participants did not clearly describe 

the ways that such translation is implemented but suggested a few approaches where tacit 

knowledge may be applied. In evaluating the feasibility of an object design, most 

participants claimed that it was key to “rely on hands-on experience” in object making for 

not only basic “production standards” but also the “spatial knowledge in estimating 

objects angle and dimension.” Participant 2 supported this point in saying “Physical 

touch and seeing is important. It helps me translate what I can do and helps me to 

visualize it.” In addition, the participants with engineering backgrounds also evaluate the 

design against physics principles gained from their disciplinary study. Considering the 

digital 3D modeling process, they thought there should also be awareness of the “loss of 

order of operation” compared to the hands-on object-making process. Thus, the ability to 
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mentally process “CAD tool conversion” from real-world tools to digital tools is vital in 

the digital process to establish the appropriate workflows. Further, for some, utilizing 

“mock-up experimentation” prior to the digital process is another way to combine 

existing tacit knowledge and new knowledge to develop a better sense of the object’s 

properties or dimensions so that one can immediately apply them in the subsequent 

design stages. 

Lastly, participants expressed that it is highly crucial to develop and apply spatial 

visualization skills for virtual designs. In this process, a great deal of “mental image” and 

“mental rotation” is utilized to visualize the object’s components and simulate their 

possible movements. Participant 1 commented, “I have never failed to…visualize how 

my box and things (for travel packing) fit accordingly…. I know how many things I have. 

I have a very good idea how things would fit.” Here, the participant reflected that she is 

able to visualize objects accurately and interpret dimension in a space without the 

physical objects. Considering the limitations of CAD processes using a flat computer 

monitor and mouse, participants have commented that there is a need to physically apply 

“hand gesture” and “head rotation” in order to effectively “understand shape, angle, and 

plane” in the CAD environments. This may also be a result of object design complexity. 

Participant 9 pointed out that “People do it (apply hand gesture) to release cognitive load. 

So it’s like literally thinking in the physical space. I ‘pick up things’ and ‘put them 

together’ and ‘see’ how they look. It’s also how I translate them into camera 

manipulations (object perspective views in CAD).” Here, the participant is suggesting 

that the hand gesture helps to reduce the mental effort used in the working memory. 

Similarly, head rotation is also used to aid the mind in simulating the object in real space 
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to aid the mind in interpreting the orientation of the object even when real movement is 

not present.   

 
Table 4.12 In-depth interview data subthemes for digital 3D modeling. 
 

Design efficiency Efficient CAD capability 
 Ease in solution exploration, quick trial and error 

 Peace of mind 
 Succinct 
  

Tacit knowledge translation Relying on hands-on experience, production standard 
 Physic principle  

 
Relying on spatial knowledge for estimating object angel and 
dimension 

 Loss of order of operation  
 CAD tool conversion  
 Mock-up experimentation 
  

Spatial visualization  Mental image, mental rotation  
 Hand gesture, head rotation 
 Understanding angel, shape, and plane 
  

 

The data analysis for the digital 3D modeling theme resulted in unique design 

stages reflecting participants’ cognitive processes in terms of workflow, knowledge 

translation, mental image formation, and use of mental object rotation. In addition to 

these components, Table 4.13 also illustrates stages where visual- or haptic oriented 

experiences take place and when problem identification, solution identification, and 

planning strategies apply.  
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Table 4.13 Cognitive process for digital 3D modeling, shown in eight stages. 

 
Visualization 

skill 
Design stage Type of 

experience 
Tacit knowledge 

applied 
Strategy 
applied 

!
Object 

visualization 
(Stage 1) 

 

 
 
1. Idea conception 
 

 
 
 
 
 
 

!
Visual oriented 

experience 
(Stage 1-4) 

!
!

  

!
!
!

Object & spatial 
visualization 
(Stage 2-4) 

 

 
2. Components 
explosion  
 

 
 
 
 
 

Hands-on 
Knowledge 

(material, order 
of operation, 
production 

standard, spatial 
knowledge & 

physic principle) 
 

& 
 

CAD  
Knowledge 
 (Stages 2-8) 

 
 

 

 
 
 
 

 
 

Problem 
Identification 

 
& 
 

Solution  
Identification 

 
& 
 

Planning 
(Stages 2-8) 

 
3. CAD tool conversion 
 
 
4. Detail hand 
sketching  
 

!
Object 

visualization 
(Stage 5) 

 

 
 
5. Mock-up 
experimentation 

!
Haptic oriented 

experience 
(Stage 5) 

!
!

Object & spatial 
visualization 
(Stage 6-7) 

 

 
6. Digital 2D Modeling 
(AutoCAD) 
 

!
 

Visual oriented 
experience 
(Stage 6-7) 

!
 
7. Digital 3D modeling  
 

!
Object 

visualization 
(Stage 8) 

 

 
 
8. Prototyping 

!
Haptic oriented 

experience 
(Stage 8) 

 
 

The participants generally structured their digital 3D modeling in eight stages. 

Like the hands-on practice, the first stage was the idea conception where a rough design 

would form mentally to gain a general appearance of the object, such as its shape or 

silhouette. Thus, it is a visual oriented experience in which object visualization skill is 

focused. Then, they proceeded to the component explosion stage (stage 2) to mentally 
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break the object into parts, knowing each section will need to be created separately in the 

3D CAD programs. Therefore, tacit knowledge from hands-on and CAD practice is both 

applied to identify the problem and potential solution with the general understanding of 

spatial relationships, movements, and unique joints required among the “exploded” or 

separated object components. At the same time, spatial visualization skills are applied 

here in addition to object visualization skills due to the involvement of object mental 

rotation and movement simulation. For this reason, this stage is also a visually oriented 

experience.  

Third, most participants mentally converted the real tools into CAD tools and 

evaluated various options to create the designs generated from the prior two stages. In 

some cases, the participants would see the entire digital 3D modeling process through at 

this point. As with component explosion (stage 2), it is also a visual oriented design stage 

that concerns the use of both object and spatial visualization skills in order to mentally 

imagine how various CAD tools can transform or manipulate the object shape and details 

from various angles. Fourth, the participants utilized detailed hand sketches to further 

visualize the object with more refined dimensions and refined parts to gain a sense of 

scale, feasibility, and overall design aesthetics. Such sketches would be used later as 

visual reference during the actual digital 3D modeling stage. Just as the rough hand 

sketching stage in hands-on object making (Table 4.11), this stage is also considered a 

visual oriented experience due to its extensive use of object and spatial visualization 

skills and mental processing in visually interpreting the object design. In these two design 

stages, tacit knowledge from both the real and virtual worlds applies to foresee issues and 

seek potential solutions to better plan.   
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In the fifth stage, some participants may resort to developing a physical mock-up 

for further experimentation and brainstorming. They also were able to evaluate the 

outcome against some CAD capabilities in order to determine how difficult it would be to 

develop the design in the digital design stage. Thus, both hands-on and CAD knowledge 

is applied to help problem and solution identification as well as planning. The mock-up 

stage is considered a haptic oriented experience due to the concentrated manual 

exploration with real material. Also, the visual experience here is minimal and relies on 

the hands-on interpretation of reality. Due to the limited visual experience and mental 

visualization, this stage mainly employs object visualization skills due to the application 

of haptic skills in the mock-up development. As for the participants who design large-

scale objects, such as buildings, small-scaled models sometimes were made for 

prototyping.   

Further, in order to prepare for digital 3D modeling, some participants would 

solidify their understanding of the object shapes by taking advantage of digital 2D 

modeling processes using programs such as AutoCAD. It allows them to visualize object 

components in 2D cross sections and better detect problems and relevant solutions in 

planning the digital 3D modeling stage. Thus, object visualization skills are applied to 

understand the object shape or silhouette, and spatial visualization skills are applied to 

interpret the spatial relationships among various components at different angles. It is also 

important to note here that although this stage is not possible without the physical 

experience of using a mouse and computer keyboard, the considerable application of 

mental visualization of object forms and movements indicated that this is a visual 

oriented experience. This stage thus engages in extensive amounts of hands-on and CAD 
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knowledge integration in ensuring the accurate visualization and interpretation of the 

object in various 2D surfaces.    

Likewise, the digital 3D modeling process (stage 6) also involves a visual 

oriented experience and applies both object and spatial visualization skills. Due to the 

lack of hands-on touch and manipulation, the participants have to rely on the visual 

interpretation of the CAD environment and the mental processing of objects in various 

transformations and movements. Through computer mouse commands, they would be 

able to convert such visual interpretation into actual CAD procedures. At the same time, 

tacit knowledge from hands-on experience, such as production standard measurements 

and physics principles, and from CAD would be applied here to achieve the most desired 

forms. This process is usually heavy in problem and solutions identification and 

frequently revisits the prior detailed hand sketches to quickly visualize various 

adjustments or changes, especially when dealing with organic forms.  

The final stage, prototyping, is important for the completion of the CAD process 

since most of participants agreed that real material testing must occur for final evaluation 

and for providing proof of feasibility in a design. As a result, detailed hand sketching 

(stage 4), digital 3D modeling (stage 7) (3D modeling), and the prototyping (stage 8) may 

circulate and repeat back in a cycle until the generation of a satisfactory outcome. As the 

last stage, participants also actively utilize tacit knowledge from hands-on and CAD 

practices in identifying problems and solutions for planning the potential subsequent 

stage and final prototype. 

The majority of the participants generally agreed that the workflow developed in 

digital 3D modeling would always be a result of a learning curve and that it is difficult to 
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transition from hands-on object-making processes, especially in the early phase of 

gaining 3D CAD proficiency. Interestingly, the data also suggest that most participants 

have evolved to rely more on visual experiences in the way they problem solve and in the 

process of organizing their workflow in digital 3D modeling. The two participants (P4, 

P6) who are more invested in their long-term hands-on experience and have less 3D CAD 

practice rely more on the haptic experiences than others in the way they process 

information and problem solve in the virtual environments. Coming from years of 

woodwork background, these two participants have learned to enjoy the physical 

interaction and connection with their real design environment and material as there is 

perceived to be more freedom to create, more space to work, and more emotion invested 

in the process. Transitioning into the CAD environment, they find it more challenging in 

developing spatial visualization skills for interpreting the spatial relations among objects 

using mental rotation, movement, and transformation.  

 3D CAD Program 

For the theme of 3D CAD program, participants generally emphasized the 

importance of four subthemes in allowing efficient and effective digital 3D modeling 

experiences (Table 4.14). First, most complained that their preferred 3D CAD programs 

do not have effective tool organization and noted terms such as “can’t find tool” and “too 

many tools.” The icon design does not relate to real-world tools nor help them transition 

from hands-on practices. Also, the tool descriptions in these programs were described as 

not very helpful, considering the different software jargon used. However, participants 

often found that the command line function allows them to type in various tool names or 
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actions to locate the tool in a timely manner when a simple 3D CAD action term is 

inserted, such as cut. In some programs, participants utilize the command line to locate 

commonly applied CAD tools that are not organized in a way to ease the challenge in the 

hands-on to digital-making transition. 

 
Table 4.14 In-depth interview subthemes for 3D CAD program. 
 

Tool organization Can’t find tool 

 
Too many tools, limiting in what you can do 
Icon has no relationship to the real world 

 Software jargon does not overlap in popular programs  

 
Helpless description 
Useful command line  

  
Natural movement  Loss of points in mouse control 

 

Lack sensitivity and precision 
Unnatural, prefer holding or grabbing something 
Prefer versatile stylus application on screen 

  
Physical space Lack of working space  

 Prefer large/dual computer screen 
 Sitting position hinders critical thinking 
  

View mode Useful wireframe view 
 Shade and edges enhancement 
 Real world perspective 
 Reference object for scale understanding 

 Lack material/texture presentation for live production 
  

  

The second concern was with the natural movement allowed in the interaction 

with the computer mouse and keyboard.  Due to the “unnatural” hand position of holding 

or handling the conventional computer mouse, some participants prefer the action of 

“holding or grabbing something” instead.  Such mouse control may result in “loss of 

points” and result in “lack of sensitivity and precision.” Thus, the majority also preferred 

the use of a stylus to 3D model on the computer screen, which would mimic the sense of 
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sketching and allow more arm movement. Consequently, the participants also pointed out 

the element of physical working space. A single screen does not offer enough visual 

space in viewing the virtual environment and objects, and the majority preferred larger or 

dual screens. Interestingly, participants also noted that the conventional sitting position at 

the computer desk can be limiting to the physical body and may result in the reduction of 

critical thinking ability in the digital 3D modeling process. For instance, participant 6 

said, “It’s strictly a physical thing. I couldn’t work in here. There is just not enough 

space…. When you sit in the chair too long, your brain starts to lose ability to think 

critically. So even doing it with computer, I need room to…stretch.” 

Finally, most participants appreciated the benefit of having multiple views—front, 

top, side, and perspective—in the 3D CAD programs. The majority favored using a single 

view at a time, and it was frequently the perspective view due to its relatively accurate 

depiction of the real world. Some also found the wireframe mode, showing only the 

mesh-like or skeletal representation of the object, effective in examining interiors, 

whereas shadows and edges in the rendered view can be efficient in examining the 

exterior form while rotating the object. However, most would prefer inclusion of a wider 

range of material and texture presentations for more digital modeling possibilities that 

would result in a physical prototype.  

Furthermore, considering that the mechanical engineering discipline mainly 

digitally models functional parts for industrial use, the participants with this background 

suggested that the Solidworks program is not designed to intuitively create organic 

shapes or complex curves but does offer an effective element analysis function to 

simulate physical movement in the selective material, such as water running through a 
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pipe. On the other hand, the participants from architectural studies noted that the Rhino 

program is considered to be rather intuitive in modeling organic or less structured forms. 

Overall, it offers a user-friendlier interface with relatively easy to understand icons and 

tool organization. Unlike Rhino, the 3ds Max program is organized in dense layers of tool 

submenus and options that do not provide ease in tool exploration and use. The 

participants who preferred Google Sketchup programs often model 3D objects that are 

simple with straight cut edges, and they found it to be frustrating and difficult in 

separating object or parts but noted that it could be a matter of the learning curve.  

 Discussion and Reflection 
 

In the follow-up meeting, participants were interviewed in a semi-structured 

format and shared insights regarding the mental processes of digital 3D modeling in 

terms of visual and haptic experiences, some ways of transferring tacit knowledge from 

hands-on to digital object-making experience, and perception towards the advantages and 

disadvantages found in 3D CAD programs. The data were analyzed based on three 

themes: hands-on object making, digital 3D modeling, and 3D CAD program. Cognitive 

processes were also found for both hands-on object making and digital 3D modeling 

approaches. This section examines the findings from several perspectives: from hands-on 

to digital object making, visual vs. haptic orientation, and object vs. spatial visualization. 

This section also reflects upon the effectiveness of 3D CAD programs and the in-depth 

interview procedures.  
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 From Hands-on to Digital Object Making 

 

Previous researchers have noted that it is important for designers with traditional 

hands-on making backgrounds to be aware of the differences between the two modes of 

making and thus the need to allow tacit knowledge time to adapt to the digital means 

(Philpott, 2010). Based on prior focus group discussion findings, there is usually a 

difficult transition from hands-on to digital object-making practices. In the follow-up 

interview, participants further clarified the reason for such challenges by explaining the 

critical elements in both approaches. For hands-on object making, participants valued the 

creativity freedom in the exploration, physical presence and interaction with the 

workspaces and real materials, the emotional reward in appreciating craftsmanship, and 

the mental rewards in problem solving and planning (Table 4.15). For digital 3D 

modeling, on the other hand, the participants relied on the design efficiency of the CAD 

process, tacit knowledge translation, and application of spatial visualization in the CAD 

environments.  

Although the above elements may seem very separate from each other, analysis 

suggests that they are actually related in the hands-on to digital transition. In 

transitioning, the creativity freedom of design exploration and emotional rewards in the 

craftsmanship in the hands-on process is somewhat enabled by the CAD efficiency in the 

digital process. Although the two cannot fully replace each other, the efficient CAD 

process may allow a designer to explore design options at no permanent risk, and the 

CAD accuracy may help to create some aspect of the craftsmanship that is valued in the 

hands-on process.  
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Further, the physical presence and interaction that participants valued in the 

hands-on approach may be empowered through the use of spatial visualization in the 

digital process. The mental image, mental rotation and even body movements involved to 

aid spatial visualization application reflects traces of haptic skills gained in the physical 

world. Although there is physical restriction in the CAD setting, one may still be able to 

reference some aspects of the object design to real-world practice. 

 Lastly, the mental reward gained from the hands-on process may be appreciated 

through the tacit knowledge translation in the digital process due to the amount of 

problem solving involved. When tacit knowledge is applied in the digital design process, 

the mind has to retrieve past experiences, whether visual or haptic, and quickly pinpoint 

potential problems in order to plan the design workflow.  
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Table 4.15 Hands-on object making and digital 3D modeling comparison. 
 

 Hands-on Object Making Digital 3D Modeling 
Key elements Creativity freedom 

Physical presence & interaction 
Emotional reward 
Mental reward  
 

Design efficiency 
Tacit knowledge translation 
Spatial visualization 
 
 

Approach in applying 
tacit knowledge  
 
 
 
 

Physical memory retrieval 
Material experimentation 
 
 
 
 

Physical memory retrieval 
Production standard application 
Physic principle application 
Mock-up experimentation  
Spatial knowledge  
 

Visual 
experience 
oriented  
design stages 
 
 
 

1. Idea conception 
2. Components explosion 
3. Rough hand sketching 
4. Physical memory retrieval 
 
 
 

1. Idea conception 
2. Components explosion 
3. CAD tool conversion 
4. Detail hand sketching 
6. Digital 2D modeling (AutoCAD) 
7. Digital 3D modeling 
 

Haptic 
experience 
oriented   
design stages 
 

5. Final production/prototyping 
 
 
 
 

5. Mock-up experimentation 
8. Prototyping 

Object visualization 
applied design stages 
 
 

1. Idea conception 
3. Rough hand sketching 
 
 

1. Idea conception 
5. Mock-up experimentation 
8. Prototyping 
 

Object & spatial 
visualization applied 
design stages 
 
 
 

2. Components explosion 
4. Physical memory retrieval 
5. Final production/prototyping 
 
 
 

2. Components explosion 
3. CAD tool conversion 
4. Detail hand sketching 
6. Digital 2D modeling (AutoCAD) 
7. Digital 3D modeling 
 

Method 
applied 
 
 
 

Thorough mental planning  
Mental problem identification 
Mental solution identification 
Rough hand sketch (2D/3D) 
Spontaneous exploration 
Material experimentation 
 
 
 

Mental preplanning  
Problem identification  
Solution identification  
Detailed hand sketch (2D/3D)  
Mock-up experimentation  
Hands-on knowledge translation 
Apply undo capability for quick explore 
CAD tool comprehension/conversion  
 

 

From another perspective, it is important to point out the methods applied in these 

two processes in utilizing tacit knowledge (Table 4.15). Although participants were not 
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fully clear in articulating their knowledge transition, there were a few important 

approaches discovered. For most hands-on object-making processes, a designer may rely 

on prior physical experiences with the material or object from mostly a haptic 

perspective. He/she may need to retrieve this physical memory before or during the actual 

production to stimulate the tactile understanding of the material surface or to gather 

information on how different shapes or components fit together. For the digital process, 

conversely, one may need to rely heavily on mental imagination that is mostly visual. 

Designers may need to retrieve physical memory to relate the virtual creation to the real 

world through applying physics principles for material property evaluation and relevant 

production standards. Sometimes, a mock-up development is important in creating 

physical proof that would support the use of existing tacit knowledge in the current object 

design.  

Moreover, the findings also revealed that the participants applied spatial 

knowledge in estimating size, scale, and angle. Previous research has suggested that such 

knowledge can be acquired from active exploration in the virtual environment (Peruch et 

al., 2000). However, it can also be a part of tacit knowledge from the physical 

experiences when body movements are well understood (Tverksy, 2000). 

 Visual vs. Haptic Orientation 

 

When analyzing data from the visual and haptic perspective, it is difficult to 

completely separate the two as the human visual and haptic perceptions are very similar 

to each other (Gallace & Spence, 2014). Thus, most actions or behaviors in both hands-

on and digital practice involve both experiences. However, the evolving design stages in 



145 

 

both approaches were found to have an orientation toward one experience more than the 

other.  

Table 4.15 shows the design stages grouped by visual-experience-oriented design 

stages and haptic-experience-oriented design stages. Stages 1-4 (idea conception, 

components explosion, rough hand sketching, physical memory retrieval) in the hands-on 

object making involve visual oriented experiences due to their extensive use of mental 

imagination and visualization of the object. Here, the haptic skill, if any is present, 

supports the visual interpretation. On the other hand, stage 5 (final 

production/prototyping) relies mostly on haptic experience in understanding the physical 

space, material and form at hand. In other words, the visual perception relies on the hands 

in this case.  

In the design stages of digital 3D modeling, stages 1-4, 6 and 7 (idea conception, 

components explosion, CAD tool conversion, detail hand sketching, digital 2D modeling, 

and digital 3D modeling) are viewed as visual oriented experiences. Similar to the hands-

on design stages, a few of these stages also involve some haptic skills to visualize but 

rely on visual interpretation to process information in the virtual environment. As 

participant 7 reflected in the interview, when one loses a sense, such as touch, alternative 

senses evolve to become stronger and more sensitive. The concept applies here in the 

idea that the CAD setting creates limitations and hinders the use of haptic skills from 

traditional practice, but encourages the use of visual interpretation.  

Further, considering the proportion of visual oriented experiences involved, it is 

apparent that it holds a large portion in both processes. This may be a result of different 

causes. For the hands-on object making, often, expensive material is required with a 
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larger time investment; thus, one would need to use visual interpretation and mental 

processing to thoroughly plan the entire design process. As for the digital process, 

additional procedures may be required to envision or visually comprehend the object in 

an effective and accurate manner so that the outcome is as close to reality as possible 

before prototyping.  

Overall, the hands-on process is concerned with a haptic oriented experience due 

to the active use of hands and body to effectively and efficiently interpret space, 

dimension, and more. However, the digital process is more visual oriented for the lack of 

haptic exploration with computer-based accessories and the CAD setting. Essentially, this 

is also a matter of the relationship between the mind and body. Unlike the hands-on 

process where the body and haptic skill supports the mental processing and tool 

application, the mind eventually has to become the tool in the digital process in order to 

execute specific procedures in the entire virtual design process and environment.  

 Object vs. Spatial Visualization 

 

Visualization skill in this study, as explained in prior contextual reviews and the 

focus group study findings, is frequently applied in both real and virtual design 

environments. The two types of visualization skills, spatial and object, enable the 

practitioner to visually interpret information and mentally process the information for 

problem solving and planning. The former deals with the visual processing of an object’s 

appearance in color or shape (Kozhevnikov et al., 2010), and the later refers to the ability 

to process spatial relations between objects or their parts and apply mental manipulation 

(“Neural correlates of object,” n.d.).  
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The findings from the in-depth interviews revealed the differences in the use of 

spatial and object visualization skills for both design processes (Table 4.15). In the 

hands-on process, stages 1 (idea conception) and 3 (rough hand sketching) are involved 

mainly with object visualization skills due to the mental imaging of the object’s general 

appearance. In stages 2 (components explosion), 4 (physical memory retrieval), and 5 

(final production/prototyping), visual information processing becomes more complex and 

involves much mental rotation and a need to take different perspectives in order to 

effectively evaluate the object during preplanning, problem solving and solution seeking 

phases. Thus, both object and spatial visualization skills were used. Uniquely, stage 5, 

final production/prototyping, here is associated with both types of visualization skills for 

the reason that complex physical memory retrieval frequently occurs during the actual 

hands-on making to aid in problem detection, solving and planning.  

For the digital 3D modeling process, stages 1 (idea conception), 5 (mock-up 

experimentation), and 8 (prototyping) associate mainly with only object visualization. It 

is important to note here that although complex visual information is present in stages 5 

and 6, the haptic experience and interpretation essentially replaced the use of spatial 

visualization for complex visual information processing. For instance, such visual 

information processes may be in the form of touching and manually exploring the object 

with hands to understand the overall shape and dimension, and this manipulation often 

does not require visual perception or mental imagery formation. As for stages 2 to 4, 6, 

and 7 (components exploration, CAD tool conversion, detail hand sketch, digital 2D 

modeling, digital 3D modeling), both object and spatial visualization skills are necessary. 

Unlike the rough hand sketching in the hands-on process, hand sketching here applies 
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spatial visualization skills in order to refine the object design with detail and/or specific 

dimensions in either 2D or 3D views; thus, mental rotation may occur in various 

perspectives.  

3D CAD Capability 

 

Under the theme of 3D CAD program, findings resulted in four subthemes that 

were vital in the process of digital 3D modeling. First, participants suggested that in order 

for modeling to become more effective in the digital workflow and reduce the delay 

between mind and body, in general it needs better organization of tools that are designed 

with icons relevant to real-world tools and helpful descriptions. At the same time, some 

tools may need to be eliminated or refined to allow ease in tool finding and the 

organization of the virtual workspace. Second, natural movement in computer accessory 

control, such as a mouse, is key in providing sensitivity when creating something with 

precision, and thus allows the hand to more directly implement how the mind wants to 

manipulate the object. Therefore, the use of a stylus directly on the computer screen for 

virtual object manipulation was noted frequently in the study.  

Third, the sense of physical working spaces is important and can be achieved 

through utilizing a wide screen for a higher sense of immersion because the expanded 

width would pass beyond the human eye’s peripheral vision. At the same time, the 

physical working space is also related to the freedom in body movement to support 

critical thinking as opposed to static sitting positions. This finding may suggest that the 

mind of participants with hands-on background have been accustomed to thinking with 

haptic skills and physical interaction within the traditional studio environments; thus, 
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they seek the same physical connection in the digital process but are challenged by the 

CAD program learning curve and the use of static computer accessories. Lastly, the 

various view mode options in CAD programs are found to be efficient and useful in 

understanding and examining interior and exterior shapes or details in the virtual 

environments. 

 Reflection 

 

In the interviews, participants were found to actively use the 3D CAD programs 

for demonstrating unique CAD situations or design examples in order to thoroughly 

explain the specific cognitive process, feeling, and order of operation in the virtual design 

environments. This may be a result of the need to cognitively off load contents or ideas 

through alternative media, such as the CAD interface. Similarly, participants used the 

blank sheet of drawing paper to sketch different design examples for a quick 

communication of ideas. Further, the two female participants (P1 and P2) were more 

comfortable in sharing insights in the in-depth interview setting compared to the previous 

focus group discussion.  

Participants in this follow-up interview did not share as many insights on the 

application of digital fabrication methods, such as 3DP, due to their limited experience in 

prototyping their digital models using this approach. However, most did agree that it is 

efficient and convenient to use for rapidly prototyping a part for testing and its capability 

would change their workflows in the CAD process.  

Some findings from the focus group contributed to the layout and planning of the 

independent case study, the next phase of this research, where 3D CAD programs would 
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be used to 3D model a wearable garment. Methods of the digital 3D modeling object 

making in Table 4.15 were considered, such as the use of mental preplanning, problem 

identification, detailed hand sketches, and CAD tool conversion. Also, the hands-on 

object-making approach was considered important to include as a way to develop a mock 

up for design experimentation and to aid in further brainstorming after the initial idea 

conceptualization.  
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Chapter 5 INDEPENDENT CASE STUDY 

The findings derived from the focus group study (Chapter 4) and previous 

contextual reviews (Chapter 2) indicated that digital 3D modeling process using 3D CAD 

programs is much more focused on visual oriented experiences, which are dense in the 

use of spatial visualization and mental problem solving compared to the traditional 

hands-on object making approach. Essentially, “the brain has become the tools” 

(participant 9) in this process in the way one adjusts in the virtual design environment 

and alters the order of operations in the overall design process. In order to plan the 

overall design process in this case study, some of the key methods and strategies that the 

non-apparel from the focus group study (Chapter 4) applied in their 3D modeling 

practices were referenced and adopted here. This chapter informs the studio-based 

independent case study that follows the research through design (RTD) methodology 

applied to the reflecting-for, -in, and -on action methods and examines the second 

research question proposed in Chapter 1.  

 
• How does the traditional apparel designer transfer tacit knowledge gained in the 

physical world to the virtual environments in the process of 3D modeling apparel 

products using an avatar as the virtual dress form? 

a. How do the apparel designer’s visual and haptic experiences from the human-

computer interaction affect the visuo-spatial cognitive process of 3D modeling 

using an avatar as the virtual dress form? 

b. How does the computer-based device (3D mouse) aid the visual and haptic 

experience in such a design process? 
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c. How does the capability of 3DP technology affect such design process? 

d. How do the capabilities or components of the 3D CAD program (Rhino) aid 

such a design process? 

In this case study, the digital 3D modeling process was utilized to develop a 

wearable garment that was prototyped using 3D printing (3DP) technology. Digital 

computer screen recording, video recording, and a reflexive journal of the work in 

development were used to provide the data presented in this section. Also, peer 

debriefing was used to support the trustworthiness of the methods applied in the design 

process, and the final artifact was developed to present the final digital model in a 

tangible form. 

The data presented here have followed the order of the actual design process in 8 

stages: idea conception, CAD tool exploration, mock-up experimentation, hand sketch 

development, CAD tool planning, digital 3D modeling, components explosion and 

layout, and prototyping (Figure 5.1). 

 

  

Figure 5.1 Case study design stages. 
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 Idea Conception  

For this case study, idea conception was the first stage in designing a wearable 

garment and lasted approximately 8 hours excluding prior research of the project. 

Considering the capability and limitation of the current selective laser sintering (SLS) 

3DP technology with nylon, existing 3D printed wearable fashions further aided in 

inspiration and brainstorming of a possible structure of the garment. More specifically, 

more attention was paid to the projects that incorporated a unique shape or structure to 

provide more flexibility for the wearability of a garment. The helix earrings by 

FabAllThings provided the points of departure to the concept of a flexible structure that 

could potentially become integrated in this design study (Figure 5.2.a). From this point 

on, 3D printed wearables consisting of similar structure were further explored. For 

example, the Mono glasses with spiral frame component to custom fit the wear’s face 

(Figure 5.2.b).  

 

a. b. 

Figure 5.2 Helix earrings designed by Kate O’Daly for FabAllThings (a)41; Mono glasses 
by ITUM (b)42.  

                                                
41 Photo from 
https://res.cloudinary.com/keep/image/fetch/t_post_large/https://s3.amazonaws.com/production 
-ol-images/803cf7b4c5a2f0dfb53acaa746cea644.jpg 
42 Photo from http://design-milk.com/mono-glasses-3d-printed-fit-face/ 
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From the initial inspiration in the helix structure, the hands-on knowledge in 

previous 3D printed wearable and basic apparel fitting concepts were retrieved to 

consider the feasibility of such a form around the body. The flexibility and thickness of 

the nylon material was considered with the helix structure. Many mental images were 

formed to help mentally visualize and simulate the movements of thin and flat nylon 

pieces around the curvature of the female body. The general images of the garment 

silhouette would not have been visualized without the use of hand-sketched illustration 

for more clarity regarding where and how a helix structure could be positioned on the 

body (Figure 5.3).  

 

 
 

Figure 5.3 Initial 2D hand sketch of the garment during the idea conceptualization stage. 
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Through the development of 2D hand sketches, the general garment design is 

illustrated with minor detail considerations. The intention was to design the garment in a 

simple silhouette in order to contrast the unique helix structure. The initial concern was 

focused on how close the helix structure could form to the body, in what angle such 

structure would fit on the body, and what parts of the body can be considered to 

accommodate a helical form. As the loose and free formed organic pencil lines were 

developed on a piece of paper, the awareness of the body curvature and fitting needs from 

traditional hands-on practice increased. Thus, the original helix structure was reformed to 

convert to an elongated loosely curled ribbon form, which would wrap around the waist 

and hip area, expanding out for increased fit and reflect the twisted motion of helix. Here, 

scale and proportion were also evaluated against overall garment silhouette for aesthetic 

purpose.  

With apparel design training and background, it is natural to approach a garment 

illustration with front view first and it is common to consider the type of garment closure 

and how it may be integrated. It was necessary to consider how the skirt portion could be 

attached to the bodice if they were to be 3D printed separately from each other. Other 

considerations during the initial hand sketching also included the ways to break down the 

garment into sections, or component explosion as mentioned in Chapter 4, to fit in the 

limited printing space of the SLS machine.  

 Reflection 

The idea conception stage remained mostly a visual oriented experience with 

much application of object and spatial visualization skills. There was also potential 
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problem identification based on previous hands-on and digital object making experiences. 

A hand sketch of the dress front view was utilized to help further develop the use of 

helical or some forms of the twist structures. It was also employed to help identify 

potential wearing issues when considering the SLS machine capabilities.  

Four main areas were considered in the conceptual development stage: garment 

flexibility and material, garment featured structure (ribbon), garment silhouette, and 

garment components and closure (Table 4.15). First, the garment flexibility and material 

consideration relied on hands-on knowledge in applying 3DP technology for material 

density and thickness. Based on the physical memory and hands-on knowledge of body 

shape and fitting from traditional apparel design, a mental image was formed to simulate 

the nylon material’s movement and its flexibility.  
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Table 5.1 Garment design themes considered in the idea conception stage. 
 

1. Garment flexibility/material 
(Visual oriented experience) 
 

 
 
 
 
 

Hands-on knowledge applying 3DP 
(density/thickness) 
Mental image formation 
Mental object simulation 
Hands-on knowledge from apparel design (fit/body 
shape) 
Physical memory retrieval 
 

2. Garment featured structure      
    (Ribbon) 

(Visual oriented experience) 
 

 
 
 

Rough hand sketch development  
Hands-on knowledge from apparel design (body 
shape/fit) 
Physical memory retrieval  
Mental image formation 
CAD knowledge application  
 

3. Garment silhouette 
(Visual oriented experience) 
 

 
 
 

Mental image formation 
Mental object rotation & simulation 
Component explosion 
Hands-on knowledge from 3DP experience  
Rough hand sketch development (aesthetic) 
 

4. Garment components/closure 
(Visual oriented experience) 

 
 
 
 
 

Rough hand sketch development  
Component explosion 
Mental image formation 
Mental object rotation & simulation 
Hands-on knowledge from 3DP experience 
CAD knowledge application 
 

 

Second, the garment featured structure, the ribbon, relied on the development of 

rough hand sketching, hands-on apparel design knowledge, and physical memory 

retrieval in order to visualize and understand how the structure can be positioned to fit the 

body shapes. Then, a mental image was formed to imagine how the structure maybe 

developed in the CAD program. Third, for garment silhouette, a mental image is formed 

with a dress form that was mentally rotated to simulate the potential component 

separation, or explosion. Here CAD knowledge and hands-on experience in working with 

3DP technology were also utilized to help understand potential issues in creating various 

garment parts due to the print space limitation. Finally, through the development of the 
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rough hand sketch and use of hands-on knowledge in using 3DP technology, the garment 

components and closure were further explored with potential problem and solution 

identification. The thought process here also naturally involved the use of mental images 

with object and spatial visualization skills to comprehend the garment component 

breakdown or explosion that relied on existing CAD knowledge.  

 CAD Tool Exploration 

The CAD exploration stage was focused on the experimentation for various 

functions to create the desired structure from the previous idea conception stage. The 

second stage resulted in approximate 6 hours of studio time. Upon gaining a general idea 

of the garment’s silhouette, potential components, and the overall design aesthetic, it was 

natural to define CAD tools that would support the development of the ribbon structure. 

The CAD tool exploration stage was a trial and error process that at the same time offers 

the opportunity to reflect and preplan for the later digital 3D modeling stage using the 

Rhino programs. In this stage, taking in consideration Chapter 4 findings regarding the 

use of computer accessories to improve the natural mouse control, a 3D mouse was 

explored in the left hand with an ergonomic mouse in the right hand to test various 

functions in CAD software using a laptop computer. Also, the CAD learning curve was 

decreased in this phase as both comfort and adaption developed in the Rhino program.  

 Rhino Tools 

Like most 3D CAD programs, Rhino is designed with a main menu that 

categorizes various shapes and forms into basic curves, surfaces, and solid forms. The 

software is designed with common use tool bar on the left side, command history bar on 
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the right side, and four main views (top, front, right, and perspective views) of the 

coordinate system in the center. In order to create the twisted ribbon structure, tools such 

as helix and spiral, were first explored in order to evaluate the feasibility and capacity in 

manipulating the length and shape required to fit the waist and hip portion of the body 

(Figure 5.4). However, some tools explored were not easy to apply in this process and 

they demand high proficiency working in Rhino, and comfort level in 3D CAD 

environments. More importantly, multiple operational steps were required to complete 

the simple action of size or scale alteration. This in turn increased delay between brain’s 

command and the visual and haptic experience. Thus, a disconnect was experienced 

between the natural physical response of design actions in a typical live studio setting and 

the static and physically restricting virtual environment. 

 

 

Figure 5.4 Helix and spiral tool application in Rhino program, shown in perspective 
view. 
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 3D Mouse Exploration 

The 3D mouse application consists of a training phase, where its 6 degrees of 

freedom (6DOF) capability is adapted in and configured to the Rhino program. 

Essentially, the knob on the 3D mouse allows 3D object manipulation in 12 different 

directions and it simulates the natural action of grabbing and rotating the 3D object 

(Figure. 5.5.a). To further improve the natural haptic experience in digital 3D modeling, 

the ergonomic mouse was utilized in the opposite hand to control and click various CAD 

commands (Figure 5.5.b). The adaption of the 3D mouse started with a challenge in 

remembering all axis with the tilt and roll directions being most difficult to adjust. Upon 

the completion of the CAD tool exploration stage, the manipulation of the 3D mouse 

knob soon became natural without the mental translation of all the 12 directions of the 

6DOF capability. Thus, it was able to reduce the disconnect between visual and haptic 

perceptions and reduced interpretation of the x-y-z coordinate system when exploring 

objects and planes in Rhino.  

 

a. b. 
 

Figure 5.5 6 degree of freedom (6 DOF) mapping for 3D mouse (a); ergonomic mouse 
by Penguin (b)43. 

                                                
43 Photo from http://www.amazon.com/Posturite-9820102-Penguin-Medium-
Wireless/dp/B007GFYMQK/ref=sr_1_4?ie=UTF8&qid=1437054201&sr=8-4&keywords=penguin+mouse 
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 Reflection 

The CAD tool exploration stage was in general an equally visual and haptic 

oriented process. It was a haptic experience for the conscious adaption to the 3D mouse. 

The visual experience was a result of the constant use of visualization skill in 

comprehending the CAD tool application within this virtual space. Data from the Rhino 

tool experimentation suggested that the numerous orders of operation needed in 

completing various functions will further delay mental interpretation of objects and also 

create more disconnects between the live and virtual design experiences. In addition, the 

3D mouse was effective in simulating the action applied in object manipulation, such as 

grabbing and turning, and does not have a high learning curve in application. The use of 

the ergonomic mouse in combination with the 3D mouse further improved the natural 

physical action of 3D object manipulation in the CAD process.  

 Mock-up Experimentation 

The mock-up experimentation stage was mainly focused on development of the 

garment to gain an improved sense of the scale and fitting requirements using the twisted 

ribbon structure. This stage lasted approximately 6 hours. After obtaining a general 

understanding of various Rhino tools feasibility in creating the garment structure in the 

previous stage, it was important to evaluate the specific dimensions of this garment 

design. Thus, the focus group findings (Chapter 4) in using mock-ups to effectively 

experiment and brainstorm the later digital 3D modeling phase were adopted.  
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The mock-up material was the first concern due to the fact that the final 3DP 

material using SLS machine and nylon would be much stiffer in structure than 

conventional garment materials. To maintain and simulate this property for the mock-up 

material, paper bags were used and separated into strips for twisting in order to mimic the 

ribbon structure conceptualized for the garment (Figure 5.6). Each piece of paper ribbon 

was form fitted to a dress form using traditional draping techniques. In this process, most 

time was spent on form fitting the paper ribbon around the waist area and determining the 

design of the side seam joining area. 

 

Figure 5.6 Garment mock-up experimentation in front and back views using paper bag 
material. 

 Reflection 

The mock-up experimentation was mainly a haptic oriented experience. Some 

visual oriented experience occurred in evaluating garment scale and proportion, and in 
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mentally visualizing the form in the virtual design environment to determine potential 

garment component separation. Thus, object and spatial visualization occurred with the 

use of both hands-on and CAD tacit knowledge. At the same time, the understanding of 

3DP material, nylon, and print space limitation were referenced throughout the 

processing to seek potential problems. The most challenging part in draping the mock-up 

was to determine the space between the paper ribbons, which are required to balance 

garment fit and aesthetic needs, especially in the hip area. As with most apparel design 

experiences, the transition from the previous rough garment sketch to the mock-up is a 

shift from the 2D to 3D environment. This may be challenged by the lack of body volume 

presented in the 2D sketch showing only the flat front and back view of the garment 

design.  

 Hand Sketch Development 

The fourth stage of the design process consisted of detailed hand sketch 

development, which lasted for approximately 4 hours of studio time. Unlike the initial 

idea conception stage, the hand sketches here were much more refined, with specific 

dimensions and notes on potential issues for the later phases of the entire design process 

(Figure 5.7). Overall, the envisioned garment design consisted of a bodice and skirt 

portion. The bodice includes a cup to cover the bust area and is attached to a band at the 

empire waist. The skirt is intended to form fit through the waist area and cover parts of 

the hip.  

Aside from the refined garment illustration, each of the ribbon structures around 

the waist and hip areas was numbered in the front and back view. Also, the garment was 
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visualized with exploded components, referencing the SLS machine print space. Thus, a 

3D illustration of the printing chamber aided the visualization and decision on the size of 

each garment component. The specific length, height, thickness of each section was also 

noted based on the printing space limitation and prior knowledge of working with 3D 

printed nylon material. Also, the potential garment closure and component’s joint options 

were brainstormed and illustrated as part of preplanning. 

 

 

Figure 5.7 Detailed hand sketch in front and back views for preplanning.  

 Reflection 

The hand sketch development stage was overall a visual oriented experience and 

was focused on preplanning with problem identification and solution development. It was 

also a process of referencing and retrieving the knowledge gained from the prior mock-up 

experimentation stage. The main purpose here was to create more a refined visual of the 
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garment design with specific measurements and dimensions of various components. This 

process employed much previous hands-on knowledge in apparel design and knowledge 

of SLS printing technology to evaluate the maximum size of each component in the 

printing chamber. Thus, much mental imaging was employed to mentally simulate the 

objects’ assembly and joining methods.  

 

 

 CAD Tool Planning 

The fifth stage was focused on further CAD tool explorations to aid the 

preplanning of the digital 3D modeling process for this garment design. This was a 

process that lasted for approximately 9 hours. This stage was not only a way to envision 

the workflow and consolidating CAD tool applications for the following modeling stage, 

but also a period to increase the comfort level in comprehending the Rhino tools within 

the CAD environment and effectively coordinating hands, eyes, and brain in applying 

both 3D and ergonomic mouse as well as using different CAD views and modes. 

Although the haptic experience of the mouse use has been natural, this process still faced 

the challenge in visually interpreting the 3D CAD environment in Rhino. 

After the completion of detailed hand sketch development in the prior stage, most 

garment components were generally clarified in terms of their shapes, volumes, and 

dimensions. Thus, the potential CAD tools used to build the desired structure needed to 

be specified one or more Rhino views (top, front, right, or perspective) to effectively 

interpret and understand the amount of change made in the object (Figure 5.8).  
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Figure 5.8 Various Rhino tool explorations in four dynamic views (top, front, right and 
perspective) during the CAD tool planning stage. 
 
 

Based on the component break down and categorization of shapes in 3D CAD 

programs, one can create lines and expand them to surfaces or cross sections and even 

solid forms with thickness. Unlike the earlier second stage, CAD tool exploration, most 

of the time was spent on the trial and error process of creating the helical shapes, which is 

based on line development. In this stage, different ways to creating surfaces and solid 

objects applicable to the garment structure were explored. The surface based tools used 

included Sweep 1 rail and Patch. The Sweep 1 rail tool is frequently used to create an 

organic flowing surface and requires a basic curve and a line added to one end of it to 

become the cross section or the width of the subsequent surface (Figure 5.9.a). Thus, one 

needs to be able to break down the intended surfaces into segments of edges in order to 

create the starting cross section. This tool is featured in the preplan for its simple 

application and its potential to create curved forms, such as the ribbon structure. 
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a. b. 

Figure 5.9 Example of Rhino surface tool applications, Sweep 1 rail (a) and patch (b) 
shown with line and surface comparison in four dynamic views (top, front, right, and 
perspective). 
 

The Patch tool, on the other hand, is often applied to fit a surface through selected 

curves for added volume. It requires an enclosed organic shape, such as a pear, on one 

plane of the x-y-z coordinate environment and additional curves on another plane that is 

perpendicular to the closed shape plane in order to define the depth of the volume (Figure 

5.9.b). This tool was chosen in the preplan to create a unique and organic shape around 

the bust area. Its order of operations mimicked the process of an apparel designer who 

visualizes the shape to cover the bust area, such as in a bra design that includes the shape 

and the depth of the cup. 

 After determining potentially useful CAD tools in Rhino, the preplan for the 

subsequent digital 3D modeling stage was more clearly defined with a list of order of 

operations categorized by garment bodice cup, bodice band, and skirt development. 

Alternative tools and order of operations also considered some potential changes in a 3D 

modeling workflow. In addition, the different surfaces were explored with various 
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thickness input in order to evaluate them visually in the CAD dynamic view for the 

feasibility in the garment design. 

 Reflection 

 Overall, the CAD tool planning stage involved a visually oriented experience, in 

which most cognitive processing relies on the interpretation of the CAD environments. 

There was also use of hands-on knowledge from previous apparel design practice to 

evaluate the feasibility of CAD shapes or surfaces created to fit a body. Consequently, 

there was use of mental images and mental object rotations to aid comprehension of the 

objects in the x-y-z coordinate environments. Minor haptic experiences were also 

involved in the use of selected computer accessories and hands/eye coordination. Further, 

this was an involved process in preplanning, with potential problem and solution 

identification for the following digital 3D modeling process. The appropriate CAD tools 

and possible order of operations were synthesized and categorized according to different 

sections of the garments in order to strategize an efficient workflow.  

 Digital 3D Modeling 

In the sixth stage, digital 3D modeling, the garment design was fully developed 

using Rhino, based on the CAD tools and procedures previously explored and planned. A 

total of 12 hour 36 minutes was spent on creating the garment design. This digital process 

was carried out in 6 design sessions, each lasting from 1.5 to 2.5 hours. During each 

modeling session, screen recording was applied to capture actions as they occurred in the 

CAD program, and the reflexive journal was used to help reflect-for, -in, and -on action. 

Also, considering the mental involvement of design activities, a timer set to 20 minutes 
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served as a reminder to record reflect-in-action thoughts during each modeling session. 

Upon the completion of each session, approximate 30 minutes was used to reflect-on the 

immediately completed session and reflect-for the next modeling session. Thus, the 

studio time calculated for this stage includes both the actual CAD activity and the 

journaling periods.   

With the possible procedures and solutions developed in the fifth stage, CAD tool 

planning, the digital modeling phase was able to proceed with the sense of a starting 

point. The digital design outcome consisted of a bodice and a skirt portion that are 

connected by an empire waistband. The bodice portion is made up of bodice cups and 

bodice band, and the skirt portion is made up of a number of custom fitted twisted ribbon 

structures and 3D modeled in sections of front, back and sides. The data from this stage 

were analyzed in two categories, based on the structural designs of the garment, the 

bodice and the skirt. The skirt portion consumed many more studio hours to complete 

when compared to the bodice section (Figure 5.10).  

 

 

Figure 5.10 Timeline (hour) of garment development during the digital 3D modeling 
stage; shown in various garment sections; duration: 12 hour 36 minutes. 
 

For data analysis, the screen recording of each modeling session was examined 

using behavior analytical software by predetermined codes. There were thirty preselected 
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codes that were categorized in terms of different types of CAD actions (Table 5.1). The 

first category of the codes centered on various 3D CAD view options that aid the 

visualization of object or space during the process. It includes actions of object zoom in 

and out, utilization of CAD front, side, top, and perspective view, and the changes of 

different object view or display modes to enable a different object internal or external 

evaluation. 

 
Table 5.2 Codes utilized in analyzing screen recoding data of the digital 3D modeling 
stage. 
 

 Code  Code 
3D CAD view 
action 

• Zoom in  
• Zoom out 
• CAD front view 
• CAD side view 
• CAD top view 
• CAD perspective view 
• View mode change 

Object 
transformation 

• Point edit object 
• Boolean (connect object) 
• Split object 
• Scale object 
• Mirror object  
• Bend object 
• Sweep 1 rail (irregular 

surface formation) 
• Explode object (object 

separation from solid to 
surfaces 

• Helix or spiral 
    
Object 
movement  

• Manual object rotation  
• Automatic object 

rotation  
• Drag/moving object 

(all 6 directions) 
 

Design 
efficiency & 
organization 

• Duplicating object 
• Lock/unlock 
• CAD space organization 
• Avatar  

    
Object format • Line (polyline)  

• Curve  
• Surface  
• Solid 

Miscellaneous • Tool exploration  
• Tool searching  
• Command line application  
• Other action 

 
 

With the second category of the codes, the object movement category consists of 

manual object rotation without a specified degree of angle, such as rotating the avatar or a 

garment section using the 3D mouse nob or using the Rhino gumball command to rotate 
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the angle in various planes. There is also automatic object rotation using specified degree 

of angle in the gumball command and drag object in all six directions in the x-y-z 

coordinate system using the gumball command. The third category codes are related to 

the format of objects in line or polyline, curve, surface, and solid. This entails the type of 

object used to make change during the digital 3D modeling process. This category 

suggests the strategy used at the time of object manipulation. 

The fourth category is object transformation and development, and includes 

Rhino commands or actions that are applied to manipulate the objects with various 

formats. The point edit allows changing of shapes for polyline, curve or surface based 

objects. The Boolean command is applied to connect solid objects, and the split action is 

applied to separating objects of various forms using self-created cutting objects. The 

mirror command is to reflect an object, and the bend function is applied to change the 

angle and curve of a object in various directions. The sweep 1 rail command is used to 

create surfaces from curve or line based object using a predefined object cross-section 

shape. 

The fifth category consists of miscellaneous CAD actions and it aids efficiency or 

directly involves the organization of the 3D modeling design flow. This category includes 

duplicating objects using copy and paste command, lock and unlock objects in the virtual 

space to eliminate unwanted selections, CAD space organization for arranging active or 

inactive objects in the space, and the use of the avatar as the virtual dress form to 

effectively 3D model the garment. The final category of miscellaneous CAD actions 

includes tool exploration, tool searching, and the use of the Rhino command line 

function, which involves other actions that are not direct CAD manipulations and consist 
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of journaling, slowing down in the CAD program, and thinking during the modeling 

process. 

For data analysis the coding results in each portion of the garment were analyzed 

against the journal content during reflective practice. The reflection made before, during 

or after the CAD process was coded based on 23 different codes grouped in six categories 

(Table 5.3). The first category was tacit knowledge application, which involved the use of 

traditional apparel design knowledge, such as standard ease measurements, physical 

memory retrieval in hands-on apparel fitting or draping experience using a dress form, 

spatial knowledge in estimating size and dimension, 3D CAD procedural knowledge in 

working with Rhino during or prior to this stage, and knowledge in 3DP and 3DP 

materials. The second category focused on visualization based on the investigator’s visual 

experience in its digital process. Here, both spatial and object visualization reflection 

were coded with the consideration of 3D CAD display and view options in Rhino. The 

third category is object manual exploration or haptic experience, where actions of object 

rotation or angle adjustments, zoom in or out, drag or move, as well as other CAD tool 

applications were coded. This group also coded reflections on using an avatar as a virtual 

dress form and on the 3D mouse.  

 The fourth category is concerned with the solutions during problem solving in the 

digital 3D modeling process in Rhino. It codes both problem or challenge identification 

and solution identification. The fifth category is the organization and planning of the 

digital workflow. This reflection is also coded in terms of order of operation planning and 

3D CAD efficiency. The last reflection category, miscellaneous considerations, consists 

of physical body movement in the CAD setting, emotions involved during the digital 
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design process as well as the aesthetic consideration being made regarding the garment’s 

overall proportion or scale. 

 
Table 5.3 Codes utilized in analyzing journal reflection during the digital 3D modeling 
stage. 

 
 Code  Code 
Tacit 
knowledge 
application 

• Apparel design 
knowledge 

• Physical memory 
retrieval 

• Spatial knowledge 
• 3D CAD procedural 

knowledge 
• 3DP capability & 3DP 

material knowledge 

Solution • Problem identification 
• Solution identification  

    
Visualization • Spatial visualization skill 

• Object visualization skill 
• 3D CAD display  
• 3D CAD view 
 

Organization 
& planning 

• Organization of work 
space or flow 

• Order of operation 
planning 

• 3D CAD efficiency 
    
Object 
manual 
exploration 

• Object rotation/angel 
• Zoom in/out 
• Object drag/move 
• 3D CAD tool application 
• Avatar application 
• 3D mouse application 

Miscellaneous 
considerations 

• Physical body 
movement   

• Emotion  
• Aesthetic consideration 

(proportion/scale) 

  

 Bodice Cup 

The bodice portion of the garment was developed through two modeling sessions 

using 5 hours 8 minutes to complete. The bodice portion was developed in forms of two 

cups covering the bust area that were connected to a band at the empire waist. The first 

garment component to be established was the bodice cups. From the aesthetic 

perspective, they were designed in a pear shape that is intended to connect to textile 

ribbons at the neck to achieve a halter style. Due to the limitation in the 3D CAD 
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program available to fix the avatar surface polygon and the risk of altering the 

measurements accuracy, the avatar was not smoothed for this study. Thus, the avatar 

applied in this stage appeared with slightly bumped surface due to the polygon error from 

the previous 3D body scan. 

 Procedure 

The bodice cup was developed using basic curved lines to form an enclosed frame 

to establish the cup shape, and individual intersecting curved lines were added to the flat 

shape to create the depth or volume of the cup (Figure 5.11.a). Then, the cup was 

contoured to the bust using point edit command to allow more specific adjustment in the 

shape. Once the desired frame was created, the patch command was applied to it to form 

a surface (Figure 5.11.b). The original frame was removed for backup use. The point edit 

command was applied again to the patched surface to further refine the shape and contour 

of the cup (Figure 5.11.c). The final cup was reflected to the right using the mirror 

command (Figure 5.11.d). Later, 1.5 mm thickness was added to complete the surface to 

solid conversion. Further, in the use of CAD dynamic view, the side view was applied in 

conjunction with the perspective view in judging closeness of the bodice cup to the 

surface of the avatar. 
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a. b.     

c. d. 
 

Figure 5.11 Frame of the bodice cup in curve format using point edit command (a), 
surface format using patch command (b), surface format using point edit command and 
gumball dragging/rotating tool (c), and in surface format using mirrored command (d), 
shown in Rhino perspective view and rendered and ghosted display modes. 
 
 

 Screen Recording 

In this portion of the garment modeling, the screen recording data indicated there 

was a need to visually interpret the silhouette and the depth of the curvature in order to 

effectively contour the bodice cup, considering the unique curve of the female bust 

(Appendix D). The curve depth here served as guideline for the volume of the bodice cup 

before the patch command was applied form the cup surface. Besides using the Rhino 

gumball tool (Figure 5.11.c) to drag or move objects in all six directions of the x-y-z 

coordinate system, the bust cup manipulation was implemented through active manual 

rotations of the object with the same tool. This action was accompanied with the constant 
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use of perspective view in order to observe the object adjustment from all directions. In 

addition, the front view was used frequently in the beginning during the development of 

the cup shape. Then, the side view was actively used to visualize the angle of the cup 

contour in both curved frame and surface format.  

The display mode began with the rendered mode in order to understand the curve 

of the bust area through the aid of shadows and highlights. However, this display mode 

does not contrast the garment from the avatar in color. Thus, during the later bodice cup 

manipulation, the display mode changed to the ghosted and the garment color was set to 

orange in order to more effectively evaluate the design for aesthetic purpose. Lastly, once 

the cup shape and depth was roughly determined, thickness was applied a number of 

times to transition the cup surface to the solid format to better evaluate the outcome of the 

cup design and fit around the bust area.  

 Journal Reflection 

 Based on the journal reflection data, this process relied on some of the 3D CAD 

procedural knowledge from the recent tool explorations and planning during design stage 

2 and 5. On the other hand, the evaluation of the bodice cup fit and design relied much on 

the application of tacit knowledge from traditional apparel design training. The 

understanding of the relationship between the female body and garment fit aided the 

overall shape design and the decision made in contouring. In addition, the physical 

memory of draping on a dress form was referenced and further interpreted mentally to 

understand the potential problems in the fitting. Here, spatial visualization skill was 

applied to mentally evaluate all sides of the draping experience from prior practice. 
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Object visualization skill was applied to visualize the appearance of the bodice cup 

design for aesthetic consideration. It was also utilized to mentally evaluate the various 

proportions before making any adjustment in the CAD program. Furthermore, the Rhino 

ghost display mode were helpful in evaluating the cup design through the visibility of 

both the wireframes for structure evaluation and the subtle highlighted surfaces to show 

depth and dimension (Figure 5.11. b-d). In terms of CAD dynamic view use, the side 

view was most effective when applied in conjunction with the perspective view, in 

judging the position and distance of the bodice cup to the body or the surface of the 

avatar. Also, the front view was helpful in evaluating the symmetry of the bodice cup 

when mirrored into a pair.  

In object manual exploration, the above-mentioned reflection further helped to 

strategize the later objects manipulation. The Rhino gumball tool was effective in 

allowing ease in rotating and moving objects with handles facing all six directions. Thus, 

the eye and the mind can concentrate on evaluating other factors of the cup shaping and 

contouring without worrying whether the object is rotated on an intended plane and 

direction. However, it was still challenging to rotate the individual curve segments to 

align to the enclosed pear shape of the bodice cup frame to ensure a smoothed surface 

when using the patch command (Figure 5.11.a). Here, the frequent use of the point edit 

tool was effectively applied to actively examine the shape and depth of the cup frame and 

surface. On the other hand, the virtual avatar was not effective in providing a clear 

guideline on the level of bust point; thus, a straight polyline was created and positioned in 

front of the bust to help visually evaluate the position of the bodice cup. In addition, the 
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avatar was found to be asymmetrical and created a challenge in fitting the mirrored 

bodice cup on the opposite side of the body at the same angle and position.  

For physical body movement and emotion reflection, there was physical 

constraint in the way the body was positioned at the desk with a computer monitor, 

keyboard and mouse. Thus, there was some physical exhaustion and loss of attention. 

Frustrations occurred during the application of the point edit command in the 

manipulation of the cup surface. Due to the challenge in creating a well balanced cup 

frame, the patched cup surface resulted in some bumps at the edge, and there was a 

natural urge to physically smooth the ill fitted area with the hands due to the digital 

numerous procedures to achieve the same results. Overall, the more focused the 

investigator was, the more the body naturally leaned toward the computer monitor to 

have “a closer look at the object.”  

  In terms of organization and planning, there were a few strategies applied to 

support overall CAD efficiency. The bodice cup frame in the curve form was utilized as a 

foundation for further replication when adjustment was needed. Here, considering the cup 

frame can be converted into a surface then a solid object at a few button clicks, the frame 

was treated as a flat pattern in traditional apparel design processes.  It was also moved 

away from the avatar, the main working area, and locked to prevent crowding over the 

virtual design space.  
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 Bodice band 

 Procedure 

Upon the completion of the bodice cup modeling, the basic curve shape was 

applied to create the contour of the band for the front right side (Figure 5.12.a). In order 

to create a solid band structure, the surface was created from this contoured curve. The 

width of the band (15mm) was added to one end of the curve in a perpendicular position 

so that it became the cross section of the surface. The Rhino sweep 1 rail command was 

applied to create the surface in Figure 5.12.b., and 3mm was defined for the thickness of 

the band using the offset command for the surface to solid conversion (Figure 5.12.c). 

Then, the bodice cup was adjusted in height to meet the position of the band. The band 

was then mirror to the other side and joined at the center using the boolean command 

(Figure 5.12.d). Space was also added to allow room between the band and the body 

considering the skirt pieces that were later attached behind the bodice band.  

 The bodice band development also includes the back fitting. The same initial 

curve was duplicated and point edited for the curve of the backside. When converted to 

the surface format, it was contoured at the side seam to meet the curvature of the back 

(Figure 5.12.e). At the side, it was also important to meet the front bodice band at the 

right level. When the back band surface was offset to the solid form, it was mirrored to 

the other side and attached like the front band. To finish the bodice, the front cups were 

attached to the front band using the boolean command so that the bottom edges were 

blended into the top edges of the front band. 
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a. b. 

c. d. 

e. f. 
 
Figure 5.12 Bodice band cross section development for surface development using 
polyline and curve (a), in surface format using sweep 1 rail command (b), in solid format 
using offsetting command (c), in mirror pair and adjusted position with the bodice cups 
(d), in surface format using point edit command for side seam fitting (e), in solid format 
and mirror pair in back side (f); shown in Rhino perspective view and rendered and 
ghosted display modes. 
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 Screen Recording 

Based on the results of the screen recording data coding (Appendix D), the front 

band development involved frequent rotation of the avatar so that the space between the 

curves of the band and the body could be evaluated for fit and ease. Thus, the point edit 

command and the gumball dragging tool were applied to manipulate the position and 

shape for better contouring. When converting the curve into the single surface band, there 

was significant time spent on applying the line or polyline object format to create the 

width due to the challenge in positioning it as perpendicular to the initial band curve. In 

the period of modeling process discussed above, the front and perspective view were 

actively used interchangeably in order to examine the position of the band cross-section 

line for later surface developments.   

Once the band surface was created, the avatar was often rotated to examine the 

space between the body and the band. The band surface was dragged or shifted 

intermittently during the avatar rotation. In this process, the perspective and the side 

views were used in combination to aid in the evaluation of space and make decisions on 

the band closeness to the body. The band was also converted to solid format in numerous 

times in order to explore the outcome of the distance adjustment in its final form. Further, 

the avatar was also frequently rotated to evaluate the space created between the body and 

the garment after attaching the bodice cups to the front band (Figure. 5.13). Thus, the 

zoom in command was actively applied to closely inspect this area.  
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Figure 5.13 Space evaluation at the bodice cup and band joint in perspective view.  

  

In the later part of the bodice band development, the back contouring was 

extensive in point editing regarding the band in its surface format. The back band 

creation involved many avatar rotations during the side seam fitting.  Similar to the front 

band contouring, the spaces between the band and the body needed to be closely 

examined. Thus, this process mostly relied on using the perspective view and frequent 

object zoom in command. During this process, the back band was also examined with 

frequent applications of solid format conversions so that it was matched to the front band 

at the sides seamlessly.  

 Journal Reflection 

Based on the reflexive journal contents on the bodice band 3D modeling, more 

challenges were encountered in the bodice band 3D modeling when compared to the 

bodice cup development due to the challenge in the back band contouring. In this portion, 

tacit knowledge was applied mainly through the use of spatial knowledge and traditional 

apparel design knowledge. The distance between the band and the body needed to be 

evaluated against both the fit and the functionality of the overall garment. Additional 
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spaces were added to accommodate the thickness of the individual ribbon pieces for the 

skirt portion that would be attached to the back of the front bodice band. Also, traditional 

apparel design knowledge in understanding the body form was utilized in the band 

contouring at the side seam and back. This process would not have been efficient if the 

3D CAD procedural knowledge was limited. It required the succinct use of the 

appropriate CAD tools to create alternative solutions that react to various fitting 

challenges. For instance, once the back band was created in the surface format, it was 

positioned at a straight angle perpendicular to the floor. However, the silhouette of the 

body concaves at the waist and represents a slanted angle from the side view (Figure 

5.14.a). Therefore, CAD procedural knowledge allowed a decision-making action in 

point editing the lower edge of the back band (Figure 5.14.b). Furthermore, the thickness 

and flexibility of the band were also considered based on the understanding of the 3DP 

materials used in the design.  

 

 a. b. 

Figure 5.14 Point editing the surface format of the back bodice band in side view (a) and 
perspective close up view (b). 
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In terms of reflection for the object visualization experience, much spatial 

visualization was utilized in mentally rotating the bodice band to determine which 3D 

CAD view was most effective to use for manipulation at a specific angle or plane. Thus, 

the side view was actively used with the perspective view to judge bodice band contour. 

It was also difficult to translate depth or space between objects in the CAD environment.  

For object manual exploration, the avatar was rotated actively with zoom in 

command to support the bodice fit evaluation. However, the avatar was not effective in 

identifying the center and side seam for front and back joints. Thus, a straight guideline 

was also developed here as in the bodice cup development. The avatar was also found 

challenging in fitting since its left and right side were not identical possibly due to the 

subject’s body movements in the 3D scanning. Therefore, the bodice band reflected on 

one side does not fit the same on both sides, just as in the bodice cup fitting process. 

Regarding the 3D mouse, it was effective and natural to use when rotating the avatar for 

fit examination in tilting forward and backward, rolling left and right, spinning clockwise 

and counter-clockwise directions. This allowed the attention to be focused on evaluating 

garment fit as oppose to deciding which plane to use in shifting the object.  

In terms of the design organization and planning, there were few key reflections 

made. As the design progressed, more curve-based objects were produced as the unused 

pieces when surface formats were applied. Previously, these objects were compared to 

the flat patterns developed in traditional apparel design process. Thus, the virtual design 

space needed to be organized so that it was free of clutter. As a result, the lock and 

unlock command was effective in deactivating the unused objects. These objects were 

also consolidated to one designated area of the design space for later use. At times, the 
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coordinating object being manipulated needed to be recreated after a set of undesired 

manipulations. Also, when these objects were stored as the “pattern” of the garment, 

there was also an urge to label each piece so they can be quickly identified when later use 

was necessary.  

Lastly, in terms of physical body movement, there was a tendency to lean closer 

to the computer as the rate of evaluating spaces between object increases. However, when 

adjusting the bodice band and cup for the most appropriate fit, the urge of using hands to 

manipulate the objects still existed, which resulted in much frustration.  

 Skirt Front 

The skirt portion of the garment was developed through four digital modeling 

sessions using 7 hour 28 minute to complete. This part of the garment was developed in 

front, back and side sections. Here, data analysis is presented following each section 

accordingly.  

 Procedures 

Following the completion of the garment bodice, the skirt portion started with 

establishing the structural pattern in the front. Based on the previous design hand sketch, 

the twisted ribbon strips were first created and positioned diagonally to achieve a swirl 

effect in the garment. The twisted ribbon strips were developed using the helix tool, 

which is categorized under the curve in Rhino (Figure 5.15.a). The helix structure was 

stretched to the ideal length using the scale function in the gumball tool. The size of the 

helix was determined based on the amount of coverage around the waist area at the 

diagonal position The helix was then contoured to the upper and lower waist sections 
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using the bend command and the aid of the side view to evaluate the appropriate angle for 

manipulating the curve (Figure 5.15.b). Due to the plan to attach the ribbon pieces 

underneath the bodice band, the helix was also point edited to be flatter at the top edge so 

that it would easily match the flat surface of the bodice band.  

The twisted ribbons were converted to the surface format, using the sweep 1 rail 

command with predefined width of 1 cm and was duplicated and spaced out across the 

front of the skirt to include ten pieces (Figure 5.15.c). Due to the different contour angles 

across the front waist area, each of the ribbon pieces had a specific individual form fitted 

to the avatar using the bend command to manipulate the arch of each ribbon strip (Figure 

5.15.d). These strips were also rotated at various angles horizontally to reflect the 

curvature of the abdominal area. The pieces close to the left side seam were also 

shortened accordingly. 
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a.  b.

c. d.  

 e. f. 
 

Figure 5.15 Twisted ribbon developed in curve format using the helix, scale and point 
edit command (a), twisted ribbon in curve format contoured around the waist using the 
bend command (b), contoured ribbon in surface format duplicated and spaced out across 
the front waist (c), twisted ribbon in surface format further contoured using the bend 
command (d), twisted ribbon in surface format extended below and contoured around the 
hip area using the spiral and bend command (e), and extension ribbon pieces in surface 
format developed for the front right side using the spiral, scale and bend command (f); 
shown in Rhino perspective view and ghosted display modes. 
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Based on the garment design, the twisted ribbon strips wrap around the hip area in 

a semi-fitted form. Once the twisted ribbons on the skirt front were spaced out, the 

extension strips were added to the ends to cover parts of the hip using the spiral 

command due to aesthetic consideration. One end of the spiral was defined smaller than 

the other to create a tapered look for the skirt hip extensions. In Figure 5.15.e, the spiral 

was converted into surface format using the sweep 1 rail command and positioned next to 

existing each ribbon strip at the waist area. These pieces were also contoured to the hip 

following the same diagonal line as the waist piece. However, the ends of these pieces 

were manipulated with a smaller angle so that they present a radial effect to reflect the 

hip silhouette.  

The last step in developing the skirt front was to create the hip ribbon extensions 

at the right side (Figure 5.15.f). The spiral curve created in Figure 5.15.e was duplicated 

and used for this garment section. These pieces in the surface format were positioned in 

the opposite direction against the diagonal flow of the skirt left. Unlike the left side 

extensions, each of these was further semi-contoured through both waist and hip area 

using the bend tool. At the same time, they were shortened proportionally using the scale 

command as a ribbon moves higher and closer to the waist. They were also bent 

downward for aesthetic consideration to achieve a more natural flow in the style lines of 

the garment.  

 Screen recording 

Based on the screen recording data (Appendix D), digital modeling for the skirt 

front involved much use of manual rotation of the avatar. It accompanied the constant 
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dragging or shifting of the helix structure in order to evaluate its closeness or fit to the 

body. There was also active conversion of the helix from curve to surface format in order 

to examine the appropriate fit with the added ribbon width dimension in the surface 

format. The screen recording data also shows frequent use of the point edit command to 

manipulate the helix curve at the top ends to accommodate the shape of the bodice band 

where the ribbons were later attached. The coded data also showed that the front view in 

the Rhino program was used in the beginning to help determine the scale and diagonal 

angle of the ribbons once the helix structure was created. Also, throughout the earlier 

stage of skirt front development where the helix structure was manipulated to form fit to 

the body.  

 In the later development of the skirt front when contouring the ribbon strips to the 

body using the bend tool, the avatar was constantly manipulated through the manual 

rotation and use of object dragging action. Here, more time was spent to visually evaluate 

the fit through avatar rotation than moving the ribbon strips to an exact or an ideal 

location. In addition, the ribbon strips were frequently locked to deactivate and prevent 

the accidental selection of unwanted objects. The lock capability also shades the inactive 

objects so that the eyes can concentrate only on the object at hand and thus improve the 

digital workflow efficiency.  

Further, the zoom in and out functions were mostly applied when bend tool was 

active, as the eyes needed a closer view of the avatar for inspecting the closeness of the 

ribbons to the body. Also, this phase mainly relied on the perspective view, but the side 

view was the second most used action due to the ribbon bending at the y-axes. The front 
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view was applied when ribbons were required to be bent at the z-axes in order to further 

define the angle of the diagonal style line of the garment.  

 Journal reflection 

  When reviewing the data from the journal reflection, the skirt front development 

intensively relied on the hands-on tacit knowledge as occurred in the bodice modeling. It 

involved the use of apparel design knowledge when trying to form a fit to the ribbon 

strips to the curvature of the waist and hip area. For instance, the higher waist area was 

understood to require more form fitted structure for comfort based on prior hands-on 

practice and the awareness of the female body. This consideration was limited to the 

body in standing position with constrain to a range of movement due to the 3DP material 

applied. Thus, the ribbons were edited to become flatter in the top area where it is closer 

to the bodice under the empire waistline. Also, a great deal of physical memory from the 

prior hands-on draping experience was referenced to understand the female body and at 

which area it would need more movement in the garment. The angle of a ribbon bend was 

determined as the mental image that was retrieved from smoothing fabric over the dress 

form in real life. In another case, the ribbon arch for the hip extension closing to the 

crotch area was a result of referencing knowledge of body movement. When the body 

walks, the ribbon piece at the hip extension would be in the way if it form fits around the 

hip without any ease for walking. Thus, due to the complexity of the CAD procedures, 

more physical memory was referenced in body areas where extensive contouring was 

needed.  
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Further, spatial knowledge was applied here so that the mind would quickly 

estimate the point along the ribbons where the bending could apply. In order to help 

better enhance the workflow, 3D CAD procedural knowledge from both prior design 

stages and practice was utilized here as well. In addition to the above tacit knowledge 

discussed, the 3DP material property and flexibility, nylon in this case, was referenced 

and considered for the diameter of the initial helix structure and the width of the ribbon 

strips appropriate for the body comfort.  

 Based on the object visualization, much spatial visualization skill was used in 

mentally rotating the ribbon-bending outcome. In order to best manipulate the arch of the 

ribbons during fitting, a CAD view had to be determined to alter the ribbons in a desired 

direction. Thus, prior mental visualization often occurred in the course of this decision, 

especially in the earlier stage of the bend tool application. The object visualization skill 

was applied frequently in order to visualize the appearance of the diagonal angle of each 

ribbon strip from the front view of the garment design. However, when applying object 

visualization skills to mentally reference the 2D hands sketch design, there was a 

disconnect found between 2D drawing and 3D virtual design. Since the typical hand 

sketch does not provide the volume of the body form, it was a challenge to visualize 

garment design on the body curve from the side views since that is not an area that was of 

most concern in the traditional practice.  As for the CAD display mode, in the ghosted 

view it was sometimes difficult to see whether the object, or ribbon, was dragged to far 

into the avatar as oppose to laying on its surface. Further, although the perspective in 3D 

CAD is effective in visualizing all dynamics of an object, it was not effective in the use 

of the bending tool. In the application of ribbon bending, it was difficult to determine 
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which 3D CAD view to use when applying the bend tool. The angle of bending need to 

be considered with the conscious selection of x, y or z axes in which the bending would 

occur, especially at the most concaved area of the waist.  

 In addition to the challenges mentioned above in ribbon bending, the object 

manual exploration experience was also involved in the strategy in bending the ribbons at 

a certain point along the strips. Where waist and hip contour is most curved, the ribbon 

bending needed to meet one section at a time to accommodate the complex change in the 

body curvature. This was one of the most challenging and frustrating situations and there 

was a desire to be able to use physical hands to complete the task. In addition, the 

development of the skirt right hip extensions was challenged since it required a smooth 

transition from the high waist area to the widest hip area. On the other hand, the 3D 

mouse with 6 degree of freedom capability was efficient in spinning the avatar around 

when inspecting the fit of the ribbon pieces, which allowed the entire process of object 

manual manipulation to be less cumbersome and allow attention to be focused on 

evaluating garment fit and design. In addition, the Rhino gumball tool was useful in 

rotating each of the ribbon pieces but still required much visual analysis in the object 

dragging task.  

 For physical body movement, there was a natural intention to lean close to the 

computer monitor when something at a small scale needed to be edited, such as point 

editing the curve or inspecting tiny spaces between objects. At times, the urge to apply 

physical hands to form fit the hip extensions to the avatar also occurred in this process. 

Overall, the skirt front development was rather less frustrating than the prior bodice 

development due to the reduced contouring activities. Regarding aesthetic considerations, 
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this section involved frequent decision-making in terms of the density of the ribbon 

pieces across the front skirt and the amount of contour at the hip area. In organization and 

planning, the skirt front involved much object duplication that increased the efficiency of 

the digital design process. The pre-contoured ribbon pieces in the surface format were 

copied across the front then rotated at different angles for later adjustment for fit.  

 Skirt Back 

 Procedure 

The skirt back portion of the garment was designed with a row of twisted ribbon 

structures all across the garment back. The helix tool was again used to develop the 

original ribbon curve (Figure 5.16.a). It was compared to the front ribbon strips for size 

and proportion consideration. It was also point edited at the top portion to create a smaller 

diameter in the helix or a flatter section to fit the less curved surface of the avatar back. 

Once the initial helix structure was finalized, it was contoured to the concaved arch in the 

back (Figure 5.16.b). The sweep 1 rail command was applied to the helix for the curve to 

surface conversion. The ribbon pieces were then duplicated and moved across the back 

and aligned with the back bodice band.  

Once the space between each ribbon piece in the back was determined, using the 

bend tool, the bottom end of the ribbon was spread outward to form a radial pattern to 

reflect the wider silhouette of the hip area (Figure 5.16.c). Finally, the duplicated ribbon 

pieces were positioned along the curve of the bodice band using the rotation command. 

They were also further contoured to the back at the hip level using the bend command. 

The amount of ribbon piece separation was adjusted by bending the ribbon pieces in 
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opposite directions to achieve a smooth transition (Figure 5.16.d). Here the gumball tool 

was applied when the objected needed to be dragged or rotated with a particular angle.  

 

a.  b. 

c. d. 
 
Figure 5.16 Twisted ribbon developed in curve format using the helix, scale and point 
edit command (a), twisted ribbon in surface format contoured to the waist and hip curve 
using the bend command (b), contoured ribbon in surface format spaced out and 
contoured at the hip area using the bend command (c), ribbon in surface format 
duplicated, spaced out across the back waist and hip area (d); shown in Rhino perspective 
view and ghosted display modes. 
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 Screen Recording 

Based on the coded screen recording data (Appendix D), this section involved a 

bit of exploration in the 3D CAD program. It started with using the duplicated ribbon 

pieces in the surface format from the front skirt, but it was not successful. It was then 

decided to react to the ribbon strips using a new helix curve. In the process of evaluating 

the appropriateness of the front skirt ribbon for the curve of the back, there was much 

manual avatar rotation during object dragging actions. Later, when a new helix was 

developed, manual avatar rotation was also applied when point edit was activated on the 

curve.  

In this section, the 3D CAD perspective view was most frequently applied for an 

inclusive visual evaluation of the fit and shape of the ribbon in the back. There was some 

use of the front, side, and top view in conjunction with the perspective view when the 

bend tool was involved. Further, the zoom in and out action was, at the most, applied 

when the helix in curve format was being point edited.  

 Journal Reflection 

Based on the reflexive journal content, the skirt back development relied on the 

combination of apparel design knowledge and 3D CAD procedural knowledge. When 

manipulating the arch of each ribbon piece to fit the concave silhouette of the back waist, 

one must determine at which point to start the bend along the ribbon, and how to much to 

bend in order to further contour around the hip area. It was best to start rather straight 

with a limited arch and bend in a rather large angle in the opposite direction of the hip 

curve in order to contour to the hip area. Thus, the ribbon essentially would be applied 
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several times in a zigzag pattern. Here, tacit knowledge from apparel design practice 

supported the understanding of the curvature angles in the female body form, and 3D 

CAD knowledge aided in visualizing and planning the specific procedure in accomplish 

such ribbon bending in an efficient manner.  

In terms of object visualization, the skirt back modeling required mostly spatial 

visualization skills in order to mentally visualized the ribbon contouring procedures and 

outcome from different perspective ahead of time to allow succinct design process and 

reduce time delay in idea implementation. However, challenge did exist in the visualizing 

and interpreting depth in and between objects in the perspective view, which created a 

barrier in effectively evaluating potential problem during the digital process. 

In terms of object visualization, the skirt back modeling required mostly spatial 

visualization skills in order to mentally visualized the ribbon contouring procedures and 

outcome from different perspectives ahead of time to allow succinct design process and 

reduce time delay in idea implementations. However, challenges did exist in visualizing 

and interpreting depth in and between objects in the perspective view, which created a 

barrier in effectively evaluating potential problems during the digital processing. 

 Skirt Side 

 Procedure 

The skirt side was edited last in the garment digital modeling process. The ribbon 

pieces from the front side, extended to the side seam area, were the first two pieces to 

consider in refining the placement of these ribbon strips on the garment skirt (Figure 

5.17.a). The two ribbons were bent downward so that there is a more similar diagonal 
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position between the front and back skirt portions. Then, the back ribbon pieces close to 

the side seam area were re-angled and repositioned so that they followed the same 

diagonal style.  

Attention was then paid to refining fit on the skirt right front. The pieces here 

were shifted upward to determine the appropriate amount of space in between them 

(Figure 5.17.b). Also in this step, these ribbon pieces were bent downward so they 

wrapped around the hip in a natural way, with amount of looseness remaining based on 

the initial design sketch. Finally, the strips close to the waist area were contoured towards 

the back so that the silhouette of the garment is fitted through the waist section and 

expanded outward at hip level (Figure 5.17.c).   

 

a.  b. c. 
  
Figure 5.17 The ribbon in curve format wrapped from the front was manipulated in 
straighter fashion at the side seam to provide more natural transition with the back pieces 
using the bend command (a), twisted ribbon in surface format at the front skirt right was 
spaced out and arched to fall downward at the side seam using the bend command (b), 
front skirt side ribbon extensions in surface format fitted along the waist and hip contour 
area at the side seam using the bend command (c); shown in Rhino perspective view and 
ghosted display modes. 
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 Screen Recording 

In the coded screen recording data (Appendix D), the skirt side development 

involved simple CAD actions. There was frequent manual avatar rotation, which was 

applied with the same amount of object dragging actions. Here, automatic object rotation 

was also applied throughout when inputting the exact degree of angle and rotating on a 

particular axis. Further, the development of the skirt side mostly relied on the perspective 

view. As in other component modeling in this garment, the front and side views were 

used when the bend tool was applied. 

 Journal Reflection 

Based on the journal reflection data, the refinement of the skirt side was 

completed mainly relying on the application of spatial knowledge with aesthetic 

consideration. When judging the space between the ribbon pieces at the side seam area, 

the overall proportion was considered, and the spatial knowledge was also applied to 

support the mental visualization of the angle from ribbon shifting or bending. Thus, this 

process also involved some object visualization skills. Spatial visualization was applied 

when an alternative view was mentally visualized and considered for each ribbon angle 

or position edit. For instance, when the ribbon was bent using the front view, the mental 

image was its consequent outcome from the side view or the back view. In addition, the 

lock and unlock capability enabled limited objects to be highlighted in the color choice, 

which prevented distraction when aesthetic decisions needed to be made on the skirt side.  

From the object manual exploration point of view, this section was somewhat 

frustrating due to the constant urge to use hands to form fit the ribbon pieces at the waist 
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area, especially considering the complex body curvature. It was mostly frustrating due to 

a time delay as a result of the many steps required to inspect the fit and proportion from 

all views of the garment. That the CAD program slowed down processing due to the large 

file size at the time of skirt side refinement was another limitation to the digital design 

experience.  

 Findings 

Overall, the digital 3D modeling stage was mainly a visual oriented experience. 

This process involved development of the garment design in for bodice cup, bodice band, 

skirt front, skirt back, and skirt side (Figure 5.18). Most time was spent on the digital 

modeling the bodice band and skirt front sections. The least studio time was spent on the 

bodice cup and skirt side. This may have been the result of additional body contour 

involved in the development.  

 

a. b.  c. 

 
Figure 5.18 The final 3D model of the ribbon dress in ghosted display mode; front view 
(a) back view (b), and right side view (c).   
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The tacit knowledge brought into the digital design process includes not only 

traditional apparel design knowledge, spatial knowledge, physical memory in working 

with textile based materials and applying draping techniques, but also the 3D CAD 

procedural knowledge gained prior to and during the digital process. Also, the rapid 

prototyping methods, such as the SLS technology used in this study, were considered 

from the material property and machine capability stand point during both bodice and 

skirt development. Therefore, the physical memory retrieved from draping with soft 

textile was reevaluated against the much less flexible nylon material used for SLS 

technology. Further, the apparel design knowledge was applied in the garment 

components where close fit contouring was needed, such as the bodice cup, and skirt 

front. It is important to note here that where the body had more curve changes, more 

physical memory was referenced in the digital modeling process due to the complexity of 

the CAD procedures to accomplish the fitting task. In general, spatial knowledge was 

critical in modeling all parts of the garment due to the constant evaluation of the space or 

distance between the garment and the virtual dress form, the avatar.  

This design stage also involved frequent application of spatial visualization skill 

in order to mentally rotate garment components in different perspectives in order to 

foresee the outcome and plan the subsequent CAD procedures accordingly. On the other 

hand, object visualization skills mostly applied when the garment silhouette was to be 

defined or manipulated in the digital process. However, object visualization was also 

applied when hand sketching was referenced. In this situation, a disconnect was found 

translating the sense of volume from the 2D hand sketch, showing only front and back 
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view, to the 3D virtual model that has dynamic views of the object. Thus, it resulted in a 

challenge in mentally visualizing the skirt side design in the digital view. From the 

perspective of CAD actions, most time was spent manually rotating the avatar in the 

perspective view to closely inspect garment fit and the relationship among various 

components. Other CAD views were utilized in conjunction with the perspective view 

when the angle of the garment component need to be bend or manipulated. As for the 

CAD display, the ghosted mode was found to be the most effective in such modeling in 

providing both the object’s structural detail and the minimally highlighted surface 

rendering that enhances sense of depth. 

In this garment design, the avatar was helpful in providing a silhouette that 

represents the general measurements of the body form. However, it was difficult to define 

key landmarks, such as bust level and side seam, on the avatar. Also, the Misses Size 8 

avatar applied was not symmetrical and thus resulted some ill fit on one side of the body. 

The asymmetry in the avatar may be a result of the unbalanced body from the scanned 

subject. As for the application of 3D mouse, it provided a natural sense of object 

exploration in six different directions with a very sensitive touch. As a result, it was 

powerful in allowing the mind to relax from focusing on comprehending the x-y-z 

coordinate system when moving object. However, the body still naturally needed to lean 

close to the computer screen when examining small spaces between objects and point 

editing a curve. 

In terms of the capability of the 3D CAD program, Rhino served as an overall 

user-friendly interface for digitally modeling a wearable garment. Its CAD tools were 

organized in a concise format, which allowed easy tool searching during the design 



202 

 

process. The available gumball tool was the most useful for object dragging, rotating and 

scaling in both manual and automated method. It enables the limited attention paid to 

comprehending the at times complex 3D CAD environment.  

Lastly, the design efficiency in this digital process was supported by the active 

use of object duplication to avoid unnecessary repetition. Some of the objects in the 

curve-format were saved as foundational “patterns” for further complex form creation. 

Also, the use of lock and unlock function aided the organization of the CAD space and 

supported the focus of objects exploration in specific situations. Essentially, the 3D CAD 

space can be treated as a virtual design studio and organize various objects as in the live 

studio.  

 Component Explosion and Layout 

In order to proceed to the actual prototyping stage using 3DP technology, the 

garment needs to be sliced in portions to fit the printing boundary of the Selective Laser 

Sintering (SLS) machine. The component explosion and placement is the sixth stage in 

this independent case study. Due to the size of a 3D CAD file and the speed limitations in 

the CAD program, this process took approximately 20 hours to complete. It mainly 

involved a visually oriented experience, where the garment components were digitally 

exploded or sliced, and positioned strategically within a reference box that represents the 

printing chamber for the SLS machine with its measurement of 215.9W x 266.3L x 

317.5H in mm. The final layout of each print job was saved in stl. format and was 

imported in the professional model editing program for 3DP, Netfabb for further position 

and error evaluation  
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The intention was to organize all parts into two print jobs. The garment was 

separated in sections of the bodice front and back, skirt front and back upper portions, the 

skirt right front hip extensions, the skirt left front hip extensions, and the back lower 

portion. Since most of these sections were developed separately in the digital 3D 

modeling process, minimal actions were required in slicing the garment, with the 

exception of the back lower portion because it was created in complete ribbon structures. 

The components were positioned in a reference box using the Rhino program. The 

saved file was then imported to the NetFabb program to check the accuracy of the 

component setting before the final 3DP process. The first component placement included 

the bodice pieces and the edge pieces from the skirt front and back (Figure 5.19.a-b). All 

views of the 3D CAD program were utilized in the process to ensure the efficient use of 

space and avoid collision or touching between pieces. The component placement for the 

second print included the core skirt front and back pieces (Figure 5.19.c-d). In order to 

eliminate slow down of the CAD program due to the size of the file, once the objects 

were all in solid form, the garment components were first brought into a new file for 

placement in surface format and were converted into the solid form after finalization of 

their positions. In addition, the second component layout was too large in file size to open 

it on the computer that sends command to the SLS machine. The second component 

layout was thus separated into two smaller files of different component placements and 

resulted in a total of three print jobs in this prototyping stage. 
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a. b  

c. d. 
 

Figure 5.19 Component placement for print 1 in progress in Rhino four dynamic views 
(top, front, right, and perspective) in Rhino (a), and completed placement in NetFabb 
perspective view (b), component placement for print 2 in four dynamic views (top, front, 
right, and perspective) in Rhino (c), and set in reference box shown in perspective view 
in NetFabb (d).  
 

 Reflection 

The component placement stage is similar to the concept of pattern layout on 

fabric yardage in the traditional apparel design process. However, it requires the spatial 

visualization of each piece in a 3D space. This digital object fitting stage was a visual 

oriented experience as in the traditional practice. It was also the most challenging stage in 

the object visualization perspective. It mainly relies on the use of spatial visualization 
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skills being able to mentally rotate the garment components in various ways in order to 

preplan various procedures of the object moving. In this stage, the various 3D CAD 

views were also very effective in evaluating each component placement. There is also a 

great deal of support with use of the 3D mouse to rotate the reference box in the 

perspective view to quickly inspect the placement to avoid collision and improve space 

efficiency. However, this was still a frustrating process due to the number of components 

involved and the existing disconnect between the intension of the brain and the speed at 

which the command can be accomplished in the CAD design setting using computer and 

mouse.  

 Prototyping 

In the final prototyping stage of this design process, the SLS technology was 

utilized to produce the digital models using nylon powder. The entire process relied on 

the process of 3D printing that lasted 56 hours. An additional five hours were used to 

assemble the garment components. In order to send the stl. file of the component layout 

to the SLS machine for final printing, the file was first imported into the SLS software in 

order to save the slices for each layer (Figure 5.20.a). The amount of nylon power used in 

the three print jobs in the SLS printer was automatically calculated to be between 2500 

and 3006 layers by the machine (Figure 5.20.b).    
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a. b.  
 

Figure 5.20 Cross section of print 1 file in model slicing program for SLS printer (a), 
SLS printer command screen showing print cross section at layer 1078 (b). 
 
 

The final assembly process during the prototyping stage involved a total of 61 3D 

printed garment pieces (Figure 5.21). This was mostly a haptic oriented experience. 

However, due to lack of labeling on each component, it was bit time consuming to 

recognize the position of each piece, especially when some pieces did not have as much 

unique shape as others to show the contour of the body. Each skirt pieces was attached 

using strong adhesive appropriate for nylon material. The sections of the ribbon piece 

were connected to each other first. Then, the front skirt was attached to the front bodice 

using a dress form to confirm contours. The same procedure was applied to the back. For 

closure, flexible craft wire was used to join the bodice side seam using the predesigned 

holes at the bodice band. The dress is also closed at the neck with fabric ribbon straps 

attached to the top of the bodice cups through the holes, creating a halter styled neckline. 
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Figure 5.21 Assembled 3D printed Ribbon Dress, front and back views.  
 

Overall, the style of this 3D printed nylon dress resulted in an empire waist 

silhouette, consisting of the bodice and the skirt portions. Unlike traditional garment 

forms, this empire silhouette is form fitted around the waist and is loosely fitted at the 

lower hip area. The skirt portion is made up of strips of ribbon-like pieces custom fit to 

the body and positioned diagonally across the waist and hip area. The diagonal style lines 

further reflect the twist rhythm featured in the garment and creates a striated effect. 

Although the individual ribbon pieces in the skirt portion are limited in flexibility, the 

open spaces in the structure of the skirt allow a level of flexibility for the wearer in the 

waist and hip area of the dress.  
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 Reflection 

The prototyping stage of this design process was overall a hands free process due 

to the use of 3DP technology. However, it was a haptic oriented experience due to the 

assembly processes of final artifact. As a result, the lack of labeling on each 3D printed 

piece, especially found in the skirt portion, required the mental visualization to remember 

and recognize where each piece fit in the garment during the digital process. The manual 

exploration of the shape of each piece aids the mind to retrieve memory in the way each 

contoured the body in the digital modeling process.  

Further, it is important to also point out that the final 3D printed garment 

component seemed visually smaller compared to the visual image of the dress in the 3D 

CAD environments. This may suggest that there was a level of disconnect between the 

virtual and real prototype in terms of scale judgment. This may be related to the virtual 

presence experienced in the 3D CAD program. The perception of perspective, space and 

distance may be altered due to the nature of virtual environment. Also, the disconnect 

may be the result of the challenge in transitioning from virtually visualizing garment 

design as a whole and physically seeing the garment 3D printed in smaller components. 

From the perspective of the overall garment design, additional support structure would 

help to stabilize the ribbon structures on the front and back skirt portions.  

As for the material behavior, twisted parts of the ribbon structures were more 

flexible then flatter ends. More importantly, the geometry of the digital model contained 

error that resulted in some brittle sections in the ribbon pieces. These sections were not 

3D printed properly with minor missing holes or components. Some parts were made 

wider than others during the contouring process. Thus, these parts were stronger than 
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other parts that were made narrower. This change in width was difficult to detect during 

the modeling process due to the unique nature of the helical structure in each ribbon 

piece. As a result, some parts of the ribbon pieces were adjusted in order to accommodate 

the behavior of the material discovered post 3D printing.  

 

 Discussion and Reflection  

 Digital Design Process 

In this independent case study, a wearable dress was digitally 3D modeled using a 

3D scanned human avatar, and was prototyped using SLS, a 3DP technology. The entire 

design process consisted of eight stages and resulted in a total of 127 studio hours from 

the initial idea conception to the final prototyping (Figure 5.22). The top three longest 

design stages were stage 8, 3D printing of the dress; stage 7, component explosion and 

layout; and stage 6, the digital 3D modeling. The least amount of time spent was in stage 

3, the physical mock-up experimentation.  

  

 

Figure 5.22 Timeline (hours) of the eight design stages of the independent case study.  
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Although large amounts of time were spent in the actual prototyping of the 

design, there was a great deal of additional time utilized to preplan the digital 3D 

modeling and prototyping phases. Along with establishing the initial idea conceptions, 

stages 2 through 5 all involved the identification of problems and solutions that 

contributed to the formulation of some strategies for the later digital 3D modeling and 

prototyping processes in a progressive manner.  

When reflecting back on these processes, some actions occurred during the eight 

design stages that were closely related. Essentially, they can be categorized into four 

large categories of the design goals. The purpose of the first two stages, idea conception 

and CAD tool exploration, were to gather design inspirations and seek feasibility of a 

design feature, such as the helix structure, with the preselected 3D CAD program. Then, 

stages 3 and 4, mock-up experimentation and hand-sketch development, were aimed at 

establishing the specific details of the garment design through experimenting with some 

real materials through physical interactions.  

Later, the CAD tool planning and digital 3D modeling, stages 5 and 6, were 

focused on developing some options of CAD procedures for a specific structure of the 

garment components. They were centered on generating efficient and succinct workflow 

in the final modeling process. The final two stages, component explosion and layout and 

prototyping, were targeted at digitally fabricating the garment using 3DP technology. 

Each of the four categories had a preparation stage and an execution stage, such as the 

CAD tool planning and digital 3D modeling grouping. 

Throughout the eight design stages, there were some relationships established 

during the mental processing of this design project. Instead of a linear workflow, this case 
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study exhibited a reflective workflow in the decision-making and planning (Figure 5.23). 

The mock-up experimentation stage referenced much of the initial thinking generated 

from the idea conception stage in order to compare and contrast the feasibility of the 

rough design to the mock-up paper bag material using a dress form. In the following 

stage, the hand-sketch development, the mock-up outcomes served as a visual reference 

that was constantly utilized to illustrate the details of the garment here.   

 

 

Figure 5.23 Diagram of workflow in the digital design stages. 
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In the second half of the design stage, the CAD tool planning stage used 

information from the prior stage, the CAD tool exploration, in order to seek options in the 

procedure of garment component modeling. During the digital 3D modeling, stage 5, the 

detailed hand sketch from stage 4 was frequently referenced in order to help make a 

design decision during the digital process. The CAD tool planning, stage 4, was also 

referenced here to evaluate the procedural options against a specific situation encountered 

in an actual digital modeling stage.  

 When the final garment was required to be digitally fabricated, the component 

explosion and layout stage (stage 7) was referenced to both the hand sketch from stage 4 

and the final digital model from stage 6 to make a decision on how the components could 

be positioned in the CAD reference box representing the 3D printing chamber. Then, in 

prototyping (stage 8), the digital model from stage 6 and the component layout mapping 

from stage 7 were utilized for the actual 3DP process and assisted in the final assembly of 

the garment.  

 From Traditional Apparel Design to Digital 3D Modeling 

The transition from hands-on practice to the digital 3D modeling process was 

found to be difficult in Chapter 4. In this case study, the transition was from traditional 

apparel design practice to the digital 3D modeling garment in the 3D CAD program. This 

was, overall, a challenging experience considering some limitations in the virtual design 

space. Although the modeling execution was based on CAD procedural knowledge or 

proficiency in the chosen CAD program, Rhino, most decision-making and problem-

solving processes generally relied on the tacit knowledge brought from the hands-on 
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practice of traditional garment making. Most of such knowledge was retrieved from 

visual memory in the form of mental imagery. Essentially, it was perceived through the 

“mind’s eye” (Cataneo et al., 2006). When garment fit was concerned during 3D 

modeling, the visual memory was retrieved in an image of the dress-form curvature and 

the standard fitting and draping techniques applied to that specific body part. This 

imagery could also be in a form of measurement, such as the distance between the fabric 

and the dress form, when ease is considered in the ruler increments. This is where spatial 

knowledge was applied in garment-fit evaluation. It is important to note that the visual 

memory applied here was mostly intuitive. However, research did suggest that these 

involuntary images might be a result of interpreting the nature of the task and extracting 

the most appropriate image (Pearson et al., 2001). Here, the use of visual memory in tacit 

knowledge application was often executed with the use of object visualization to see only 

the appearance of an object. 

Further, the use of visual memory here relied on the visuo-spatial working 

memory (VSWM) used in the digital modeling process (Cattaneo et al., 2006). When 

VSWM was weak or the brain was low in capacity to process visual information during 

3D modeling, the previously developed hand sketch was referenced in place of the mental 

imagery. However, it is important to note that the detailed hand sketch from design stage 

4 was illustrated in 2D with flat front and back views of the garment design, which 

created a disconnect in converting the design in the 3D virtual design environment where 

object volume was also concerned.  

On the other hand, tacit knowledge was also translated using the haptic memory 

of previous working experience with a dress form in fitting and draping practices. 
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Therefore, physical memory was retrieved to understand object volume and help 

determine fit of the virtual garment on the avatar. Similar to previous research findings, 

the haptic memory used here also aided in recognizing the spatial position of a 

manipulated object (Gallace & Spence, 2014) in the garment and avatar. Consequently, 

the memory interpretations could also encounter a challenge when the perspective alters 

(Gallace & Spence, 2014). In this study, there was an increased time delay in executing 

certain CAD commands or garment fit manipulations when the brain was trying to align 

the visually perceived CAD view to the perspective from the haptic memory. In addition, 

when spatial visualization or mental rotation in various perspectives was applied, the 

VSWM was weak in processing both CAD and mental information, resulting in increased 

time delay in the modeling process.   

In addition, material consideration was also a crucial factor in the way the apparel 

design transitions into the 3D digital design environment. The preselected material in this 

project was nylon using the SLS machine, and the outcome is much less flexible than 

conventional stretchable textile. With this consideration, the way that the material 

behaves in the 3D CAD program is not available for manipulation. Thus, the interface 

considers the material would act the same in all areas of the garment design. In the 

process of creating various contoured forms around the avatar, the shape formation did 

not reference the way traditional textile moves and the amount of space needed for 

conventional shaping device, such as dart.  
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 3D CAD Program as Design Studio 

Compared to the traditional apparel design environments, the 3D CAD program 

certainly has its limitations. Although it may seem very different at first due to its non-

intuitive interface, this digital environment can also be understood in the form of a virtual 

design studio. The use of an avatar as the virtual dress form allowed linking the garment 

modeling process to the real world practice not only through providing body 

measurements but also providing a sense of the design studio. However, the avatar 

developed from the 3D body scanning technology did not have any landmarks for virtual 

draping and fitting, such as guidelines for bust, waist or hip. Considering the speed 

limitation in most 3D CAD programs, importing the entire avatar body data would take 

up a large amount of processing memory. Thus, the avatar used here was later edited, 

removing the arms, to increase CAD processing speed. Further, the avatar used in this 

study did not undergo any surface finishing procedure in CAD to smooth and fix the 

geometry errors. A smoothed avatar would also enhance the virtual draping process.  

Interestingly, in the process of 3D modeling for a garment, traditional apparel 

design practices were applied through habitual actions. Similar to the use of a flat pattern, 

objects created in curve format were saved as “pattern” for further development. They 

were frequently duplicated, deactivated, or locked during processing to avoid a conflict 

with the current object manipulation. Visually, they were often grouped away from the 

main design area, the avatar, which appeared gray in color. In this case, the virtual design 

space was treated the same as the live design studio where the flat pattern was often laid 

aside when one was draping or fitting the garment on the dress form.  
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Although a virtual design environment such as Rhino did not allow any bodily 

interaction with a model or an avatar, the use of a 3D mouse was able to help ease the 

limited haptic experience. With 6DOF capability, the 3D mouse allowed the manual 

exploration of a virtual object in all directions. This provided some ease in mentally 

processing and organizing visual information in the 3D CAD environments where the x-

y-z coordinate system must be constantly interpreted. As for the fit evaluation, the hand 

could easily turn or tilt the 3D mouse knob and allow the mind to concentrate on 

inspecting a model in various perspectives. Here, the haptic skill from the real world 

apparel draping practice was subconsciously converted to the combination of knob 

turning actions of the 3D mouse and conventional mouse use. However, the 

programmable hot keys on the 3D mouse were not as convenient to use as the actual 

keyboard shortcut keys. It is important to note here that, although the 3D CAD 

environments limited physical body movements, the position of holding the 3D mouse in 

one hand and the ergonomic mouse on the other at times simulated the feeling of working 

in the real world when both hands would actively be exploring an object. It is important 

to note that the investigator was trained to be ambidextrous and may be more comfortable 

in adapting working with a mouse in each hand compare to most people who are either 

left-handed or right-handed.   

With respect to the 3D CAD capability, Rhino was designed with a clean and 

clutter-free interface. Most of its tools were easy to find under the well-organized menu 

and submenu. Thus, the command line function was rarely used in the modeling process. 

Also, the Rhino icons and descriptions were relatively easy to understand with an 

introductory knowledge of the 3D CAD interface. However, compared to the traditional 
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apparel design practices, it did not provide relevant icons for some of the tools. Thus, tool 

interpretations were based on 3D CAD knowledge from the prior CAD tool exploration 

and planning stages.  

Further, its views and display modes were very helpful in the modeling process 

when the avatar was frequently rotated to a fit evaluation. The various views also 

provided different visual perspectives and were helpful in reducing the time delay in 

executing a CAD command. For instance, the use of the bend tool application in the side 

view had to be evaluated in conjunction with the perspective view. However, it does 

increase the level of mental exhaustion when eyes need to be focused on more than two 

views. Therefore, the VSWM was not effectively utilized at times when visual 

information increased. In addition, the split or cut function in Rhino was not conveniently 

designed for an apparel designer in terms of CAD procedure. Its application involved 

creation of the cutter, often in forms of a flat surface or polyline, which would need to be 

positioned at the exact cutting point before the actual cutting took place. The multiple 

steps taken here further slowed the design process and increased the disconnect between 

real and virtual design practice.  

 Reflection 

When reflecting back to the overall procedures in the digital design process, the 

sense of frustration was prominent due to the time-consuming procedures involved. It 

was partly due to the limited processing power of the 3D CAD program and the 

additional procedures taken into account when transitioning from the hands-on 

experiences. Although most design stages occurred naturally throughout the process, 
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many factors needed to be considered, such as those that were design-based and CAD-

related, in order to preplan the digital modeling process and execute the final artifact 

prototyping using 3DP. The time spent was also a result of the limited speed associated 

with the 3D CAD program. As the file became large in size, it was frustrating to see each 

delayed command implementation. This was especially problematic in the component 

explosion and layout phase, stage 7, where the garment components were converted to 

the solid format, which inevitably increased the CAD file size. 

On the other hand, this case study also required the use of a reflexive journal, 

which also was a factor in extending the time used in the digital 3D modeling phase. This 

data collection method required the investigator to be conscious of mental activities, 

which was challenging in verbally communicating during the design process as attention 

is mostly focused on visual fit evaluation and design decision-making. To some extent, 

the act of reflecting-in-action in the form of thought recording interrupted the CAD flow. 

However, at times it was helpful in providing the opportunity to step away and generate a 

new strategy in the subsequent modeling procedures. Also, the use of a 20-minute timer 

during the journal of the digital modeling stage served as a good reminder to reflect and 

record more accurate data.  
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Chapter 6 CONCLUSION  

This chapter reflects upon and discusses the research findings arising from the 

focus group and independent case studies in Chapters 4 and 5. This section also explains 

the multiple limitations involved in this investigation. Finally, this chapter further 

reviews and discusses the implications of the findings from this study that can be applied 

to future research and practice.  

 Research Findings 

This exploratory research investigated the cognitive process of digital 3D 

modeling practice with hands-on design background through focus group and 

independent case study data. The findings from these two research components resulted 

in some similarities and differences. 

 From Hands-on to Digital Modeling for Non-apparel Design Practitioner 

Based on the data from the Personal Mind Mapping (PMM) activity, group 

discussion, and in-depth interviews, the focus group study mainly examined the transition 

from hands-on to digital 3D modeling for non-apparel practitioners using the research 

about design approach (RAD). The findings from this research showed that hands-on 

practice is a crucial factor in supporting efficiency in the digital 3D modeling process, 

and that it is often a difficult transition from the real world studio to the virtual design 

environment. Besides relying on physical memory retrieval and material experimentation 

to apply tacit knowledge in hands-on object making, the participants also applied 
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knowledge of production standards, physics principles, mock-up experimentation, and 

spatial knowledge or awareness in the digital 3D modeling process.  

The data further suggest that the recruited participants viewed the hands-on 

practice or experience that allow creativity freedom and the physical interaction with the 

design space and material allows both emotional and mental rewards. When transitioning 

to the digital 3D modeling process, the CAD design efficiency somewhat enables creative 

freedom and emotional rewards through eliminating permanent mistakes as occurs when 

using real material, and increases accuracy in enhancing object craftsmanship. The data 

also suggest the active involvement of spatial visualization in the digital process reflects 

traces of haptic skills from the hands-on practice in order to compensate for the lack of 

the physical presence and interaction in the real world. In addition, the hands-on tacit 

knowledge translation in the CAD process involves much mental planning and problem 

solving and thus may reflect mental rewards similar to those found in the hands-on 

process. 

The findings also led to different applications of object and spatial visualization 

skills among the virtual design stages. The mental visualization of an object’s appearance 

or object visualization was only utilized in the initial idea conception design stage or the 

later phases where haptic skills were focused, such as the mock-up experimentation and 

the final prototyping. However, in the stages that rely on the mental rotation of objects in 

various perspective views for problem solving and planning, mental process involves the 

use of object visualization in conjunction with spatial visualization, such as in the stages 

of object-components explosion, detailed hand sketching, and 3D modeling. 
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Further, the findings suggest that the digital 3D modeling process is essentially a 

visually oriented experience involving a number of design stages in which planning, 

execution, and problem solving rely on the development of mental imagery, such as 

design idea conception, object component mental explosion, detailed design hand 

sketching, and the final digital 3D modeling process. Compared to the haptic oriented 

process of hands-on practice, these findings further indicate that the mind in the digital 

process essentially becomes the tool for execution of the specific procedure.  

 From Hands-on to Digital Modeling for Apparel Designer 

Based on the studio design activity data from the independent case study, this 

research component explored ways to transfer tacit knowledge from traditional apparel 

design training and practice to the virtual design process of digital 3D modeling of 

apparel garments using the research through design (RTD) methodology. The techniques 

and strategies found from the non-apparel 3D CAD practitioners in the focus group study 

contributed to the planning in the digital design process for apparel garment. The overall 

design process consisted of eight stages that involved a reflective process in referencing 

information or tacit knowledge built from prior phases.  

The findings from this study suggest that this virtual design process was, overall, 

challenging and mostly a visually oriented experience through the constant retrieval of 

visual and haptic memories in the translation of traditional apparel design tacit 

knowledge. The tacit knowledge applied here aided the decision-making and problem 

identification of the garment fit evaluation process, including general apparel design 

knowledge, the spatial knowledge of interpreting space between objects during fit 
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inspection, and the physical memory of working with textile-based material using the 

draping technique, and the previous 3DP application in determining garment flexibility in 

fitted areas. Also, the findings suggest that challenge in visually fitting the virtual 

garment to the avatar increased and the more physical memory was retrieved in the 

curvier areas of the body. Furthermore, disconnect existed in the retrieving physical 

memory of working with soft and flexible textile when evaluating virtual garment 

components with hard surfaces. In the digital design process, the investigator also was 

aware the final material, nylon, was chosen for the garment prototyping. Thus, the 

physical memory of working with textiles was reevaluated with the considering the 

property of 3DP material. 

The findings also indicate that the tacit knowledge transfer also relied on the use 

of spatial and object visualization skills. The application of spatial visualization skills to 

mentally rotate garment sections in various perspectives was applied with haptic memory 

retrieval to foresee the potential issues in each fit procedure implementation. The object 

visualization skill was periodically applied with visual memory retrieval either when a 

detailed hand sketch needed to be referenced for garment aesthetic decisions or the 

general silhouette of the garment components needed to be defined and evaluated.  

Due to the nature of the garment design, no comparison was made among bust, 

waist and hip, but among the sections of bodice cup, bodice band, skirt front, skirt back, 

and skirt side. The data result indicates that the most challenging areas were missing the 

application of haptic skills as found in traditional hands-on experience for garment 

contouring needs, such as the bodice band and skirt side.  
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Regarding the use of hand sketches, the findings indicate that it was to help 

alleviate the cognitive load during the 3D modeling process. Periodically revisiting the 

hand sketch further suggested that there was a disconnect in referencing the 2D hand 

sketch during the 3D virtual space when the volume of the object was challenging to 

interpret.  

Furthermore, the data indicates that the 3D CAD virtual design environment may 

be treated as a studio space, and the object within this space can be organized with live 

studio workflow, such as saving foundational line-based objects as virtual patterns for 

further duplication and development. It also suggests that such organization essentially 

influences both visual and haptic experience in developing an efficient order of operation 

and transitioning from traditional practice. 

 Digital Design Enhancement 

Findings from examining the capability of the digital design setting and the 3D 

CAD programs suggested a few differences between the non-apparel design and the 

apparel design practitioner. For the non-apparel designer, the most common 3D CAD 

programs, such as 3ds Max and Solidworks, lack appropriate tool organization that would 

meet the various design needs, and exhibit poor icon design for referencing unique hands-

on tools. Ultimately, it indicates an increased difficulty in CAD tool translation for the 

development of an efficient workflow and an altered order of operation from the real-

world object making. Further, the use of unique computer mouse alternatives, such as a 

stylus, was found to provide precision in 3D modeling and suggests the possibility of less 

time delay between the mind and the body response, allowing more translation of the real 
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world haptic skill and physical interaction with the virtual object. For better object 

visualization and interpretation, the use of 2D CAD programs such as AutoCAD 

indicates the understanding the object’s cross section enhances the efficiency of 3D 

object design in digital 3D modeling.  

As for the apparel designer, the application of the Rhino program was found to be 

supportive of the virtual garment-modeling process in its tool organization, CAD view 

and display modes. The digital 3D modeling of the virtual garment also involved the 

unique experience of using a 3D mouse in combination with a conventional ergonomic 

computer mouse. The data regarding the use of the 3D mouse with 6 degrees of freedom 

(6DOF) capability suggest that it increases brain capacity through reducing the cognitive 

load in interpreting the complex x-y-z coordinate system in the 3D CAD program and 

allows more focus on the virtual fitting tasks. As for the application of the human avatar 

as the virtual dress form, the data indicates that it was effective in fit evaluation when 

used with CAD view and display modes in the Rhino program but lacked the proper body 

landmarks and body symmetry for the process of virtual draping, due to the original 3D 

scanned subject’s natural body.  

 Research Limitation 

As for the limitations of this exploratory research, several areas are worth 

considering. Neither the focus group nor the independent case study included the 

variables of gender and age in the cognitive process of digital 3D modeling.  

For the focus group study, participants were selected based on their years of 

hands-on experience in object making and digital 3D modeling using common CAD 
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programs. However, they were not selected based on their knowledge of apparel design 

considering the limited application of 3D CAD in the apparel design realm. Thus, their 

cognitive processes in 3D digital modeling may vary from an apparel designer’s 

perspective. At the same time, the participants recruited generally represented the 

disciplines of architectural studies and mechanical engineering, which may also differ in 

hands-on experiences and 3D CAD applications. Further, in the participant recruitment 

process, 3D CAD requirements only included the common 3D CAD programs and did 

not represent all available interfaces. Also, the focus group only represented 

undergraduate and graduate students from a Midwestern university and did not include 

any professionals from the various 3D CAD-relevant industries. 

On the other hand, the outcome of the independent case study was limited in the 

chosen 3D CAD program, Rhino. Alternative programs may change the workflow and 

tool-conversion process during 3D modeling. Also, the proficiency level in the Rhino 

program may have influenced the research outcome. As for the computer setup, the 3D 

mouse, by 3Dconnexion, was selected to be used in conjunction with a conventional 

mouse and laptop computer. Alternative use of a stylus in drawing on the computer 

screen would result in a different haptic and visual experience. At the same time, the use 

of both a 3D mouse and a conventional ergonomic mouse was limited by the 

ambidextrous training of the investigator. Further, considering the effectiveness of large 

screens in 3D CAD practice, the setup in this case study may be limiting in providing the 

sense of immersion and workspace in the digital 3D modeling.  

Limitations also existed in the use of a human avatar as the virtual dress form. It 

was imported into the 3D CAD program directly from the 3D body scan, which had 
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minor surface polygon errors that were not fixed prior to use in Rhino. Fixing the avatar 

surface is usually rather challenging in that it may risk changing the body measurements. 

The avatar applied here also was in basic gray and lacked realistic skin color rendering, 

which may influence the overall esthetic decision-making in the garment modeling 

process. Further, the available SLS machine printing space was limiting to the process of 

digital model explosion and layout and the final 3D printed artifact assembly.  

In terms of documentation, the periodic reflect-in-action journal recording using 

the autoethnography approach during the 3D digital modeling process could potentially 

hinder the flow or thought process of the apparel 3D modeling. Similarly, the use of a 20-

minute timer for journal keeping may be distracting during a series of CAD actions. 

Lastly, considering the nature of visual and haptic experience that is often subconscious 

and difficult to verbally communicate, the journal reflection was limited in the type of 

content recorded and the emotional state of mind at the time.  

 Implication of Research Findings 

This section discusses the implications for possible future practice and research of 

the findings from this exploratory research. The potential of 3D digital imaging are 

discussed with the future of apparel digital fabrication utilizing 3DP technology. Several 

key areas are identified: cognition for apparel designers in 3D CAD, virtual reality for 3D 

CAD, collaborative strategies with non-apparel design practitioners, and the development 

of 3DP in the apparel industry. 
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 Cognition for Apparel Designer in 3D CAD 

The outcomes of this research project offer some insights into how a traditionally 

trained apparel designer thinks in a virtual design environment using the digital 3D 

modeling process. This process is rather crucial to the way apparel designers develop 

their strategies in transitioning to the virtual design environments. This research revealed 

the importance of hands-on experience or tacit knowledge and how that knowledge is 

transferred to the 3D digital modeling process.  

Besides applying tacit knowledge in the 3D CAD process, apparel designers 

should also seek the ways to develop or enhance existing spatial knowledge and 

visualization skills. Spatial knowledge, as previously mentioned, is important in visually 

evaluating garment fit and inspecting the amount of shape contour to the virtual avatar. 

Coming from traditional practices, an apparel designer often relies on a ruler and haptic 

skills to understand dimension. For the virtual design process, one may need to consider 

the development of spatial skills in order to better evaluate the relationship between the 

garment and the avatar.  

As for visualization skills, previous literature discussed how visualization 

applications differ by discipline. The visual artists usually excel at using object 

visualization skills to design, whereas engineers often utilize spatial visualization skills to 

mentally rotate an object in different directions (Kozhevnikov et al., 2010). Such habits 

of thinking are foreign to most apparel designers and may seem abstract. In most cases, it 

challenges the apparel designers to think more critically about the feasibility of their 

garment designs on a 3D object as a whole as opposed to relying on abstract or stylized 

fashion illustrations to envision a garment prototype.   
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Another important area of improvement is in the understanding of cross sections 

for both the body and object components. In traditional apparel design training, most 

apparel designers were trained with the concepts and principles of flat paper patterns. 

However, that is not sufficient knowledge in creating 3D components in the 3D CAD 

program. Therefore, the apparel educators need to reflect back on some weaknesses in the 

existing teaching approach. This discipline may need to train young designers to think in 

cross sections of the body or objects in order to better understand the anatomical changes 

in a body or garment.  

 Collaborative Strategy with Non-apparel Design Practitioner  

Another concern in the 3D CAD transition is the collaboration with non-apparel 

design practitioners. The idea here is that most apparel designers do not have 3D CAD 

training as part of their fundamental education, and will need to seek outside 

collaborations in order to develop an effective garment model at times. Considering the 

development of 3DP saturation in the apparel industry, most successful design outcomes 

have been the fruition of creative collaborations between two designers, such as the ones 

discussed in the chapter on contextual review. In many cases, one serves as a 3D 

modeling technical expert and the other provides apparel design insights or the overall 

design evaluation. Today, there are many design partnerships that consist of an architect 

who is traditionally trained in 3D CAD, and an apparel designer who has worked in 2D 

imaging processing. The two types of experts are ultimately different in the ways they 

process and remember visual information. Therefore, it is key to also explore the formats 

of design collaborations in the realm of digital 3D modeling.  
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From such collaborations, the design team needs to revisit the order of operations 

in the making of an object and establish an effective and efficient workflow. Further, as 

previous research has suggested, digital tools are a medium that would generate and 

encourage creativity within a collaborative design environment (Treadaway, 2006). Thus, 

future research may need to address the ways in which design members of different 

backgrounds and disciplines work together in the 3D CAD process to develop a wearable 

garment.  

 Virtual Reality for 3D CAD 

This research has explored the design process followed within the virtual reality 

domain involving a synthetic experience as opposed to the fully immersed virtual 

presence (Kalawsky, 1993). Such presence was supported by mostly visual and some 

haptic experiences. However, this partial experience is not enough for designers coming 

from years of hands-on practice and training, especially for apparel designers. The haptic 

skills that the apparel designers rely on in the real world cannot be fully executed here 

due to the limitations of a 3D CAD environment. Therefore, the real world work habits 

need to be adjusted in the virtual world not only through visual and haptic experiences 

but also in the way the design space is organized.  

Although current advanced technology does not provide a 3D CAD interface 

designed only for apparel designers, there are some elements of the program that could 

enhance the overall virtual presence of the digital modeling process. In addition to having 

a wide screen, the ability to see one’s own hands would also further increase the sense of 

reality in the virtual space (Kalawsky, 1993). Further, having a CAD tool to effectively 
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and conveniently measure dimensions within small spaces in garment fitting would 

encourage efficiency in the workflow of garment modeling.  

In terms of emerging technology, the idea of virtual reality can be supported 

through the use of a head mount to view the dynamics of the virtual space. Also, creative 

3D CAD programs are currently being experimented with in providing a higher sense of 

real-world haptic experience. The C-Design Lab at Purdue University has developed an 

interactive system, “Shape-it-up,” in which 3D shapes can be created based on a human’s 

natural hand gesture (Taylor, 2013). Such a system essentially increases the level of 

physical interactions in a virtual environment and provides sense of ease in creating more 

organic shapes or forms. On the other hand, experts have pointed out that the 

development of an efficient workflow through the 3D CAD process can also be supported 

by an online website service or the open sources that offer object templates that can be 

easily modified and further customized through a CAD platform that is enabled with 

haptic controllers for the feel of a real object (Birthnell & Hoyle, 2014). Thus, future 

developments in 3D CAD software will require careful consideration of this concept for 

the apparel design realm in offering a database of basic garment styles available for 

further tweaking and designing.  

 Development of 3DP in the Apparel and Textile Industry 

The development of 3DP in the apparel industry has been extensively discussed in 

Chapter 2 in terms of the various wearable garment designs made available through 

collaborative teamwork. The currently available 3DP technology is limited in the material 

option, space of the printing chamber, the CAD workflow, and the speed at which a 
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garment can be prototyped. The material challenge has been one of the foremost 

concerning aspects of the implementation of 3DP technology in the apparel and textile 

industry. Many 3DP companies are now actively researching and exploring new materials 

for prototyping a wide range of design projects. As for the materials applied in apparel-

related products, most have been experimenting with nylon material using SLS 

technology. Some have also expanded to the eco-friendly PLA material, mentioned in 

Chapter 2, using the popular FDM desktop printers. On the other hand, materials in the 

digital age can also be modified as digital media. Open sources available today allow 

designers a convenient way to download preferred digital textiles and make modifications 

based on their design needs. A design student at Shenkar College of Engineering and 

Design in Israel, Danit Peleg, has created a line of 3D printed garments using the open 

source textile designs from Andreas Bastian (Peleg, n.d.). Her creations were printed with 

a flexible PLA filament, called FilaFlex, using desktop printers. 

 The architect Francis Bitonti, on the other hand, points out that besides the 

material limitation of 3DP technology, more pressing concerns are focused on the design 

software that can become a modifier to existing materials (Bitonti, 2014). He noted that 

current 3D CAD programs often assume a material is maintained the same in all sections 

of a garment. However, when high resolution CAD capability is available, structures can 

be developed to manipulate the material property at a micro level. Another critical 

limitation regarding the CAD software is the slicing programs. In many cases, the 

garment slicing strategy is not only based on the 3D printing dimensions but is also 

dependent on the material property. Essentially, material in the new industrialization 

realm is no longer an independent entity but a medium that has to be manipulated by 
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digital means. As Bitonti says, “most of our material problems can be overcome with 

software” (2014). From the perspective of digital design efficiency, 3D CAD software 

need to be improved to include component layout assistance, such as piece collision 

detection, for production using various 3DP technologies. Also, it is important to include 

CAD function in detecting object geometry error early on in the 3D modeling process 

before component layout procedures for 3DP. 

Likewise, the printing space limitation can be resolved through applying the 

appropriate software function in the CAD process, such as the Kinematic dress by 

Nervous system (Ibrahim, 2014). The adoption of 3D simulation technology in the 

garment design process further suggests potential in the areas of 4D printing, integrating 

physical movements of a garment—the future of 3D printed apparel design. 

With respect to the future prospect, regular breakthrough in the challenges that 

arise with 3DP technology will saturate in various industries as the technology and user 

continue to mutually shape each other. Its application in the apparel and textile industry 

may hold a key to the approach for mass customization. With the maturation of the 3D 

body scanning technology, the database can be built with human body measurements in 

various shapes and sizes. The capability of the digital fabrication method, such as 3DP 

technology, would then enable designers to conveniently examine garment fit and design 

options on the targeted body size. This would also allow retailers to creatively showcase 

available garment fit through technology such as the virtual dressing room. From the 

consumer’s standpoint, the 3DP technology has the potential to allow clothing to be 

printed right at one’s own home. As for the apparel design educators, attention needs to 

be paid in the curriculum design for the new generations of designer students to adapt 
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spatial visualization skills and efficiently interpret the virtual design process within the 

3D CAD environment both independently and collaboratively with others who do not 

share the same traditional training background.  

  



234 

 

References  

Anderson, L. (2006). Analytic autoethnography. Journal of Contemporary Ethnography, 
35 (4), 373-395. 

 
Apeagyei, P.R. (2010). Application of 3D body scanning technology to human  

measurement for clothing fit. International Journal of Digital Content Technology 
and its Applications, 4 (7), 58-68. 

 
Ashdown, S. P., Loker, S., Schoenfelder, K. & Lyman-Clarke, L., (2004). Using 3D  

scans for fit analysis. Journal of Textile and Apparel, Technology and 
Management, 4 (1), 12. 

 
Balakrishnan, B., Oprean, D., Martin, B. & Smith, M. (2012). Virtual reality: Factors  

determining spatial presence, comprehension and memory. In Y. Lin & S. J. Kang 
(Eds.), Proceeding of 12th International Conference on Construction Applications 
of Virtual Reality, Taipei, Taiwan, 1-2 November (pp.451-459). Taipei: National 
Taiwan University Press. 

 
Barrett, C. (2013, April 24). Everybody could have their body scanned and order  

clothes that fit perfectly. Retrieved from http://www.dezeen.com/2013/04/24/iris-
van-herpen-interview/ 

 
Beckett, R. (2014). Printed knitwear. Retrieved from http://www.richard-beckett.com/ 

pringle-3d-fabrics.html 
 
Berla, E. P. (1982). Haptic perception in tangible graphic displays. In W. Shiff & E.  

Foulke (Eds.), Tactual perception: A source-book (pp.364-386). New York: 
Cambridge University Press.  

 
Berman, B. (2012). 3-D printing: The new industrial revolution. Business Horizon,  

55, 155-162.  
 
Blade, R. A. & Padegett, M. L. (2002). Virtual environments stands and terminology.  

In K. M. Stanney (Ed.), Handbook of virtual environments: Design, 
implementation and applications (pp.15-27). New Jersey: Lawrence Erlbaum 
Associates, Publishers. 

 
Boczkowski, P. J. (1999). The mutual shaping of users and technology in a national  

virtual community. The Journal of Communication, 49 (2), 86-108. 
 
Barnatt, C. (2013). 3D printing: The next industrial revolution. Explaining The  
 Future.com. 
 



235 

 

Birtchnell, T. & Hoyle, W. (2014). 3D printing for development in the global south: The 
3D 4D challenge. UK: Palgrave Pivot. 

 
Braungar, M. & McDonough, W. (2002). Cradle to cradle: Remaking the way we make  

things. New York: North Point Press.  
 
Breen, D. E. (1996). Computer graphics in textiles and apparel modeling. IEEE  

Computer Graphics and Applications, 26-27.  
 
Birtchnell, T. & Urry, J. (2013). 3D, SF and the future. Future, 50, 25-34.  
 
Bitonti, F. (2014, October 22). Don’t ask me about 3D printing materials. Retrieved from  

http://www.francisbitonti.com/francis-bitontis-blog/2014/10/22/dont-ask-me-
about-3d-printing-materials 
 

Buzan & Buzan (1996). The mind map book: How to use radiant thinking to maximize 
your brain’s untapped potential. New York City: Plume.  

 
Buzan & Buzan (2010). The mind map book: Unlock your creativity, boost your memory, 

change your life. New York City: Pearson Education Ltd.  
 
Card, S. K., Moran, T. P. & Newell, A. (1983). The psychology of human-computer  

interaction. Hillsdale, NJ: Lawrence Erlbaum Associates. 
 
Cattaneo, Z., Fastame, M. C., Vecchi, T. & Cornoldi, C. (2006). T. Vecchi & G. Bottini  

(Eds.), In Imagery and spatial cognition: Method, models and cognitive 
assessment. Philadelphia: John Benjamins Publishing Company.  

 
Chavez, E. (2014, August 22). Blossoming on the catwalk: XYZ Workshop’s 3D printed  

inBloom dress. Retrieved from http://3dprintingindustry.com/2014/08/22/ 
blossoming-catwalk-xyz-workshops-3d-printed-inbloom-dress/ 

 
Conner, B. P., Manogharan, G. P., Martof, A.N. et al. (2014). Making sense of 3-D  

printing: Creating a map of additive manufacturing product and services. Additive 
Manufacturing 1-4, 64-76.  

 
Courtney, S. M., Ungerleider, L. G., Keil, K., & Haxby, J. V. (1996). Object and spatial  

visual working memory activate separate neural systems in human cortex. 
Cerebral Cortex, 6, 39-49. 

 
Cowan, J. (1998). On becoming an innovative university teacher: Reflection in action.  

Maidenhead, Berkshire: BBC Books. 
 
Creswell, J.W. & Plano Clark, V. L. (2011). Designing and conducting mixed methods  

research. Thousand Oaks, CA: Sage Publications, Inc. 



236 

 

 
Cross, N. (1999). Design research: A disciplined conversation. Design Issues, 15 (2), 5- 

10.  
 
Crotty, (1998). The foundations of social research: Meaning and perspective in research 

process. Sage Publications Ltd. 
 
Danaher, (2004). Digital 3D design. Boston, MA:Thomson Course Technology.  
 
Dawson, F. (2014, September 30). How disruptive is 3D printing really? Retrieved from  

http://www.forbes.com/sites/freddiedawson/2014/09/30/how-disruptive-is-3d-
printing-really/ 

 
Delamore, P. (2004). 3D printed textiles and personalized clothing. Retrieved from  

http://www.academia.edu/917613/3D_Printed_Textiles_and_Personalised_Clothi
ng 

 
Dix, A., Finlay, J., Abowd, G. D. & Beale, R. (2004). Human-computer interaction.  

England: Pearson Education Limited. 
  
Dixon, C. (2001). A descriptive framework for typeforms: An applied study.  

Unpublished doctoral dissertation. Open University, Milton Keynes, UK. 
 
Duann. (2013, March 5). Revealing Dita Von Teese in a fully articulated 3D printed  

gown. Retrieved from http://www.shapeways.com/blog/archives/1952-revealing- 
dita-von-teese-in-a-fully-articulated-3d-printed-gown.html 

 
Echaluce, M.G. (2014, July 4). 4D printing is the next big thing. Retrieved from http:// 

fashionlab.3ds.com/4d-printing-is-the-next-big-thing/ 
 
Evenhuis, J. (n.d.). 3D printed fabric 1999. Retrieved from http://jiri.nl/ 
 
FOC textiles in permanent collection at MOMA. (2008, April 6). Retrieved from  

http://www.freedomofcreation.com/home/foc-textiles-to-permanent-collection-at-
moma 

 
Frayling, C. (1993). Research in art and design. Research in Art and Design, RCA  

Research Papers, 1 (1), London: Royal College of Art. 
 
Gallace, A. & Spence, C. (2014). In touch with the future: The sense of touch from  

cognitive neuroscience to virtual reality. New York: Oxford University Press. 
 
Gallace, A., Auvray, M., Tan, H.Z., & Spence, C. (2006). When visual transients impair  

tactile change detection: A novel case of crossmodal change blindness? 
Neuroscience Letters, 398, 280-285. 



237 

 

 
Garling, T. & Golledge, R. G. (2000). Cognitive mapping and spatial decision-making. In  

R. Kitchin & S. Freundschuh (Eds.), Cognitive mapping: Past, present and future. 
New York: Routledge.  

 
Gebler, M. Anton, J.M., Uiterkamp, S. & Visser, C. (2014). A global sustainability  

perspective on 3D printing technology. Energy Policy, 74, 158-167. 
 
Gitimu, P.N., Workman, J. E. & Anderson, M. A. (2005). Influence of training and  

strategical information processing style on spatial performance in apparel design. 
Career and Technical Education Research, 30 (3), 147-168.  

 
Global 3D printer market worth $4.8 billion in 2018. CCS Insight. (n.d.). Retrieved from  

http://www.ccsinsight.com/press/company-news/2023-global-3d-printers-market-
worth-48-billion-in-2018- 

 
Gray, C. & Malins J. (2004). Visualizing research: A guide to the research process in art  

and design. Burlington, VT: Ashgate Publishing.  
 
Hakkens, D. (n.d.). Precious plastic. Retrieved from http://www.preciousplastic.com/ 

about/ 
 
Harris, J. (2005). Crafting’ computer graphics: A convergence of traditional and ‘new  

media’” Textile, the Journal of Cloth and Culture 3(1) (2005) pp. 20–35.  
 
Ibrahim, N. (2014, December 25). 3D printed kinematic dresses. Retrieved from  

http://thefashionfoot.com/2014/12/25/3d-printed-kinematic-dresses/ 
 
Iwata, H. (2008). History of haptic interfaces. In M. Grunwald (Ed.), Human haptic  

perception: Basics and applications (pp.355-361). Boston: Birkhauser. 
 
Jadavji, L. & Kesselman, A. (2013). Evaluating the marginal returns in additive  

manufacturing. Retrieved from https://www.academia.edu/7739525/Evaluating 
_the_Marginal_Returns_in_the_3D_Printing_Industry_HARVEY_MUDD_COL
LEGE_Final_Project_HMC_E117_Evaluating_the_Marginal_Returns_in_Additiv
e_Manufacturing 

 
Jonas, W. (2007). Design research and its meaning to the methodological development of  

the discipline. In R. Michel (Ed.), Design research now (pp. 67-80). Basel, 
Switzerland: Birkhauser Verlag AG.  

 
Jones, J. C. (1970). Design methods 2nd ed. London: David Fulton Publishers. 
 
Kalantar, N. (2014, January 16). Flexible textile structures: 3D printing-the trasLAB- 

Negar Kalantar-Alireza Borhani. Retrieved from https://www.youtube.com/ 



238 

 

watch?v=dpL0Y2l_BSI 
 
Kalawsky, R. S. (1993). The science of virtual reality and virtual environments: A  

technical, scientific and engineering reference on virtual environments. New 
York: Addison-Wesley Publishing Company. 

 
distributed recycling of post-consumer high density polyethylene for 3-D printing 
filament. Journal of Cleaner Production, 1-17. 

 
Kosslyn, S. M. (1980). Image and mind. Cambridge, MA: Harvard University Press. 
 
Kozhevnikov, M. & Hegarty, M. (2001). A disassociation between object manipulation  

spatial ability and spatial orientation ability. Memory and Cognition, 29 (5), 745-
756. 

 
Kozhevnikov, M., Kosslyn S., & Shephard, J. (2005). Spatial versus object visualizers: A  

new characterization of visual cognitive style. Memory and Cognition, 33 (4), 
710-726. 

 
Kozhevnikov, M., Motes, M. Rasch, B. & Blajenkova, O. (2006). Perspective-taking vs.  

mental rotation transformation and how they predict spatial navigation 
performance. Applied Cognitive Psychology, 20, 397-417.  

 
Kozhevnikov, M., Blajenkova, O., Becker, M. (2010). Trade-off in object versus spatial  

visualization abilities: Restriction in the development of visual-processing 
resources. Psychonomic Bulletin & Review, 17 (1), 29-35. 

 
Krantz, M. (1972). Haptic recognition of objects in children. Journal of Genetic  

Psychology, 120, 1565-1571.  
 
Kreiger, M.A., Mulder, M.L., Glover, A.G. & Pearce, J.M. (2014). Life cycle analysis of  
 
Liaw, G. & Chen, C. (2013). The impact of virtual fitting room technology on  

consumers’ online purchase intention. Management and Administrative Sciences 
Review, 2 (1), 23-35. 

 
Lincoln, Y., & Guba, E. (1985). Naturalistic inquiry. Beverly Hill, CA: Sage Publication. 

Lipson, H., Kurman, M. (2013). Fabricated: The new world of 3D printing. Indianapolis:  
John Wiley & Sons, Inc.  

 
Lockwood, A. J. (2014) How 3D printing will continue to transform manufacturing.  

Retrieved from http://www.deskeng.com/de/3d-printing-will-continue-transform-
manufacturing/ 

 



239 

 

Logie, R.H. & Pearson, D.G. (1997). The inner eye and the inner scribe of visuo-spatial  
working memory: Evidence from development fractionation. European Journal of 
cognitive psychology, 9, 241-257.   

 
Magnetic dresses by Iris van Herpen and Jolan van der Wiel. (2013, July 30).  

Retrieved from http://www.dezeen.com/2013/07/30/magnetic-grown-dresses-by-
iris-van-herpen-and-jolan-van-der-wiel/ 

 
Mäkelä, M. & Nimkulrat, N. (2011). Reflection and documentation in practice-led  

design research. Nordic Design Research Conference 2011. Retrieved from 
www.nordes.org.  

 
Mau, D. (2013). How 3D printing could change the fashion industry for better and for  

worse. Fashionista. Retrieved from http://fashionista.com/2013/07/how-3-d-
printing-could-change-the-fashion-industry-for-better-and-for-worse/ 

 
May, J. G. & Badcock, D. R. (2002). Vision and virtual environments. In K. M. Stanney  

(Ed.), Handbook of virtual environments: Design, implementation and 
applications (pp.29-63). New Jersey: Lawrence Erlbaum Associates, Publishers. 

 
McKernan, J. (1998). Observational and narrative research methods. In Curriculum  

action research: A handbook of methods and resources for the reflective 
practitioner (pp. 74-83). Routledge.  

 
Molitch-Hou, M. (2014, December 9). Nervous System’s 3D printed Kinematics Dress  

acquired by MOMA. Retrieved from http://3dprintingindustry.com/2014/12/09 
/nervous-systems-3d-printed-kinematics-dress-acquired-momaMolitch-hou, M. 
(2014, Jun 23). India’s ProtoPrint makes fair trade recycled 3D printer  
filament. Retrieved from http://3dprintingindustry.com/2014/06/23/indias-
protoprint-makes-fair-trade-recycled-3d-printer-filament/ 

 
Molitch-Hou, M. (2013, June 5). XYZ shoes: Custom footwear by Earl Stewart.  

Retrieved from http://3dprintingindustry.com/2013/06/05/xyz-shoes-custom-
footwear-by-earl-stewart/ 

 
Munro, A., Breaux, R., Patrey, J. & Sheldon, B. (2002). Cognitive aspects of virtual  

environments design. In K. M. Stanney (Ed.), Handbook of virtual environments: 
Design, implementation and applications (pp.29-63). New Jersey: Lawrence 
Erlbaum Associates, Publishers. 

 
N12: 3D printed bikini. (n.d.) Retrieved from http://www.shapeways.com/n12_bikini# 
 
Neural correlates of object vs. spatial visualization abilities. (n.d.). Retrieved from  

http://www.nmr.mgh.harvard.edu/mkozhevnlab/?tag=visualization-abilities 
 



240 

 

Newcombe & Shipley, (2015). Thinking about spatial thinking: New typology, new  
assessments. In J.S. Gero (Ed.), Studying Visual and Spatial Reasoning for Design 
Creativity, (pp.179-192). Springer.? 

 
Nimkulrat, N. (2009). Creation of artifacts as a vehicle for design research. Nordes, 3, 1- 

10. Retrieved from www.nordes.org.  
 
Oprean, D. & Balakrishnan, B. (2013). Quest for efficiency: Examining cognitive  

processes underlying the use of 3D modeling tools. Computation and 
Performance. Proceeding of the 31st International Conference on Education and 
research in Computer Aided Architectural Design in Europe, 1, Delft University 
of Technology, The Netherlands, 18-20 September (pp.101-107). ISBN: 978-94-
91207-04-4. 

 
Orzada, B. T. & Kallal, M. J. (2001). Relationship of spatial visualization skills to style  

of processing preferences. In R. Griffin, V. Williams & J. Lee (Eds.), Exploring 
the visual future: Art, design, science & technology: Selected readings of the 
international visual literacy association (pp.363-367). Retrieved from 
International Visual Literacy Association website http://www.ivla.org. 

 
Park, R. (2013, January 22). Iris van Herpen’s 3D printed pieces on the catwalks at Paris  

Fashion Week. Retrieved from http://3dprintingindustry.com/2013/01/22/iris-van-
herpens-3d-printed-pieces-a-hit-at-paris-fashion-week/ 

 
Park, R. (2013, June 17). Extraordinary exploration of 3D printing in fashion by  

Catherine Wales. Retrieved from http://3dprintingindustry.com/2013/06/17/ 
extraordinary-exploration-of-3d-printing-in-fashion-by-catherine-wales/ 

 
Park, R. (2014). A collection of 3D printed hats by renown milliner Gabriela Ligenza.  

Retrieved from http://3dprintingindustry.com/2014/06/04/collection-3d-printed-
hats-renown-millener-gabriela-ligenza/ 

 
Park, J., Kim, D., Sohn, M. (2010). 3D simulation technology as an effective instructional  

tool for enhancing spatial visualization skill in apparel design. International 
Journal of Technology, Design Education, 21, 505-517.  

 
Parsons, L. M. (1995). Inability to reason about an object’s orientation using an axis and  

angle of rotation. Journal of Experimental Psychology: Human Perception and 
Performance, 21 (6), 1259-1277. 

 
Parsons, J. & Campbell, J.R. (2004). Digital apparel design process: Placing a new 

technology into a framework for the creative design process. Clothing and Textile 
Research Journal, 22 (1/2), 88-98.  

 
Pasko, G. (2011). Ascending in space dimensions: Digital crafting of M.C. Escher’s  



241 

 

graphic art. Leonardo, 44 (5), 411-416.  
 
Pedgley, O. (2007). Capturing and analyzing own design activity. Design Studies, 28,  

463-483. 
 
Peleg, D. (n.d.). How I 3D-printed a 5-piece fashion collection at home. Retrieved from 

http://danitpeleg.com/3d-printing-fashion-process/  
 
Pearson, D., De Beni, R. & Cornoldi, C. (2001). In M. Denis, R. H., Logie, C. Cornoldi,  

M. De Vega & J. Engelkamp (Eds.), Imagery, Language and visuo-spatial 
thinking. Philadelphia, PA: Taylor & Francis Inc.  

 
Peruch, P., Gaunet, F., Thinus-Blanc, C. & Loomis, J. (2000). Understanding and leaning  

virtual spaces. In R. Kitchin & S. Freundschuh (Eds.), Cognitive mapping: Past, 
present and future (p.108-124). London: Routledge.  

 
Philpott, R. (2010). Ways of knowing and making: Searching for an optimal integration  

of hand and machine in the textile design process. IN: Proceeding of the Textile 
Institute Centenary Conference: Textiles: a Global Vision, (pp. 1-12.), 
Manchester. 

 
Pringles of Scotland and 3D printing. (2014, October 4). Retrieved from  

http://3dprintshow.com/pringle-of-scotland-and-3d-printing/ 
 
Rittel, H., & Webber, M. (1973). Dilemmas in a general theory of planning. Policy  

Sciences, 4, 155e169.  
 

Rinck, M., & Denis, M. (2004). The metrics of spatial distance traversed during mental  
imagery. Journal of Experimental Psychology: Learning, Memory and Cognition, 
30 (6), 1211-1218). 

 
Schon, D. A. (1983). The reflective practitioner: How professionals think in action.  

New York, NY: Basic Books.  
 
Sheridan, T.B. (1992). Musing on telepresence and virtual presence. Presence, 1 (1),  

120-125.  
 
Sisson A. & Thompson, S. (2012). Three dimensional policy: Why Britain needs a  

policy framework for 3D printing. Retrieved from  
http://www.biginnovationcentre.com/Assets/Docs/Reports/3D%20printing%20pa 
per_FINAL_15%20Oct.pdf 

 
SpaceMouse Pro. (n.d.) Retrieved from http://www.3dconnexion.com/products/ 

spacepilot-pro.html 
 



242 

 

Srinivasan, M. (n.d.). What is haptics? Retrieved from http://www.geomagic.com/files/ 
7713/4857/8044/what_is_haptics.pdf 

 
Sun, L. & Parsons, J. (2014). 3D printing for apparel design: Exploring apparel design  

process using 3D modeling software. 2014 ITAA Proceedings #71. Paper 
presented at ITAA: Strengthening the Fabric of our Profession, Association, 
Legacy and Friendships, 12-16 November (pp.55-56), Charlotte, NC. 

 
Taylor, S. (2013, May 30). Shape-it-up: Hand gesture based CAD. Retrieved from  

http://3dprintingindustry.com/2013/05/30/shape-it-up-hand-gesture-based-cad/ 
 
The free beginner’s guide to 3D printing. (2014, July 3). Retrieved from  

http://3dprintingindustry.com/wp-content/uploads/2014/07/3D-Printing-Guide.pdf 
 
Tracking the growth of personal 3D printers in the U.S. (2014, October 15). Retrieved  

from http://www.displaysearchblog.com/2014/10/tracking-the-growth-of-
personal-3d-printers-in-the-u-s/ 

 
Treadaway, C. P. (2006). Digital imaging: Its current and future influence upon the  

creative practice of textile and surface pattern designers (Doctoral Dissertation). 
University of Wales Institute Cardiff, Cardiff School of Art and Design, United 
Kingdom.   

 
Treadaway, C. P. (2009). Materiality, memory and imagination: Using empathy t 

research creativity. Leonardo, 42, 231-237. 
 
Tverksy, B. (2000). Levels and structure of spatial knowledge. In R. Kitchin & S.  

Freundschuh (Eds.), Cognitive mapping: Past, present and future. New York: 
Routledge.  

 
van Hippel, E. (1988). Sources of innovation. New York: Oxford University Press. 
 
Vernon, M. D. (1964). The psychology of perception. Baltimore, MD: Penguin Books. 
 
Voyer, D., Voyer, S. & Bryden, M. (1995). Magnitude of sex differences in spatial  

abilities: A meta-analysis and consideration of critical variables. Psychological 
Bulletin, 117 (2), 250-270. 

 
We can’t wait: Obama administration announce new public-private partnership to support  

manufacturing innovation, encourage investment in America. (2012, August 16). 
Retrieved from http://energy.gov/articles/we-can-t-wait-obama-administration-
announces-new-public-private-partnership-support 

 
Winnan, C. D. (2013). 3D printing the next technology gold rush: Future factories and  

how to capitalize on distributed manufacturing. Amazon Digital Services, Inc. 



243 

 

 
Watstein, S. B. & Czarnecki, K. (2010). Virtual worlds, dress, and fashion.  

Encyclopedia of World Dress Fashion v10 (pp.276-282), Joanne Eicher (Ed). 
Berg Publishing. 

 
Workman, J.E. & Ahn, I. (2011). Linear measurement and linear measurement  

estimation skills in apparel design. Clothing & Textile Research Journal, 29 (2), 
150-164. 

 
Workman, J. E. & Lee S. (2004). A cross-cultural comparison of the apparel spatial  

visualization test and paper folding test. Clothing & Textile Research Journal, 22, 
22-30. 
 

 
 
 
 
 

 
 
 



244 

 

Glossary and Acronym  

3DP Three-dimensional printing; a digital fabrication process that rely 
on computer-based model to produce real object in form of 
additive manufacturing, in which layers of building material is 
deposited in layers to form real object 

 
ABS   Acylonitrile butadiene styrene; a type of thermoplastic used in 3DP 
 
Allocentric spatial  The ability to mentally manipulate objects from a stationary point 
visualization   of view 
 
Avatar Character that represents a player in second-person virtual system, 

sometimes developed from 3D body scanning technology. 
 
CAD   Computer-aided design 
 
Cognitive process Mental processes of perception, memory, problem solving and 

abstract thinking, often involves information retrieval, maintenance 
through mental representation based on sensory stimulus.  

 
DLP   Digital light processing 
 
DDM   Direct Digtal manufacturing 
 
DMD    Deformable mirror device 
 
Egocentric spatial  The ability to imagine taking a different perspective in space 
visualization   
 
FDM   Fused deposition modeling 
 
Force feedback output device that transmits pressure, force, or vibrations to 

provide a VE participant with the sense of resisting force, typically 
weight or inertia. 

 
Haptic Skin-related information and refers to information obtained by 

active touch and manual exploration. 
 
HCI Human-computer interaction; study of how people work with 

computers and how computer can be designed to help people 
effectively use them 

 
LENS   Laser engineering net shaping 
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LOM   Laminated object manufacturing 
 
LS   Laser Sintering 
 
MJ Megajoule, measurement of energy; 1MJ=1,000,000 J; 1 J=0.74 lb.  
 
Object visualization  The visual information processing of object appearance in terms of 

color and shape. 
 
PLA   Polylactic acid, a type of biodegradable thermoplastic used in 3DP 
 
PMM Personal Mind Mapping 
 
RAD   Research about design 
 
Render   Conversion of image data into pixels to be displayed on a screen. 
 
RP   Rapid prototyping 
 
RTD   Research through design 
 
SDL   Selective deposition lamination 
 
6DOF Six degrees of freedom; translation of object freely moving in 3D 

space in three different axis and rotation in three different axis, 
(moving up/down, moving left/right, moving forward/back, tilting 
up/down, tilting left/right, and turning left/right) 

 
SLS Selective Laser Sintering (registered trademark of 3D system); 

3DP technology that replies on laser technology to bind building 
material, often form of nylon powder; a registered trademark of 3D 
system. 

 
SL/SLA  Stereolithography apparatus (registered trademark of 3D system) 
 
STL/.stl  Stereolithographic/3DP file format 
 
Tactile Sensory information arising from contact with an object, detected 

through nerves within the skin, and sometimes restricted to passive 
information as oppose to the active manual exploration in haptic. 

 
TA   Textile and apparel 
 
TPU   Thermoplastic polyurethane; material used in 3DP 
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UV   Ultraviolet 
 
VE Virtual environment  

Three-dimensional data set describing an environment based on 
real-world or abstract objects and data. 

 
Visual buffer  The representation of a conscious mental image.  
 
VSWM Visuo-spatial working memory  

The system involved in maintaining information used in mental 
activity. 

 
Voxel Three-dimensional generalization of a pixel; an indivisible small 

cube that represents a quantum of volume.  
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Appendix A – Focus Group Script 

 
Opening statement:  
Welcome to the Hands-on to Digital Making focus group study! 
 
Considering the advancement and development of 3D printing, a computer-aided design (CAD) 
driven technology, in the global environment, this study is established to understand the 
knowledge gap in transitioning from hands-on object making experience using traditional 
material to the process of human-computer interaction using 3D CAD program in developing 
objects for end use production. It will mainly examine the visuo-spatial cognition influenced by 
the visual and haptic experiences of practitioner in 3D CAD and the impact of various 
components and capabilities of popular 3D CAD programs in this CAD process. 
 
This focus group includes two meetings. In the initial meeting, you would first complete a mind 
mapping activity, which will be completed independently by each of you to help you brainstorm 
about the topic. Then, you would use your Personal Mind Map (PMM) content to help you 
generate insightful reflection or ideas during the main interactive discussion. In the follow up 
meeting, you would be conducting informal audit on the factual and interpretive content of the 
data collected in the prior meeting in Q and A format.  
 
Lastly, I would encourage you to be honest in sharing your insight and/or experience. I would like 
to also ensure you that you do not have to feel pressured to answer any question that you are not 
comfortable in answering, and that you are welcome to generate unique perspectives at any point 
in the discussion as you see fit.  
 
Opening comment: 
I would like you to introduce a bit about yourself. Please tell us your degree program, major, 
background in hands-on object making experience and/or training, the type of work you’ve done, 
the type of 3D CAD programs you work with and/or prefer in 3D modeling 3D object, as well as 
your experience and/or knowledge in the 3D printing technology.  
 
Introductory question: 
Design cognition in terms of visual and haptic experience is essential in understanding our virtual 
designing experience in programs such as for 3D modeling. In thinking about your experience 
and/or training, how would you describe hands-on object making experience? How would you 
describe the virtual design experience using 3D CAD programs? 

 
Key questions:  

• How would you describe your own hands-on object making experience or training?  
o What are your visual and haptic experiences like?  
o Are there any visual and/or haptic experiences that you may provide in specific 

scenario or situation related to your perception?  
 

• How would you describe your experience in using the 3D CAD programs to create 3D 
model? 

o What are your visual and haptic experiences like? 
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o Are there any visual and/or haptic experience that you may provide in specific 
scenario or situation related to your perception of such experience? 

 
• What are some of the 3D CAD programs have you worked with?  

o What are some of the qualities or capabilities of these programs that have 
influenced your experience in creating 3D models (visual and haptic) and why?  

o What do you think about before you start creating the 3D model in the CAD 
program you work with? 
 

• How would applying 3D printing technology for end product prototyping affect your 
digital 3D modeling experience? 

o Would the use of this technology change your way of working and planning in 
the digital 3D modeling process? 

o How would using this differ from your hands-on object making experience? 
 

• How do you imagine developing apparel product (accessory or garment) in 3D CAD 
programs? 

o Which program and/or tools would be most beneficial for this purpose and why? 
 
Transition questions: 

• Have you thought about how your hands-on experience would influence your digital 3D 
modeling experience? 

• Have you thought about how your haptic experience shapes your visual experience, or 
vise versa?  

• Have you thought about how using 3D printing technology for rapid prototyping would 
change your way of working and/or planning in the digital 3D modeling process? 
 
Ending questions: 

• All things considered, what would you say is the most important aspect of hands-on 
object making experience? And what would it be for the 3D modeling experience?  

• Is there anything about hands-on and digital 3D modeling experience that we have not 
talked about that you would like to raise before we leave today? 
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Appendix B – Personal Mind Mapping Instruction and Data 
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Participant 1 

 
 
Participant 2 
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Participant 3 

  
 
Participant 4 
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Participant 5 

 
 
Participant 6 
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Participant 7 

 
 
Participant 8 
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Participant 9 

 
 
Participant 10 
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Appendix C – Follow Up In-depth Interview Script 

Note: Interview script may vary for each participant. 
 
Opening comment: 
Based on the information you shared in the initial focus group meeting, I would like to ask you 
more questions to gain more in-depth understanding of your experience related to the research 
topic. As you may remember, you previously discussed the topic of design cognition in terms of 
visual and haptic experience is essential in both hands-on object making and digital 3D modeling 
practice.  

 

Key questions:  

• Can you explain a bit about your thinking process in developing your personal mind 
mapping activity? 

o In developing your personal mind map, did you find this activity helpful in 
reflecting your experience in the subject matter? 

o In developing your personal mind map, was there anything you felt challenging 
in expressing using this form of brainstorming activity? 

 

• In your hands-on object making experience/training, what physical experience was most 
important to you? 

o Before approaching a project, how do you visualize, design or think about 
creating the object? Can you provide an example/scenario? 

o Does any of your physical memory impact this process? If so, how? 
o Does any of your mental imagination ability impact this process? If so, how?  
o Are there any special methods or tools that you use to approach problems that 

rise in the process of such object making? Can you provide an example/scenario? 
 

• In your digital 3D modeling experience/training, what physical experience was most 
important to you? 

o Before approaching a project, how do you visualize, design or think about 
creating the object in the virtual space? Can you provide an example/scenario? 

o Does any of your mental imagination ability impact this process? If so, how?  
o Do you consider spatial ability as an important skill to have in digital 3D 

modeling? Do you consider yourself having high spatial ability? How does this 
impact your process? 

o Does any of your physical memory impact this process? If so, how do you 
translate this memory/knowledge in the 3D modeling process? Are there unique 
tool in CAD programs that help you in this process? 

o Are there any special methods or specific digital tools (or function) that you use 
to approach problems that rise in the process of such object making? Can you 
provide an example/scenario? 

o Do you feel that the 3D CAD program you are familiar with help you design and 
model the object? Can you provide an example/scenario? How do you feel about 
the CAD interface and its tool organization in your work? 
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Ending questions: 

• Based on what you’ve shared, what kind of skill or ways of thinking do you imaging one 
needs to obtain to create a wearable product customized for someone using digital 3D 
modeling and 3DP? 

• All things considered, are there any other factors/experience that would impact the way 
you approach designing an object in hands-on object making? What about the 3D 
modeling experience?  
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Appendix D – Screen Capture Coding Result for Digital 3D 

Modeling 

Note: MC_CL (miscellaneous: command line), MC_OA (miscellaneous: other action), MC_TE 
(miscellaneous: tool exploration), MC_TS (miscellaneous: tool search), M_AR (object movement: 
automatic object rotation), M_Drag (object movement: drag/move object), M_MOR (object movement: 
manual object rotation), OF_Cur (object format: curve), OF_Ln (object format: line), OF_Sol (object 
format: solid), OF_Surf (object format: surface), O_Avatar (design efficiency & organization: avatar use), 
O_Dup (design efficiency & organization: duplicate object), O_Lk (design efficiency & organization: 
lock/unlock object), O_OO (design efficiency & organization: CAD space organization), T_Bn (object 
transform: bend), T_Boo (object transform: boolean), T_Hel (object transform: helix/spiral), T_Mir (object 
transform: mirror), T_Pt (object transform: point edit), T_Sc (object transform: scale), T_Sp (object 
transform: split), T_SR (object transform: sweep 1 rail), V_FV (3D CAD view action: front view), V_PV 
(3D CAD view action: perspective view), V_SV (3D CAD view action: side view), V_TV (3D CAD view 
action: top view), V_VM (3D CAD view action: view mode change), V_ZI (3D CAD view action: zoom 
in), V_ZO (3D CAD view action: zoom out) 
 

Screen recording result for bodice cup (Duration: 1 hour 15 minute) 
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Screen recording result for bodice band part 1 (Duration: 1 hour 53 minute) 
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Screen recording result for bodice band part 2 (Duration: 2 hour)
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Screen recording result for skirt front part 1 (Duration: 1 hour 56 minute) 
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Screen recording result for skirt front part 2 (Duration: 2 hour 12 minute) 
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Screen recording result for skirt back (Duration: 2 hour 22 minute) 

 



263 

 

Screen recording result for skirt side (Duration: 1 hour) 
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Appendix E – Research Resource  

 Funding Resources 

• Graduate Student Association-Textile & Apparel Management  

Funding: $220.00 

• Center for Digital Globe  

Funding: $942.00  

 

 3D Printing Resource 

• Rapid Prototyping Lab- School of Engineering MU 
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