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ABSTRACT: The recent advent of haptic devices (one of the tangible user interface technologies for 
design) offers designers a new and more intuitive way to interact with their digital design 
representations using sensory feedback.  However, there is limited empirical evidence about the 
impact of these new devices on the effectiveness and creativity of design.  This project aimed to 
explore the impact of haptic devices on two designers and the design process, and to compare the 
changes in behaviours and outcomes when designers move from traditional design environments to a 
haptic device setting.  Using protocol analysis, the designers were videorecorded performing similar 
design tasks in four design environments: Clay modelling; CAD; a haptic interface, and both sketching 
and haptic.  A unique coding system (capturing physical, perceptual, functional and conceptual 
cognitive design levels) indicated the most frequently demonstrated action categories were Physical 
and Perceptual.  No substantial differences were observed between the actions of each designer in 
each design environment (intra-and inter-participant), showing that haptic devices as new design 
interfaces support the four types of design actions.  This preliminary study provides valuable directions 
for future research into these devices and their effects on the design process and on types of design.   
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INTRODUCTION 
 
Information Technology (IT) tools for design activities - commonly known as computer-aided design (CAD) systems – 
are now well-developed and widely used. Although “touch” is an extremely powerful sense, it has so far not been 
incorporated into the digital world (Brewster, 2001). As a result, most CAD systems adopt standard personal 
computer interfaces, thereby preventing the intimate relationship between designers and design artefacts that has 
always been highly regarded in traditional design practice. Tangible User Interfaces (TUIs), as an emerging design 
technology, integrates the digital information with physical objects to emulate a simulated design environment. 
According to Kim and Maher (2008), the main advantage of TUIs is the space multiplexing input that controls and 
empowers various functions during design. Haptic devices - one of the TUIs technologies for design (Pantic & 
Rothkrantz, 2003) - offer promising innovations to design by providing a new and more intuitive way for interaction 
between designers and digital design representations by using sensory feedback. As witnessed in recent design 
research and practice (Picard & Bryant Daily, 2005), these devices have radically changed design, resulting in 
innovative designs with new forms and processes, as well as theories to support such practice (Turk & Kölsch, 2004). 
Nevertheless, there is general lack of empirical evidence about the impact of haptic devices on design behaviours 
and outcomes. 
 
Haptic devices (‘haptic’ here refers to the sense of touch) enable designers to interact with digital design 
representations by simulating the sense of touch, through force-feedback, vibrations or motions that are traditionally 
related to the physical design making (Basque Research, 2007). Such interactions have the potential to augment 
designers’ interplay and cognition with digital design representations by incorporating the type of sensory feedback 
that is familiar to them (Stricker, Klinker, & Reiners, 2001). Although these initial studies have led to some recent 
technical advances in the enabling tools, the role and the impact of haptic devices on design is largely unknown. It is 
still not yet clear how the use of these different design environments affect designers’ interactions with the design 
representations, and what the cognitive benefits are of integrating the sense of “touch” in digital design. It is also not 
clear that whether perceiving and acting in a haptic design environment will provide designers with more effective 
processes, more creative outcomes and better design experiences. This study aimed to answer these questions as 
they are critical to the further development and adoption of the technologies. 
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In cognitive research, design has usually been considered as an individual mental process. During design, possible 
solutions are generated, elaborated and evaluated. Because of the limitations of human mental capacity, designers 
rely on external design representations as accessible data storages to reduce the information-processing load. For 
designers to communicate ideas to themselves and to each other, they also have to rely on these external design 
representations. Designers can employ a wide variety of representations such as sketches, models, diagrams, 
graphs and notations, and most CAD systems provide the digital replicas of these common representations. 
According to Schon and Wiggins (1992), design is a “reflective ‘conversation’ with the materials of a design situation” 
(p. 135). Problems are actively set or “framed” by designers, who make “moves” by using a spatial-action language 
(external design representations). The interaction with the design representations, particularly sketches, was 
traditionally seen to represent mental activities, and the complementary relationship between two forms of 
representations, viz. verbal-conceptual and visual-graphic, has been viewed as one of the key concepts of design 
cognition (Akin & Lin, 1995; Goel, 1995) Researchers have studied how designers used design representations to 
facilitate design thinking, and the relationship between the design process and design outcome. Most of the studies 
have focussed on designers’ analogue representations, as practical experience and experimental evidence support 
the assertion that these representations are useful, if not essential, to design activity (Craft & Cairns, 2009).  In our 
study, clay modelling is set as the baseline for characterising the changes in designers’ visual reasoning of the 
external design representation and as a comparison to different digital design environments including a haptic 
environment. The external design representations (digital models enabling haptic interactions) and designers’ 
interplay with these representations have not been previously well understood and are investigated in this research. 
 
Considering this gap, this study aimed to produce preliminary empirical evidence that contributes to our 
understanding of the impact of haptic devices on design process and designers, particularly on their design 
behaviours.  The research uses “think aloud” Protocol Analysis to compare the type and frequency of the design 
behaviours of designers changing from the traditional design environments to a haptic one. Four environments were 
selected for comparison, viz., traditional clay modelling, a conventional digital interface with a main-stream CAD 
system with mouse and keyboard; a haptic interface that supports intuitive interactions with sensory feedback and a 
combination of the traditional analogue interface with pen and paper and the haptic interface. This preliminary 
research will be an important starting point to commence a formal investigation into how haptic devices impact on 
design and how they can be better utilised in the design process. 
 
1.   METHODOLOGY 
 
1.1   Participants 
Two participants were recruited for this preliminary study.  Both male designers had graduated with a tertiary degree 
in product or industrial design and had a minimum of two years professional design experience in the industry.  One 
participant was English-speaking and Australian-educated and the other a Taiwanese-educated designer. Both were 
experienced in communicating in an English-speaking design environment. They were also competent in SolidWorks, 
Rhino or other comparable commercial 3D modelling software and had experience in using air-drying clay as a 
model-making media. Due to the complex nature of protocol analysis, the number of two designers was considered 
as appropriate for a preliminary study to test the effectiveness of the methodology and to reveal initial understandings 
about the haptic interface. 
 
1.2   Descriptions of the four experimental settings 
The design environments were set up in a specialised computer lab.  For each separate design environment (see 
Figure 1), the relevant computer hardware and software, or other tools and equipment, were prepared and organised 
by the research team. The clay environment was setup with 5Kg cube of air-drying clay on an A1 MDF sheet with 
traditional sculpting tools supplied to be used at the designers’ discretion. The CAD setup was a Dell Precision T5500 
machine (Intel Xeon 2.53GHz CPU, 8Gb RAM, 1Tb hard disk, NVIDIA Quadro FX 1800 786Mb Graphics card) 
running Microsoft Windows XP with a 21” monitor including a mouse with scroll wheel and keyboard. Comparable 3D 
parametric design softwares, ProEngineer & CATIA, were installed on the machine with its specification above the 
recommended requirements to run the programs effectively. For the haptic environment, a Sensable Phantom 
Desktop haptic device was connected to the PC with its accompanying software Freeform Modelling Plus installed 
onto the high-specification desktop computer. For the sketch-plus-haptic environment, an A3 120gsm cartridge paper 
sketch pad was supplied along with a selection of drawing tools including pencils, pens, markers, rulers and curves. 
The outputs of each environment were recorded with digital screen shots, 3D files and physical clay models and 
paper drawings. 
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Figure 1: Design environments (L-R: Sketch & haptic, CAD, Clay, Haptic only). 
 
1.3   Procedure 
Each participant conducted one design session in each of the four separate design environments viz. clay modelling 
(“clay”), conventional CAD modelling (“CAD”), haptic design (“haptic”) and a combination of sketch and haptic (“S & 
H”) environments. They were each provided with a different design brief in each setting.  The four design tasks were 
of similar complexity and type viz. a wireless mouse, an MP3 player, a Wii controller and a mobile phone. The pairing 
of the design task and the design environment was randomly decided by the research team prior to the experiments.  
If a participant was not already familiar with the haptic design technology, he was provided with training on using the 
device prior to the experiments until he felt comfortable and confident in its use. 
 
Each participant was permitted 90 minutes to read each design brief and design each artefact.  Whilst designing, 
participants were asked to verbalise aloud their thoughts and comments, and describe their actions.  If necessary, 
participants were reminded to verbalise by a member of the research team.  All sessions were video-recorded for 
later analysis.  Three cameras were arranged to simultaneously record the designer, the computer screen and the 
table work area.  A member of the research team was always present in the room to monitor the designing and 
recording equipment and provide any support necessary to the designer.  
 
1.4   Data analysis 
The recordings of each designer were imported into NVivo 9 (QSR International Pty Ltd, 1999-2011) for direct 
analysis from the video data.  The duration of each verbalisation and/or action was determined and coded using the 
coding scheme in Table 1.  Based on a pilot study comparing the design coding schemes that have previously been 
devised (Bilda & Demirkan, 2003; Rahimian & Ibrahim, 2011; Suwa, Purcell, & Gero, 1998), a modified version of 
Suwa et al’s (1998) design actions coding scheme was judged to be the most appropriate to the current study.  Due 
to the preliminary nature of the study, statistical analysis of the results was not considered appropriate.  Therefore, a 
descriptive analysis of the results is presented comparing the design process in the different environments, 
investigating the impact of haptic devices on designer’s cognition, as well as exploring the patterns and mechanisms 
in designing, and the role of the design medium. 
 

Table 1: Coding scheme for design actions, adapted from Suwa et al (1998) 

Category 
 

Sub-categories Description  Examples 

Physical 
 

D-action  
 
Md-action 
 

Make depictions  
 
Modify 
 

Lines, circles, arrows, words 
 
Revising shape, size or texture of a 
depiction 

Perceptual Pv-action 
 
 
Pr-action 
 
 
Pc-action 

Attend to visual features of 
elements 
 
Attend to spatial relations 
among elements 
 
Compare or organise 
elements 

Shapes, sizes, textures 
 
 
Proximity, alignment, intersection 
 
 
Grouping, similarity, contrast 
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2.   RESULTS 
 
It should be noted that the participants were not limited in the number of design artefacts that they could produce 
within each environment.  Participant A produced a single artefact within each design environment whilst Participant 
B produced one or more in each environment (one in Haptic and S&H, two in CAD and Clay).  This has implications 
for the results of the action categories and will be discussed below. 
 
 
2.1   Individual design performance in four environments 
 
2.1.1   Participant A 
 

Functional Fc-action 
 
 
 
 
Ft-action  
 
 
Fr-action 
 

Create 
 
 
 
 
Thought functions 
 
 
Reinterpretations 
 

Associating a new depiction, feature or 
relation with a specific function that 
was previously thought or newly 
discovered 
 
Thinking of a function independently of 
depictions 
 
Re-interpretation of a function 

Conceptual E-action 
 
 
G-action 
 
K-action 
 

Make preferential and 
aesthetic evaluations  
 
Set up goals  
 
Retrieve knowledge 

Like-dislike, good-bad, beautiful-ugly 
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Figure 2: Design actions demonstrated by Participant A in all four environments. 
 
A’s most frequently demonstrated action sub-categories for all four environments (see Figure 2) were D-Md-action 
(Modify depictions) and Pv-action (Attend to visual features).  Due to difficulties in differentiating between D-action 
(Make depictions) and D-Md-action (Modify depictions) in the S&H environment, the D-action and D-Md-action for 
this environment were considered to follow the same pattern as the other environments on these two actions.  Whilst 
D-Md-action and Pv-action occurred for over 60 minutes or over 40 minutes, respectively, in all environments, the 
other sub-categories were observed for relatively shorter periods of time ranging between zero and 15 minutes.   
 
In the CAD and Haptic environments, all sub-categories were of similar duration and configuration.  Some sub-
categories (e.g. C-K action, Fr-action, Pc-action) were minimally observed in these two environments.  Apart from the 
two longest-occurring sub-categories, the Clay environment elicited a somewhat different pattern of action to the 
other three environments; C-E action, Fc action and Ft action occurred for a greater period of time than in the other 
environments i.e. two to 13 times, two to seven times, and three to six times longer, respectively. The S&H 
environment elicited limited C-G actions (setting up goals), with the other environments eliciting close to eight times 
as long on these actions. 
 
2.1.2   Participant B 
 
Participant B presented with a similar configuration of sub-categories to Participant A i.e. in most environments, D-
Md-action and Pv-action were of the longest duration (see Figure 3).  However, for Participant B, the Haptic 
environment elicited substantially shorter periods of Pv-action, in contrast to the other three environments. Some 
action categories (C-G and Fr) were minimally produced in any design environment.  Apart from his performance in 
the Haptic environment, D-Md action and Pv-action occurred for a substantially longer period (over 45 minutes and 
over 50 minutes, respectively) than the other sub-categories (between 0 and 22 minutes).   
 
The S&H and CAD environments elicited similar configuration and duration of all sub-categories.  Although the sub-
categories in the Clay environment were relatively similar in duration to S&H and CAD, the Clay setting produced 
more C-E action (aesthetic evaluations) and Ft actions (thoughts of a function) than any of the other environments.  
Some of the sub-categories observed in the Haptic environment were of a different duration or relative configuration 



 

45th Annual Conference of the Architectural Science Association, ANZAScA 2011, The University of Sydney  

 

 

to the other environments.  For example, both D, D-Md and Pv actions were of shorter duration than in the other 
environments, whilst Fc action was observed for a substantially longer time.   
 

 
Figure 3: Design actions demonstrated by Participant B in all four environments. 
 
 
2.2   Comparison of Participants A and B 
 
For A and B (Figure 4), the configuration of the action categories was similar for the complete design process in most 
environments i.e. the majority of actions fell into the Physical (D) and the Perceptual (P) categories, with a much 
small number of actions in the Conceptual (C) and the Functional (F) categories.  The only designer and design 
environment which differed partially from the dominant configuration was Designer B using the Haptic device; he 
demonstrated a relatively increased duration of F-actions compared to his own and Designer A’s performance in the 
other environments with a substantially shorter duration of P-actions. The reason for such differences will be explored 
in a future study through follow-up interviews with the two designers. 
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Figure 4: Comparison of both designers in four environments 
 
 
3.   DISCUSSION 
 
This preliminary study investigated the design actions used by two industrial designers when completing four different 
design briefs in four different environments, viz. clay modelling, conventional CAD modelling, haptic design and a 
combination of sketch and haptic environments. While the experiments were conducted with two industrial designers, 
the study is relevant to the fields of architectural design, engineering design and interior design all of which will be 
changed, in subtle or dramatic ways, by the introduction of new digital design technologies. 
 
Comparing the design actions of each designer in each design environment (i.e. intra-and inter-participant), no 
substantial differences were observed.  For both designers in all four environments, the most frequently 
demonstrated action categories were Physical, specifically D-Md-action - Modify depictions,  and Perceptual, 
predominantly Pv-action - Attend to visual features. The dominance of physical and perceptual categories may reflect 
the fact that these two action categories can often be visually observed, without any verbalisation from the designer.  
The other sub-categories were observed for relatively shorter periods of time. These conceptual and functional 
actions are difficult, if not impossible, to determine, unless there is verbalisation. Investigating conceptual design 
processes remains a particularly difficult aspect of design to investigate. The “think aloud” method appears to 
produce the most reliable results (Coley, Houseman, & Roy, 2007), but may remain limited in capturing conceptual 
actions. 
 
For Designer A, the Clay environment elicited a somewhat different pattern of action to the other three environments, 
with increased conceptual and functional actions. Similarly, for Designer B, the Clay setting produced more 
conceptual (particularly C-E action) and functional (Ft actions) than any of the other environments. This suggests that 
analogue representations facilitate design thinking, as asserted by Craft and Cairns (2009).   
 
In the haptic environment, Designer B produced shorter periods of D-, D-Md and Pv-actions than in the other 
environments, whilst a greater duration of Fc action was observed. In contrast, for Designer A, the design actions in 
the Haptic environment closely imitated those observed in the CAD setting. 
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Overall, and specifically for the CAD and Haptic environments, all sub-categories were of similar duration and 
configuration indicating that in this preliminary study, the design environment had minimal impact on the action 
categories in these two industrial designers. The lack of differences between the four design environments may 
reflect the design briefs given to the designers; the products to be designed may have been too simplistic to allow the 
effects of designing within these different environments to emerge.  Kim and Maher (2008) reported a higher number 
of perceptual actions (particularly visuo-spatial features and spatial relations among elements) in the Haptic setting 
(compared to CAD) but this may have reflected the nature of their design task (small-scale space-planning problem 
using furniture) and the differences of their design interface (a tangible table-top design interface)..   
 
The coding scheme used in this study (based on Suwa, et al., 1998) was capable of capturing the significant design 
actions relevant to the research aim.  However, in a larger study, modifications may be useful or appropriate. One 
aspect which was not capture by this coding scheme was the designers’ on-line comments about the practicalities or 
appropriateness of the design environments; these comments may be significant in determining the designers’ own 
reactions to the design environment whilst involved in designing, as opposed to their post-experiment reflections.  
The advantage of using a coding scheme that has already been widely used within certain disciplines (e.g. 
architecture) is that findings can more easily be compared to other studies. This is an important factor if progress is to 
be made on capturing the essence of the design process; the investigation of design cognition is considered to be 
hampered by the current lack of commonly used methods of analysis (Gero, 2010).  
 
RESEARCH SUMMARY AND CONCLUSIONS 
 
This preliminary study has demonstrated that the design environments of clay, CAD, haptic, and sketch and haptic 
have had minimal effect on the design actions of the two designers. This finding adds new knowledge regarding 
haptic devices; it shows that haptic devices as new design interfaces have been able to support the four types of 
design actions used in this study. Therefore, the haptic device was as useful and as effective as the other design 
environments in the specified design tasks.  However, more complex briefs and a greater number of participants may 
demonstrate that specific design environments are more suitable for particular stages of design or for specific design 
tasks.  Previous research has demonstrated that haptic devices do provide specific advantages in the early stages of 
design; designers have found these devices useful for working quickly, exploring ideas and roughing out 3D models 
(Sener, Pedgley, Wormald, & Campbell, 2003; Sener, Wormald, & Campbell, 2002).  However, haptic devices in their 
current form may not produce 3D models in a precise enough form for detailed design or design documentation 
(Sener, et al., 2002).   
 
For any new design tool to be adopted within design, it should not just provide a similar tool to already existing ones.  
A new design tool needs to be able to provide additional benefits to the designer so that the extra time and financial 
costs can be worthwhile.  It can be challenging to introduce new artefacts into design and there needs to be strong 
motivation for its implementation and use (Baxter & Berente, 2007). The fact that the haptic tool elicited similar design 
actions to other environments suggests that, as it was used in this study, it offers the designers another innovative 
and flexible method of designing in CAD environments.  Although no additional advantages in using these devices 
was apparent in this study, this may reflect either the methodology used or the relatively early stage of development 
of haptic devices.  Cheshire, Evans and Dean (2001) have concluded that currently available haptic tools are limited. 
Nevertheless, until a larger study is undertaken, the precise advantages that haptic tools can bring to design, have 
not yet been determined. 
 
Although preliminary, this study provides much-needed new knowledge; it also gives valuable directions for future 
research into the use of haptic devices in design., It is apparent from this small study that an investigation of a bigger 
group of designers within these design environments would provide additional information and more detailed 
outcomes.  Furthermore, a comparison of novice versus experienced designers could provide data on the 
applicability of the haptic device to designers with varying haptic device experience.  A study of designers within the 
same discipline or inter-disciplinary may indicate whether the haptic device is more beneficial in particular types of 
design, or in different phases of the design process. The use of more complex design briefs may highlight the 
advantages and disadvantages of the haptic device more clearly.  Finally, an evaluation and comparison of the 
quality of the artefacts produced in each environment would add an extra element into the exploration of these haptic 
devices.  The research method and coding system used in this project has been shown to be a successful approach 
to analysing and comparing the design process in different environments.  This method can therefore be employed to 
build on the outcomes of this study so that the use of haptic devices in design can be more fully and clearly 
delineated. 
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