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Abstract  5 
We designed a new Computer-Aided Design tool that can be easily and intuitively used by non-expert designers, like 6 
users of the products being designed. The target application is the design of highly-customized products together with 7 
the final users, more specifically the design of walking assistive devices with mobility-impaired people. The tool has 8 
simultaneously been developed with an ad-hoc protocol for an accurate evaluation of the satisfaction of users, through 9 
questionnaires and psychophysiological measurements. In fact, costly and complex technical products such as walking 10 
assistance devices require ad-hoc design processes to address the specific needs of each user. The characterization of 11 
user requirements in the early stage of design remains difficult due to their subjective and communication gap between 12 
the user and the designer. To overcome these issues, we propose a new modular digital toolbox that allows co-design 13 
between users and designers. The tool is a combination of a mixed reality hardware/software system and kansei (or 14 
affective) engineering techniques. The hardware consists of modular Tangible User Interfaces (TUIs), custom-made 15 
by 3D printing and powered by a 3D game engine. The interactive content is displayed in mixed reality, simultaneously 16 
to the user and the designer. Kansei data of the users are collected through questionnaires and psychophysical 17 
measurements, during multiple collaboration phases. 18 

Keywords: Co-design, Computer-Aided Design tool, User requirements, Mixed Reality, Kansei engineering, 19 
Tangible User Interfaces, Psychophysical measurements 20 
 21 

1. Introduction and motivations 22 

1.1. Current limitations of mobility assistive devices 23 

In Japan, due to a low birth rate and high life expectancy combination, the share of the population over 24 
60 was 8% in 1950, 10% in 2000, and is expected to reach 21% in 2050. In a near future, one out of four 25 
people will be over 65, according to the Japanese Government forecast. Among all challenges raised by the 26 
aging of the population, mobility appears as one of the most pressing issues (Metz, 2000). The prevalence 27 
of mobility impairments increases with age. Losing complete or partial mobility affects not only the ability 28 
to walk, but also the ability to perform daily tasks, which is a major determinant in quality of life and causes 29 
dependence on others (Martins et al., 2012). To address walking disabilities, “one fits all” solutions are the 30 
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most common. As an example, wheelchairs are often recommended to patients with mobility impairment 31 
conditions caused by lower limbs disability. Although safe and easy-to-use, they also have many 32 
disadvantages, e.g. they limit activities due to their large footprint and make it complicated to perform basic 33 
daily tasks due to the limited reach they offer. Wheelchairs also tend to limit the visibility field of their 34 
users, making it difficult both to see and to be seen. 35 

In order to overcome most of these limitations, efforts have been put to offer users an upright posture 36 
through more sophisticated products. For instance, robotic exo-skeletal apparatuses (Martins et al., 2012) 37 
such as powered suit HAL (Hybrid Assistive Limb) designed by Prof. Yoshiyuki Sankai of the University 38 
of Tsukuba and registered by Cyberdyne corporation, Ekso (Strickland, 2012), or Vanderbilt Powered 39 
Orthosis (Farris et al., 2011; Quintero et al., 2012). Some of them may require using an additional remote 40 
walker (Kyoungchul & Doyoung, 2006). However, such products tend to be complicated and expensive, 41 
both to design and operate. 42 

1.2. Addressing customer requirements requires new design tools 43 

For designers, one way of simplifying products is to take into account the fact that many people with 44 
walking-impairment have a valid upper body. Therefore, the focus of research has shifted towards 45 
apparatuses capable of autonomously supporting users by leveraging their remaining upper mobility and 46 
led to the design of simpler and less expensive devices like illustrated in Fig. 1 (Higuchi et al., 2010; 47 
Matsuura et al., 2015). 48 

 49 

  50 
Fig. 1. Walking assistive machine using crutches (WAMC) (Matsuura et al., 2015). 51 
 52 

Simultaneously, quality of living and comfort has taken priority over simple functional solutions for the 53 
users (Chang et al., 2011). In designing medical assistance devices, the detailed condition of the user has 54 
to be taken into account and designers have to focus on ergonomics, usability, user acceptance, body metrics 55 
and adequacy to the user’s feeling (Farris et al., 2011) in order to design safer products with faster learning 56 
curves for the user (Martin, Norris, Murphy, & Crowe, 2008). These elements are key drivers of the final 57 
product properties and should be considered from the very early design stages. They are all related to what 58 
is called the user kansei (Nagamachi, 2010), a Japanese word for “subjective impression”, “emotion” or 59 
“affect”. As kansei is strongly related to the user requirements, a kansei-based engineering design approach 60 
has the potential to increase the users’ satisfaction. However, collecting and using the kansei requirements 61 
in the early phase of a design project is a major challenge, because taking into account both psychological 62 
and physiological user requirements simultaneously is a difficult task for designers.  63 

Hence our research question: What design tools could support the design of products that require a good 64 
match with the users’ kansei requirements, such as walking assistance devices? Early user involvement in 65 
the design process has the potential to deepen designers’ understanding of the user’s needs, experiences, 66 
and expectations, to lead to better design of medical devices and user interfaces and to a better integration 67 
of functionality, usability and quality of these devices. In particular, the involvement of users is crucial at 68 
each stage of the product development cycle to leverage in a cumulative way their contributions and thus 69 
to maximize their effects (Shah & Robinson, 2007). An earlier user involvement facilitates the generation 70 
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of requirements for the engineers and defining goals for the project (Fukuda & Matsuura, 1993). One good 71 
option for integration through collaboration between user and designer during the design process is the use 72 
of common “tools”. The tools are able to trace the interactions between users, they support the design 73 
process itself and produce representations of the concept, from early steps to final completion of the 74 
physical object. The representations of the concept during the design process are key for collecting one’s 75 
kansei (Nagamachi, 2010) (Schütte et al., 2004), and can be used as boundary objects (Carlile, 2002). The 76 
tools facilitate exchange between the designers and the people who will experience the products (Sanders 77 
& Stappers, 2008). Therefore, our objective is to create a new tool to support the integration of mobility 78 
impaired users in the design process, and to collect their kansei requirements. For an optimal compatibility 79 
with existing digital design process of such products, we concentrated our research on Computer Aided 80 
Design (CAD) tools. CAD tools are shown to be powerful tools for collecting data on the design process, 81 
as CAD representations are not prone to subjectivity and require a limited interpretation (Arrighi et al., 82 
2015a).  83 

Thus we formulate the following hypothesis. With an earlier involvement of users in the design process, 84 
we expect that the outcome of the design process will better match the user requirements. This could be 85 
achieved with an intuitive new design tool that allows, in the early stages of a design project, the users to 86 
participate in the design process and the designers to collect and use the users’ kansei data. 87 

2. Existing digital design tools and methods 88 

2.1. CAD strength and weakness in early design stage 89 
 90 
Designing complicated devices requires simulations, analysis, and optimisation conducted with CAD 91 

tools. As a consequence, these tools are essential when designing medical assistance devices. However, the 92 
participation of users during the design process and the integration of kansei engineering from the early 93 
steps are currently very limited. 94 

Because of the number of functions they support, CAD tools require a long training with steep learning 95 
curves. The designers who use them only become experts after years of mechanical education. They require 96 
good perceptive and imaginative skills along with a technical educational background (Hamade & Artail, 97 
2008). Their complexity notably lies in their human machine interfaces, which impair collaboration and 98 
direct interaction with the CAD objects (Sidharta et al., 2006). The keyboard and mouse widely dominate 99 
work environments. If they are very capable in terms of performance in expert’s hands they however might 100 
not be easy to handle by elderly people who are sometimes unfamiliar with the technology. They also 101 
require dexterity and precision, which may be an issue in the case of physical impairment. However, with 102 
the help of CAD conceptual modeling and simulation, designers can more successfully anticipate the 103 
interaction of products with users in a real life environment (Van der Vegte & Horváth, 2002). 104 

The compatibility of CAD tools with early design stages, when kansei requirements must be generated 105 
and collected, could also be improved. The conceptual design phase is critical for involving collaboration 106 
between designers and users and integrating the specific requirements of the latter (Wang et al., 2002). As 107 
a consequence, the user is often requested to give feedbacks about already well-developed representations 108 
(e.g. CAD models) which are difficult to interact with. Recently, new types of Computer-Aided Design 109 
interfaces can produce realistic representations of the product being designed for a reasonable cost. The 110 
Fig. 2 illustrates the limited feedbacks and perception clues for a user. 111 
 112 
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 113 
Fig. 1. Integration of the user in the design process with CAD tools. 114 

 115 
Mixed Reality (MR) is defined as a particular subset of Virtual Reality (VR), related technologies that 116 

involve the merging of real and virtual worlds somewhere along the "virtuality continuum" (Milgram & 117 
Kishino, 1994) that spans between completely real environments and completely virtual ones and illustrated 118 
in Fig. 3. One of the major advantages of this type of interfaces is the possibility of leveraging the real 119 
world with virtual elements (as in augmented reality) or to map virtual elements to real physical objects 120 
manipulated by the user (as in augmented virtuality). Augmented Reality (AR) has been successfully used 121 
for projects involving end users, giving them the opportunity to interact with digital representations of 122 
products (Luh, Wang, Chang, Chang, & Chu, 2012). 123 

 124 

 125 
Fig. 2. The “virtuality continuum” as defined in (Milgram & Kishino, 1994). 126 

 127 
MR systems can facilitate the integration of users in the design process because they offer an enhanced 128 

perception of the future product. The VR technology enables the user to experience the design model with 129 
high quality of presence by using the interactive three-dimensional image without making an actual product 130 
from the early design stages (Ogi et al., 2010; Bordegoni & Ferrise, 2013; Bordegoni et al., 2014; Ferrise 131 
et al., 2015).  132 

With Shared representations and boundary objects can allow better communication between designers 133 
and users. Boundary objects (Carlile, 2002) work to establish a shared context between designers and can 134 
facilitate the depiction of a future product form and function to a non-expert user. Visual representation of 135 
requirements can also support a more effective collaboration between participants of a design project 136 
(Richards et al., 2003). An enhanced perception of the digital representations provided by a MR system 137 
based on boundary objects is illustrated in Fig. 4. 138 

 139 

 140 
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 141 
Fig. 3. Integration of the User in the design process with VR CAD tools. 142 

 143 

2.2. Kansei engineering methods for early integration of user preference 144 

Kansei engineering is a technique that can contribute to higher user satisfaction (Nagamachi, 2010). 145 
However, its implementation in real life is difficult, especially when the products to be designed are 146 
complex and when the design is done in a lab-based environment, as is it the case for walking assistance 147 
devices.  148 

Design engineers have their own tools, processes and methods (Arrighi et al., 2015b). In order to capture 149 
the user requirements during the medical design solution development, designers usually refer to existing 150 
references. However, the information/data is not necessarily relevant and applicable to generate new 151 
solutions. The methods discussed in the scientific literature can rarely be applied to actual use cases, while 152 
current industrial practice may be confidential. There is little knowledge available about methods and 153 
approaches needed to capture the full range of requirements (Martin et al., 2008). Designing specific 154 
walking assistance devices implies the collection of all the specific requirements from the end user. It is 155 
expected from the designers to know the kansei and lifestyle of users and to suggest realistic solutions to 156 
improve them (Nagamachi & Lokman, 2010). The kansei requirements challenges add up to the traditional 157 
technical challenges, which are already demanding and labour intensive (Martin et al., 2008).  158 

This leads to the interweaving of several academic fields, i.e. medicine, engineering and social sciences 159 
(Sankai, 2011). As a consequence, kansei engineering design often implies the integration of dedicated 160 
kansei tools and methods in addition to the process (Nagamachi, 2002, 2010) (Schütte et al., 2004). 161 
However, this approach considers the user as a source of design information and mostly as an indirect 162 
participant, while kansei engineering methods recommends the collection of customer feedbacks at the 163 
early design steps for best results. Measurable usability criteria address issues related to the effectiveness, 164 
efficiency, safety, utility, learnability and memorability. 165 

We want to mix the advantages of MR, namely virtual and augmented reality tools with Tangible User 166 
Interfaces (TUIs) with kansei engineering techniques. Successful projects have been conducted with the 167 
integration of VR and kansei engineering, as schematised in Fig. 5. This technique is called kansei 168 
engineering type IV (Nagamachi & Lokman, 2010). A better perception of the digital representations by 169 
the user and embedded collection of kansei data can enable faster iterations during the design process. 170 

 171 

 172 
 173 

Fig. 4. Integration of the User in the design process with VR CAD tools in kansei engineering type IV, based 174 
on (Nagamachi & Lokman, 2010) 175 

 176 
 177 



6 Author et al. / A Mixed Reality System to Support a Kansei-based Co-design Approach with Users  
 

 

 

2.3. Co-design for user early involvement 178 

 179 
Typical digital tools follow a step-by-step process where representations are first shown to the user and 180 

then modified by the designer, as illustrated in Fig. 6. This step-by-step process requires the designer 181 
involvement to modify the CAD object after collecting user’s feedbacks. 182 

 183 

 184 
Fig. 5. Flow of representations along the design process. 185 

 186 
In co-design, all participants in the design project, designers and users alike, are able to visualize and 187 

modify the representations, as illustrated in Fig. 7. Specific tools for co-design are needed, especially in 188 
projects with the following constraints: 1) designing in virtual environment 2) in the early design stages 3) 189 
with users who are not design experts. 190 

 191 
 192 

 193 
Fig. 7. Flow of representations along a co-design process. 194 

3. Definition of a new MR kansei based tool for early co-design 195 

3.1. Principles of the design tool 196 

 197 
The tool needs to be compatible with the current design process, namely existing digital design tools 198 

and methods. We use digital tools and the manipulation of CAD data for a better integration. The system 199 
will focus on the initial design steps for the definition of user requirements and during the design iterations 200 
and evaluations of digital prototypes. Physical limitations, such as degree of freedom and material 201 
resistance are embedded in the CAD data. This can allow more flexibility and the exploration of several 202 
design concepts even if the user has a limited knowledge of the technical constraints (Medyna et al., 2012). 203 

The tool needs to integrate the user in the design process by giving him/her simple interfaces to 204 
collaborate actively with the designers. This can lead to a better user satisfaction (Hideyoshi & Fukuda, 205 
2004) and therefore make the user more willing to use the product. We also need the system to be capable 206 
of changing configurations for fitting different users. One of the solutions is to create the interfaces on 207 
demand for each use case and ensure their compatibility with the system with a modular architecture. 208 
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The tool needs to be kansei engineering compliant. A kansei engineering process requires being written 209 

in addition to the already existing design process, and capable of leveraging the capacity for the designers 210 
to capture kansei data through interaction/collaboration phases with the user. The Fig. 8 illustrates this 211 
workflow. 212 

 213 
Fig. 8. Co-design with Designer and User, with the combination of MR system and kansei engineering IV 214 

 215 

3.2. Method for generating kansei data 216 

3.2.1. General principles 217 

Kansei data can be generated by a mix of psycho-physical measurements and self-reported 218 
questionnaires (Table 1). During the design process, the psycho-physical state of the user is assessed with 219 
measuring devices. At the end of the design process, the satisfaction of the user can be assessed by a 220 
“System Usability Scale” (SUS) questionnaire and a Self-Assessment Manikin (Bradley & Lang, 1994). 221 

Table 1. Methods for collecting kansei data. 222 
Type Assessment method Kansei data 

Psycho-physiological 
measurements 
(while designing) 

Heart beat frequency Emotional arousal / stress 

 Galvanic skin response Emotional arousal / stress 
 

 Video recording Behavioral data 
 

Questionnaires 
(after designing) 

Self-Assessment Manikin Valence, arousal and dominance 

 System Usability Scale Usability of the system 
 Additional questions  Self-evaluated loyalty, stress and satisfaction 

3.2.2. Questionnaire 223 

Self-reported questionnaires allow to collect information about user’s perception of the system and their 224 
interaction with it. Questionnaires can also be used to collect a self-assessment of the emotional state, which 225 
is an important aspect in evaluating the user experience. In addition, the user’s subjective reactions to a 226 
product/system may be the predictor of the likelihood to return or make a use of it in the future (Tullis & 227 
Albert, 2013). In our study, the questionnaire consisted in questions about the user affective reactions, level 228 
of overall usability of system, level of satisfaction with the system and the design task (cf. Appendix 229 
section). All questions were using 5-point Likert rating scales from 1 to 5 (Likert, 1932). 230 

 231 
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Self-Assessment Manikins 232 
Three items utilizing the Self-Assessment Manikin (SAM) (Bradley & Lang, 1994) measured the level 233 
of pleasure, arousal and dominance respectively. SAM is a non-verbal pictorial assessment technique 234 
that directly measures a person’s affective reaction to a wide variety of stimuli. Users are asked to 235 
circle one of the characters illustrated in Fig. 9 to self-assess their emotions. In addition to these, one 236 
question (without a manikin) was added to measure the self-rated level of stress. These four items are 237 
processed as “Emotional factor scores”, to evaluate the emotions of the subjects in each task.  238 

 239 
 240 

Fig. 9. Self-Assessment Manikin (Bradley & Lang, 1994) 241 
 242 
 243 
System Usability Scale 244 
To measure the overall usability of the system, eight questions were extracted from the System Usability 245 
Scale (SUS) (Brooke, 1996). Usability includes the evaluation of perceived “effectiveness”, “efficiency” 246 
and “satisfaction”. The SUS is a robust and reliable evaluation tool based on a set of defined items. SUS is 247 
originally ten-item scale combined for calculating an overall score from 0 to 100.  In our study, we excluded 248 
two items that we judged irrelevant in this context, i.e. “I found the various functions in this system were 249 
well integrated” and “I thought there was too much inconsistency in this system”. We also used “way of 250 
designing” instead of “system”, as we aimed at evaluating the usability of the co-design process with the 251 
MR tool, not only the MR tool itself.  252 

 253 
Additional assessments 254 
In addition to aforementioned questionnaires, our study included following questions and modification: 255 
Three questions about user’s satisfaction with the task itself were added, based on a modified version of the 256 
After- Scenario Questionnaire (ASQ) (Lewis, 1990). We also assessed the Net Promotor Score (Reichheld, 257 
2003), to compare the level of loyalty; i.e. potential of promoting the evaluated item (i.e. co-design with 258 
the MR tool) to another person. To match with the context of our study, the statement “I am satisfied with 259 
the support information (online help, messages, documentation) when completing the tasks.” was changed 260 
to “Overall, I am satisfied with the results of my design in this task”. Finally, in a “free comments” section, 261 
users were invited to provide comments about their experience with the system. 262 

3.2.3. Psycho-physiological measurements 263 

Physiological measurements are metrics which can be used to measure potential behaviour of subjects 264 
and offer insights for the evaluation of the user experience (Tullis & Albert, 2013). They are also fitted to 265 
affective engineering practices (Balters & Steinert, 2015). These measures often reflect reactions of the 266 
autonomic system in the human body, which offer evaluators a more objective index and enables them to 267 
complement other traditional user evaluation indexes such as subjective questionnaires and task 268 
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performance metrics (Lin et al., 2005). Measuring the skin conductance is a commonly used method to 269 
evaluate emotional arousal, i.e. the intensity of the emotional reaction, as shown on the vertical axis of the 270 
Circumplex Model of Affect as illustrated in Fig.10 (Russell, 1980). Skin conductance (SC) is the ability 271 
of human skin to conduct electricity, and is known to increase linearly with individual levels of overall 272 
arousal (Nakasone, Prendinger, & Ishizuka, 2005). Increase of the SC value has also been reported to 273 
indicate the level of stress (Lin et al., 2005).  274 
 275 

 276 
Fig. 10. Circumplex Model of Affect (Russell, 1980) 277 

 278 
Heart Rate (HR) is also a measurement of subjects’ emotional arousal. Some researchers noticed a 279 

positive correlation between heart rate and the emotion of happiness, vigour and excitement (Yoshino & 280 
Matsuoka, 2012). Heart rate is also known to increase with the level of stress (Tullis & Albert, 2013). 281 
Physiological signal data are collected with ProComp Infiniti System® and BioGraph Software® 282 
from Thought Technologies, monitored on a laptop. Along with the screen for the Virtual Reality 283 
System, a 20-inch monitor installed in front of the subject to display the prompts for explaining the 284 
procedures and instructions in each activity of the experiment. We also use a logicool® web-camera to 285 
record the subject’s behavior to help evaluate the user emotional states during the experiment.   286 
 287 

3.2.4. Description of the system 288 
The full system we created and used in an experiment is described in Fig. 11. 289 
 290 

 291 
Fig. 11. Schematic description of the system. 292 

 293 
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The hardware is easy-to-use by non-expert designers. 294 
The Oculus Rift® is a cheap head-mounted display that can display stereoscopic images using a low 295 
persistence OLED display to eliminate motion blur and judder, two of the biggest contributors to simulator 296 
sickness. Low persistence makes the scene appear visually stable, increasing the potential for presence. It 297 
is installed with an additional positional tracking and can accurately map all of the user’s head movements. 298 
TUIs are 3d-printed on demand for each project so they can fit both the project theme and the user who 299 
contributes to the design process. To follow kansei engineering methods, the 3d-printed interfaces are made 300 
from simplified shapes of the early design subcomponents of the product. The 3d-printed TUIs are produced 301 
ad-hoc to be simultaneously easy to manipulate and track. We use a Creative® 720p webcam for the 302 
tracking of TUIs, that detects and tracks augmented reality markers printed on paper and glued on the TUIs. 303 
The TUIs are produced with a Zortrax® M200 3d-printer. 304 

 305 
The software implementation offers modularity. 306 
Unity® is a flexible development platform for creating multiplatform 3D and 2D games and interactive 307 
experiences. We use it to connect the TUIs to the virtual objects of the 3D scene to the head-mounted 308 
display. With Unity software, it is possible to assign to each TUIs several behaviours depending on the 309 
specific design task and the user. 310 

3.3. Originality and expected benefits 311 

Our tool offers three major advantages and combines several existing methods and techniques: user 312 
integration during the early stages of the design process, intuitive user interfaces and collection of user 313 
kansei. In order to support these features, we used Tangible User Interfaces (TUI) for interacting with the 314 
MR system. We 3D-print on demand the TUIs, ad-hoc to each new product development. 3D printing 315 
seamlessly integrates with CAD tool and has the ability to produce custom interfaces at reasonable cost. 316 
Those interfaces offer rich interactions with touch, vision and hearing senses. TUIs can also mimic real 317 
world environment and be very effective for users both experts and non-experts of digital design 318 
environments, they can be effective boundary object and media of communication and collaboration. The 319 
possibility to observe and collect the expressed feelings and intentions of the participants is also increased. 320 
Tangible Augmented Reality (AR) combines the intuitiveness of TUIs with the enhanced display 321 
possibilities afforded by VR. This allows the implication of the user during the early design stages 322 
(Billinghurst, Kato, Kiyokawa, Belcher, & Poupyrev, 2002). The benefits of TUIs include allowing multiple 323 
users to simultaneously view, feel and manipulate a physical shape instead of an abstract graphical 324 
representation (Leithinger, Lakatos, DeVincenzi, Blackshaw, & Ishii, 2011). TUIs also bridges the gap 325 
between the worlds of bits and atoms through graspable objects and ambient media in physical environment 326 
(Ishii & Ullmer, 1997). 327 

4. Conclusion and perspectives 328 

By combining virtual reality tools and tangible user interfaces, we created a “Mixed Reality” computer-329 
aided design system that enables end-users to visualize in three dimensions, manipulate and modify a design 330 
model directly. The key benefit of this tool is in that it allows to involve users and to collect their kansei 331 
data in the early stages of the design process. The system is now being tested with an experimental protocol 332 
aiming at assessing the satisfaction and the perceived feelings of “immersion” and “control” of users, when 333 
designing with our Mixed Reality tool. The development of such a digital tool is expected to help designers 334 
to co-design with end-users in a more efficient way and thus to create user-friendlier products and related 335 
user experiences. 336 

 337 
In this paper we discussed the opportunity of a new mixed reality system design tool for mobility 338 

impaired users, due to the complexity of providing them ad-hoc and user friendly walking assisting devices 339 
fitting their needs. However, our mixed reality design tool and its associated evaluation protocol has also 340 
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the potential to leverage design processes in a wide variety of other applications where the objects are 341 
complex and the user requirement very specific and/or difficult to collect. Further work should investigate 342 
products such as personal mobility devices and also prosthetics or orthotics of the upper limbs. This type 343 
of products are currently designed by highly trained experts who would appreciate more feedback from the 344 
user they try to serve This would be beneficial for companies which distribute and sell such products, with 345 
shorter design process and more satisfied customers. 346 

 347 
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