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In this paper, we present a design evaluation system 
with visualization and interaction of mobile devices using 
virtual-reality-based prototypes which can be used to 
easily change design parameters and simulate embedded 
software. To evaluate and predict affective-engineering-
based design preferences for mobile devices under a 
virtual environment, we have developed a high quality 
visualization platform which creates images that look 
similar to real mobile devices in addition to real-time 
simulation of realistic motions and functions of mobile 
devices. To support a quantitative usability test scenario 
for external design shape, we also have built a system 
which consists of a mixed-reality-based testing platform 
for measuring hand load. 
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I. Introduction 

User preferences regarding product design is an important 
factor in users’ purchase decisions [1]. Therefore, designers of 
mobile devices, such as small handheld home appliances 
evaluate their design elements and test usability before 
releasing products to the market to analyze and estimate the 
emotions of consumers about the design parameters of mobile 
devices [2]. However, because conventional methods collect 
evaluation results using beta tests or interviews, collecting 
results is very time consuming. Additionally, the building of a 
prototype has some problems due to limits on hardware 
modification and software tests [3], [4]. In recent years, virtual 
prototyping technologies have been proposed to overcome this 
kind of problem. These technologies enable designers to 
visualize product models under a virtual environment, to 
modify design parameters in real time, and to simulate natural 
interaction between users and virtual prototypes. 

The first virtual-reality-based prototyping methodology for 
mobile phones was developed by researchers with the 
University of Oulu and VTT Electronics in Finland. This 
system includes stereoscopic visualization of 3D computer-
aided design (CAD) modeling and haptic rendering for force 
feedback [5]. Lee and others compared the effectiveness of 
three types of virtual environments to evaluate the affective 
properties of mobile phones. This platform presented 
visualization of virtual mobile phones without hands, with real 
hands, and with virtual hands [4]. Park and others proposed a 
virtual prototyping system that incorporates virtual reality and 
human-machine interaction (HMI) functional simulation in 
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order to enable users to capture functional behavior of products 
[6]. PlayMo of INUS Corporation implemented a simulation of 
logical operations for virtual products. However, these previous 
studies were not able to visualize a virtual mobile device with 
the appearance of a real product or to simulate the embedded 
software for expression of internal behaviors. Therefore, these 
studies could not provide a sufficient reality to perform design 
tests using virtual reality technologies and did not execute a 
design preference evaluation related to affective engineering 
using virtual prototypes.  

Moreover, designers and usability experts of mobile devices 
would like to reflect objective data about external appearance 
and subjective data about user design preference in the design 
process. The application of ergonomics technology in product 
design helps to make products more convenient for users and 
helps to analyze variations in a product’s shape. This is 
achieved by measuring the quantitative status of a physical task 
when a user manipulates a mobile device. To use a virtual 
mockup instead of the actual physical device in an objective 
design evaluation also has the advantages of reuse and software 
tests. Therefore, a platform is needed for projecting the graphic 
object of a virtual mockup and touching the virtual mockup. 
Stevenson and others developed a platform which consists of a 
mirror display and a haptic device for industrial use. This is 
touchable with graphically visualized products for design tests 
[7]. Poston and Serra previously developed a similar virtual 
workbench for the manipulation of medical images [8]. For an 
objective and quantitative human experiment of the 
performance of a physical task, Gerard and others measured 
task performance and muscle fatigue associated with various 
keyboard designs [9]. Kong and others collected grip force and 
pressure distribution in the use of screwdriving tools using 
pressure sensors [10]. However, designers still are not pleased 
with a point-based haptic device for the measurement of 
product shape because this cannot convey the feel of handling 
a product with the entire hand, and they want to express the 
operation of the virtual mockup through user commands. 

In this paper, we present an evaluation system for mobile 
devices based on virtual-reality prototypes which is capable of 
executing a design evaluation before the release of a product. 
In terms of the prediction of design preference, which is based 
on the feel of a product design from an affective point of view, 
our product provides a method to visualize a virtual mobile 
device with a high-quality three-dimensional (3D) image and 
to represent user interactions including motions and functions 
of the virtual mobile device. To quantitatively analyze the 
external shape of a mobile device, we designed a mixed-
reality-based testing platform which superimposes a photo-
realistic image and the operation of a virtual mobile device on a 
physical 3D printing model, which is not a physical mockup  

 

Fig. 1. Data for visualization of and interaction with virtual 
mobile devices. 
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but a physical 3D model quickly produced by rapid 
prototyping machines using a simple method. Also, we 
manufactured prototypes of a glove system to measure the 
distribution of pressure on the hand surface and the level of 
tension on the fingers using virtual mobile devices. We also 
present realistic motions of virtual hands, which is helpful 
when a user operates a virtual phone with real hands. 

II. Visualization and Interaction of Virtual Mobile 
Devices 

Figure 1 shows the data for visualization of and interaction 
with virtual mobile devices. Virtual mobile devices take the 
input from the polygon mesh data of a parts model, which 
consist of the geometry and texture of a mobile product. These 
also import Macromedia Flash data to simulate embedded 
software and material data for photo-realistic rendering. The 
parts data built into the design procedure was originally created 
by CAD tools. We can access this data through a database 
which supports data management.  

We gathered and assembled parts data for more than 100 
mobile phones including LG-KV6000, Samsung-SCHV920, 
LG-SB610, LG-SV260, Samsung-SCHB590, and Samsung-
SPHV9900, to name but a few. Flash data, which has recently 
become popular to represent the software of mobile phones, 
provided our platform with expression of the image on the 
display screen of the virtual mobile device for simulation of 
embedded software. For realistic visualization, we used 
material data to present the effects of metal, plastic, and so on. 
We assembled this data by using Nvidia’s CG shader code, 
which is a graphics processing unit (GPU) programming  
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Fig. 2. Construction of a whole model from partial models: (a) 
selected parts among various models and (b) combined
model using the selected parts. 
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Fig. 3. (a) Color modification: upper body was changed from
black (left) to purple (right); (b) material modification:
upper body was changed from plastic (left) to metal
(right); and (c) scale modification: size of display screen
is adjusted. 
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language called a high-level shading language (HLSL). We 
used this language to create the appearance of objects to 
provide users with cinematic quality experiences. The high-
quality visualization using this data is executed in real time 
with special light effects, such as reflection, refraction, Fresnel 
lens, bump mapping, and environment mapping [11].  

Figure 2 shows the construction of a whole model from 
partial models. Although our system is available for loading a 
whole model, we also developed a method of assembling parts 
one by one to support a designer’s specific needs because they 
sometimes create models with partial units in the design 
process. A user can create a new mobile phone using 
combinations of predefined design data which is classified into 
bar-type, slider-type, and folding-type. This data is also divided 
according to phone parts, such as upper body, lower body, 
navigation buttons, number buttons, side buttons, display 
screen, camera, and speaker. The created virtual model is 
visualized with a high-quality 3D model which looks very 
realistic. Moreover, a user working with virtual models can 
quickly change design parameters, such as colors, materials, 
and shapes. 

Figure 3 shows color, material, and scale modification of  

 

Fig. 4. Interaction with virtual mobile devices: (a) opening 
operation of folding-type and slider-type mobile phones 
and (b) the simulation of internal functions between 
virtual button events and the display screens of virtual 
mobile phones. 
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each part. The color of a selected part can be changed to any 
color from the color palette. Also, the material of a virtual 
mobile device can be changed to metal or plastic, and shading 
parameters, such as specular power and reflection degree, can 
be adjusted in real time for realistic representation of the virtual 
model. Furthermore, the transformation of each component can 
be controlled (position, orientation, scale). 

Figure 4 shows interaction with virtual mobile devices. Our 
virtual-reality-based prototype system can simulate external 
behavior and internal functions that could be expected to occur 
when users manipulate real mobile devices in natural user 
interaction. Therefore, we implemented a platform to simulate 
motions of the components (namely, folding open/close, power 
on/off, rotation of the camera) and to simulate embedded 
software (such as animation on a display screen) to follow the 
user’s commands. To simulate internal functions which 
represent the execution process of embedded software of the 
virtual mobile device using the 3D image, we created 
Macromedia Flash environments that execute programs on 
virtual display screens. When a user pushes a button of a virtual 
mobile device, our system for simulating an internal behavior 
sends button information using a signal. This signal updates the 
Flash animation contents on the background Flash player using 
an independent program. Then, the screen image of the Flash 
player is captured and stored in bitmap format, and this image 
is used to update the texture of the display screen of the virtual 
model. Moreover, we can manipulate the position of the virtual 
mobile device in the x, y, and z directions and the orientation of 
that on the x, y, and z axes to allow the user to observe the  



760   Dong-Sik Jo et al. ETRI Journal, Volume 30, Number 6, December 2008 

 

Fig. 5. Snapshot of the main program.  
 
virtual mobile device in a virtual environment. 

Figure 5 shows a snapshot of the main program with virtual-
reality-based prototypes. Our system includes product and 
parts selection, color modification, material modification, 
shape modification of components, simulation of motions of 
the components, simulation of internal behavior, value control 
of special light effects for high-quality visualization, and 
transformation of virtual models. The results of design 
preference estimation and external shape evaluation are 
described in detail in the next section. 

As a software development platform, we used the EON 
Reality tool to render the virtual mobile devices, Macromedia 
Flash Player to simulate embedded software, and C# language 
to integrate GUI menus on a Microsoft Windows XP operating 
system. 

III. Design Evaluation 

Our system can perform two types of design evaluations using 
virtual mobile devices: the evaluation of design preference and 
evaluation of external design shape. The purpose of design 
preference evaluation is to predict a user’s subjective impression 
of a product when the user considers the product’s appearance 
and characteristics. This can be used to estimate values by 
mathematical modeling of elements of a new product [12]. The 
purpose of external design shape evaluation is to 
biomechanically measure the convenience of a product from the 
user’s point of view and to obtain objective data.  

1. Evaluation and Estimation of Design Preference 

Table 1 shows affective factors and their definitions in 
relation to design preference. These have been chosen from 
among 20 affective factors based on their applicability to 
virtual phones and the assumption that their degree can be  

Table 1. Affective factors of design evaluation. 

Factor Definition 

Color 
Degree to which the color of a product is 
likable, vivid, or colorful 

Delicacy 
Degree to which a product is elaborate, 
delicate, or finely and skillfully made 

Luxuriousness 
Degree to which a product is luxurious or 
looks superior in quality and expensive 

Attractiveness 
Degree to which a product is pleasing, 
arousing interest, and attractive 

Simplicity Degree to which a product is simple and neat 
Overall 

satisfaction 
Degree to which a product satisfies the user 
overall 

 

 

Fig. 6. Online-based design evaluation system using virtual devices.  
 
known prior to the use of the product in real environments. 

We performed an experiment to evaluate virtual product 
preferences, collecting data from subjects. We built an online-
based system as shown in Fig. 6 to obtain recent opinions of 
potential customers and to gather data from unspecified 
individuals. In the experiment, 30 mobile devices that had been 
recently introduced to the market were evaluated. Subjects 
included 78 women and 126 men, forming two subject groups 
more than 10 years old. After subjects connected to our system 
via the Internet and observed virtual mobile devices, arranged 
in random in order to preventing errors including the learning 
effect or the fatigue effect, they evaluated 6 affective factors of 
each device on a scale of 0 to 100 points. For example, “the 
color of a product is absolutely likable” corresponds to a 100 
point score, while “the color of a product is far from likable” 
corresponds to a 0 point score. Our system included 
descriptions of each affective factor and excluded tactile and 
auditory elements of a product. 

We stored the gathered evaluation data in a database and 
found a preference prediction equation using this data in order  
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Table 2. Human interface elements of mobile devices. 

Components Human interface elements 

Buttons 
Shape of navigation buttons, shape of number 
buttons, text style, etc. 

Display screen 
Size of display screen, ratio between height 
and width, size of additional display 

Main speaker Degree of emphasis 

External speaker Existence 

Body 
Shape of body, angle between lower body and 
upper body, etc. 

Camera 
Degree of emphasis, existence of rotation, 
position 

 

to estimate the preference score when users change design 
parameters of mobile devices in virtual environments. To 
obtain values for the equation to predict design preference, we 
performed a multiple regression analysis using classifying 
human interface elements (HIEs), which are 56 design 
elements of components and properties of the physical parts 
that influence the affective satisfaction of a user [13]. For 
example, Table 2 shows HIEs related to components of mobile 
devices. They include the specific shape, size, angle, and color 
of components. Also, we used an SAS statistical analysis 
package to analyze the results of the design evaluation.  

The design preference prediction equation with n HIE is 
derived from   

1

( )
n

k k
k

Y W X
=

= ∑ . 

Here, Y represents the prediction score of affective factors such 
as color, delicacy, luxuriousness, attractiveness, simplicity, and 
overall satisfaction; Wk represents a weight on the HIE Xk , and 
this can be known in our system using statistical analyses of the 
data of our online based evaluation; and Xk is the recalculated 
value of the k-th HIE. For instance, the estimation equation of 
luxuriousness came out as follows: 
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where X18 = (virtual phone’s measured screen size/1000) – 
(average of those of sample mobile phones); X39 = (brightness 
of body material of the virtual phone) – (average of those of 
sample mobile phones); X38 = (number of body colors of the 
virtual phone) – (average of those of sample mobile phones).  

 

Fig. 7. Example of design preference estimation results using 
modification of design parameters for virtual mobile 
devices.
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Fig. 8. Experiment process using physical mobile devices. 
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For X18, the measured value is divided by 1,000 for scale 
adjustment. The other X variables have the value 1 if the 
condition is satisfied and 0 otherwise: for X35_3, if the main 
color of body is grey; for X40, if the color of decoration is the 
same as that of the body; for X15_1, if there exists a special 
control; for X23_2, if the shape of body is trapezoid; for X34_2, if 
the body material is metal; for X23_3, if the shape of body is an 
ellipse; for X35_4, if the color of the main body is yellow. 

If a product designer modifies the color, material, or shape of 
a simulated virtual mobile device in virtual environments, the 
user’s degree of preference for the newly designed virtual 
product can be predicted in real time as shown in Fig. 7. 

We also performed a preference experiment using real 
products to analyze and compare the results with those of 
experiments based on virtual environments. Figure 8 shows 
photos of subjects participating in the experiment process. 
Subjects observed real mobile devices and evaluated these 
devices by completing a questionnaire. 

Figure 9 shows the results of comparisons between the 
online-based experiment using virtual devices and the offline 
experiment using real devices. Although the methodologies of 
the experiments differed, they yielded relatively similar results 
for all mobile phones used in the experiments. This 
demonstrates that our online-based experiments using virtual 
environments are an effective method to investigate design 
preference and to predict the design of new products. However, 
the individual scores in offline experiments using questionnaires 
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Fig. 9. Results of comparisons between the online-based 
experiment using virtual devices and the offline
experiment using real devices. The average scores of
online based experiments and offline based experiments
were 51 and 65. Two experiments have an average
difference score of 14 and a correlation coefficient of 0.8.
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Fig. 10. (a) Glove-shaped testing device and (b) the user’s 
manipulation of a 3D printing model using the glove-
shaped device. 

(a) (b) 

 
 
are generally higher than those in online experiments. For this 
reason, we conclude that there is a need to strengthen the 
realism of the graphic representation of virtual devices and 
virtual environments. 

2. Evaluation of External Design Shape 

Figure 10 shows the device which we designed for the 
evaluation of external design shape. External design shape is 
evaluated by the user’s manipulation of a physical 3D printing 
model which is truly equal in size and shape with the real 
product using the glove-shaped device. This can imitate the 
sensation of the product interacting with the user’s real hands. To 
overcome the problems of point-based devices, this has 20 
pressure sensors attached to the fingers/palm and 
electromyography (EMG) sensors attached to the forearm [14]. 
When users hold the 3D printing model using their hands, we 
can provide designers with the measured data of the distribution 
of pressure on the hand surface and the level of tension on the 
fingers. Also, this hand load data is visualized as color values and 
as physical load values to the kilogram on the fingers/palm to set 
sensors in real time. The motion of tracked fingers is included to 
realistically represent the user’s hand motions using virtual 
hands as shown in Fig. 11. The purpose of our platform is to 

 

Fig. 11. Visualization of external shape evaluation: (a) hand
position when holding an object, (b) open hand position, 
(c) hand load expression by the virtual hand, and (d) 
expression of the physical hand load values (red indicates
force of 1 kg, blue indicates force of 0 kg).  
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Fig. 12. Our MR-based experiment platform: (a) configuration of 
our platform, (b) a 3D printing model, and (c) graphic 
matching between the 3D printing model and virtual 
mobile devices. 

(a) 

(b) 

(c) 

 
 
find design problems and to reconfigure the external shape of 
the product design as the designer wishes based on rapid 
analysis using the touchable system. 

Figure 12 shows our mixed reality (MR)-based experiment 
platform. Because this consists of an LCD and a beam splitter 
which can control the degree of permeability, we can put an 
image of a virtual mobile device on the physical 3D printing 
model and can simultaneously see the virtual phone and the 3D 
printing model for experiments. 

The effectiveness of hand load evaluation regarding external 
design shape can be maximized with our platform because it 
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allows the simultaneous experience of force, internal functions, 
the 3D printing model, virtual mockups, and so on. 

IV. Conclusion 

Design evaluation of mobile devices helps to improve the 
quality and efficiency of finished goods before production. 
Customer satisfaction when products are eventually released to 
the market can be enhanced by design improvements made on 
the basis of design evaluation. In this paper, we presented a 
virtual prototyping system for mobile devices which provides 
photo-realistic visualization of products and natural interaction 
by simulating functions of the product to overcome drawbacks 
of conventional prototyping technology. Using virtual 
prototypes of mobile devices, we constructed a system to 
evaluate and predict design preference to improve consumer 
satisfaction in relation to affective design features. We also 
developed a hand load evaluation platform for external shape 
which can quantitatively measure the physical dynamic activity 
of product operation. Additionally, we built a mixed reality 
interface to simultaneously observe and feel virtual phones 
with visual images and a tangible interface space. We hope that 
our proposed system will contribute to product quality 
improvement by making the user’s design preferences more 
accessible and by introducing a new means to find product 
usability problems such as an inconvenient grip at the early 
stage of a product-life-cycle.   

In our future work, we will work towards the development 
of a haptic-based testing platform to support a sense of gravity 
and force feedback in relation to virtual mobile devices for 
testing in virtual environments that does not need to use a 
physical 3D printing model. We will also expand the 
technology of precision sensors and gloves for a more detailed 
analysis to assist the more effective design of small mobile 
phones features. We will also carry out a comparison study 
with other virtual prototyping systems.  
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