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Rapid technological and economic development has created intense competition in today’s
consumer market. Thus, design is playing a more important role in product development than
before, especially in the development of electronic devices. In the design of a new electronic
device, the use of light-emitting diode (LED) and sensors has become increasingly inevitable.
However, it is not easy to evaluate the design of a product from the viewpoints of both consumers
and developers or manufacturers. Therefore, using the analytical hierarchical process (AHP) and
fuzzy evaluation method and taking an LED device with a fan as an example, we determined the
important criteria and factors in designing a new product. The criteria and factors were defined
through interviews and a questionnaire survey with 14 experts. As a result, 24 factors were
found to affect the five criteria of function, efficiency, aesthetics, creativity, and economy. The
AHP and fuzzy evaluation results indicated efficiency to be the most important criterion and the
fan air volume of the LED device the most critical factor in the design. Convenience, product
texture, innovation, and product packaging were also found to be important in designing the
LED device. The results of this study may be a reference for developing new products with
sensors and LEDs.

1. Introduction

As consumers require diverse functions and designs for products, a monotonous product no
longer satisfies consumers’ demands. To compete in the market, companies try to release
products with fancy designs and convenient functionalities, which influence decision-making
for developing new products. Selecting designs for products is not easy as it requires various
evaluation criteria considering consumers’ preferences and technological challenges. These
criteria are often complex and wide-ranged and diverse factors must be considered. The product
design is divided into a single-product design or a family-product design depending on the
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design’s objective and the product’s marketability. Electronic components have become
miniaturized with more functionality with the development of technology and allow more
attractive product designs. However, miniaturized components face the problem of high heat
generation per unit area, which affects the operation of the electronic product. Therefore, excess
heat must be dissipated from the components by incorporating an effective cooling system.

Recently, using sensors in product design has become more popular in order to enable more
creative, interactive, and customized electronic devices to be produced and to solve the heat
problem. Sensors are also used in products to improve users’ experience and provide emotional
feelings by allowing the products to respond to users’ preferences in vision, sound, and touch.()
An example of using sensors in electronic devices is the light-emitting diode (LED) device. The
LED is a semiconductor device that emits infrared or visible light upon applying current. It
displays different colors depending on the materials and the energy used for lighting. LEDs are
commonly used for lamps (lights) and displays with sensors and are also used as sensors for
various other purposes. The LED device is often implemented with motion and light sensors to
emit light in accordance with the movement and light in its ambient surroundings. By reversing
its polarity and using the current generated by incident light, LEDs are used as a sensor that
measures the color and intensity of light.?)

Although the LED device can have diverse designs and functions depending on their purpose
of use, it is still important to determine the important design elements for successful marketing.
Therefore, in this study, we constructed an evaluation framework for the product design of an
LED device based on a multicriteria decision-making method and fuzzy theory. The purpose is
to select appropriate product design concepts to reduce the uncertainty and ambiguity in design
selections. In the case of the LED device for displaying text, we applied the weighting coefficient
method and the analytical hierarchical procedure (AHP) method to effectively understand the
important attributes, advantages, and disadvantages of using sensors in product design.

2. Research Methods

We used the fuzzy evaluation method as the research method for the design of the fan with an
LED text display. AHP was also used to determine relative weights and evaluation factors.-%

2.1 AHP

AHP was first proposed by Saaty in 1980 for developing a decision-making process with
multiple goals.®) Hsiao pointed out that the hierarchical structure is important to explore the
interaction between various criteria in the hierarchy and their impacts on the decision-making
structure.®® AHP simplifies complex systems to a concise elemental hierarchy system by using
pairwise comparisons between criteria at each level. Then, the pairwise comparison matrix is
used to obtain the eigenvector of the matrix at each level, representing the priority of each
criterion.(® The pairwise comparison matrix is used as an indicator for decision-making or
evaluation. The process of obtaining a pairwise comparison matrix includes the following steps:
(1) problem analysis and listing of evaluation factors, (2) construction of a hierarchical structure,
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(3) establishment of a dual matrix, (4) determination of eigenvalues and eigenvectors,
(5) verification of duality consistency of the matrix, and (6) calculation of the dominance ratio of
each factor.0712)

To define the design elements of the LED text display fan, semistructured interviews with
experts in relevant industries were carried out.(!3718) The goal of AHP analysis in this study was
to choose the best design among the four different designs (alternatives) proposed in this study.
The design elements were reflected in the criteria and factors decided on the basis of the results
of the expert interview and questionnaire survey. Factors that affected the criteria were found to
establish a hierarchical structure. In this study, the degrees of influence of those factors were
quantified first by 14 experts, including 10 designers and 4 workers. From the questionnaire
survey results, the relative weight of each criterion was obtained. The questionnaire was

validated for its internal consistency.
2.2 Fuzzy evaluation method

In the fuzzy evaluation method, related factors and their evaluations are considered!*~ 2 and
the following procedure is carried out: (1) determine the influencing factor set, (2) determine the
factor weight set, (3) determine the parameter evaluation set, (4) establish the factor evaluation
matrix, (5) carry out the fuzzy evaluation, and (6) process the evaluation index.*223) The
purpose of the fuzzy evaluation is to obtain an optimal evaluation result from the evaluation set
taking into consideration the influencing factors. The weight of the factor is determined by the
weighting coefficient method, AHP, or the paired comparison method. Regardless of the method
used to determine the weight, human factors such as perception, preference, and judgment®® are
always involved.

The evaluation set is a collection of various evaluations made by the evaluator regarding the
object. In this study, the evaluation set is defined as V' ={strongly agree, agree, neutral, disagree,
strongly disagree}. The single-factor fuzzy evaluation determines the degree of the evaluation of
a single element in the set. With the ith factor U,, element j in the evaluation set is defined as r
and the evaluation result of element 7 is represented as U;. In the fuzzy sets,

i
~ i Tin 7.
R=H+Lg 2 =(r,5y,..1), (1)

where R,- =(rj1, 'ip,---»7"jy) 18 the single-factor evaluation set, which is a fuzzy set. Similarly, the
single-factor evaluation set corresponding to each factor is obtained as follows.
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A fuzzy matrix consisting of membership degrees for each single-factor evaluation set is as
follows.()

Hy N2 o Ny
ny M Iy

( )mxn_ : s : (3)
Fml "m2 " Vn

In this study, a multilevel fuzzy comprehensive evaluation was adopted and carried out as in
complex choices, where many factors must be considered and factors exist at several levels.(26728)
The fuzzy evaluation matrix of a certain evaluation target is shown in Eq. (4), in which a

weight is considered. Then, the fuzzy matrix is

E:W.ﬁ:(bl,bz,“‘bj,“'bn), (4)

where the symbol “*” represents the fuzzy synthesis operation. There are several synthesis
methods when using the weighted fuzzy matrix # and ﬁi as follows.
Method 12°)

i=1
bjz\rj(W/\r) =1,2,.. Q)

As all r;; > w;; are not considered, when factors normalized with weights are small, single-

factor evaluatlon information may be lost. When there are few factors, w;; becomes large, so

Wi > 1s considered.

Method 2

i=l1
m

b, —v(wlr,]) =12,...,n ©6)

In this method, multiplication is performed so as to not lose any useful information. However,

[N

the operation “v
Method 3

still may lose useful information.

by=min{l, > " (w A7y )b/ =12, 7)

In this method, valuable information still can be lost because of large r;; and wy;, and b; may
reach the upper limit. When the values of r;; and w;; are small, b; may be equal to the sum of w;,
so the expected evaluation result cannot be obtained.®
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Method 4

m

bj =min{1,zi:1wl-1;-j};j=1,2,...,n ®

This method is characterized by the fact that when w; is normalized,

i=1 i=1

and then,
m . m
by = ity =12 3wy =1 (10)

In this method, the influence of all factors retains all the information of single-factor

judgments. There is no upper limit on w; and r;;, and only w; needs to be normalized.C?

ip

As models 1, 2, and 3 have certain constraints and require extreme conditions, there is a loss
of information in the evaluation.() Thus, we used method 4. After obtaining the evaluation
index b; (j =1,2,...,n), the evaluation result was obtained by the maximum membership method

and the weighted average method.(?)
3. Results and Discussion

From the interview and questionnaire survey, we obtained five criteria and twenty-four
factors affecting them. The criteria were defined as functions (U)), efficiency (U,), aesthetics
(U3), creativity (Uy), and economy (Us). The factors affecting each criterion were found to be
U,={convenience (u;;), unified form and function (u,)}; U,={power saving (u,), noise level
(15,), fan air volume (u,3), LED text change (u,4)}; Us={product texture (us3;), the color of
appearance (u3,), change in appearance (u33), change in LED brightness (u34)}; Us={innovation
(1141), uniqueness (u4,), avant-garde (uy3), personal style (uy4)}; and Us={product material (us),
assembly method (us,), product packaging (us3), wire length (us,), cost estimate (us5)}.

For the importance of each factor, the relative weight of each factor and the weight ratio
between factors were determined. Table 1 shows the weights of the criteria for selecting the

Table 1

Weights of criteria of LED device design.

Sequence Criteria Weights Consistency ratio
1 Function (Uy) 0.078

2 Efficiency (U») 0.400

3 Aesthetics (Us) 0.120 0.05

4 Creativity (Us) 0.243

5 Economy (Us) 0.159
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design element of LED devices. Among the five criteria, efficiency had the highest weight of 0.4,
followed by creativity (0.243), economy (in manufacturing) (0.159), aesthetics (0.120), and
functions (0.078).

Table 2 lists the weights of the factors affecting the criteria. The important factors for each
criterion were convenience for function, fan air volume for efficiency, product texture for
aesthetics, innovation for creativity, and product packaging for economy. The consistency ratios
of the criteria and factors were less than 0.05, and the overall level consistency was 0.028, which
implied that the questionnaire survey had significant consistency and that the assessment of the
entire hierarchy was acceptable.

According to the above research results, the following weight matrices of each factor were
obtained.

W, =[0.667,0.333]

W, =[0.09,0.22,0.592,0.099]

Wy =[0.281,0.239,0.140,0.34]

. a1
W, =[0.418,0.12,0.191,0.271]

W5 =[0.229,0.079,0.298,0.238,0.156]

W =[0.078,0.40,0.120,0.243,0.159]

Table 2
Weight of factors of criteria in LED device design.
Criteria Factor Weight Consistency ratio
. Convenience (u1) 0.667
Funct U; . 0.01
unction (U7) Unified form and function (u12) 0.333
Power saving (u21) 0.09
. Noise level (122) 0.22
Effi U- . 0.01
ciency (U2) Fan air volume (u23) 0.592
LED text change (u24) 0.099
Product texture (u3;) 0.281
. Appearance Color (u32) 0.239
Aesthet .02
esthetics (U3) Changes in appearance (33) 0.140 0.0
LED brightness change (u34) 0.34
Innovation (u41) 0.418
.. Uniqueness (142) 0.12
Creativity (Us) Avant-garde (u43) 0.191 0.03
Personal style (#44) 0.271
Product material (u51) 0.229
Assembly method (us7) 0.079
Economy (Us) Product packaging (u53) 0.298 0.05
Wire length (us4) 0.238

Cost estimate (u55) 0.156
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Then, the following evaluation sets of each factor were established.
A 0.32 0.48 0.16 0.04 0.00
'710.19 0.29 0.48 0.05 0.00

[0.33 0.38 0.25 0.04 0.00]
- 1020 0.30 0.40 0.10 0.00
1 0.46 0.23 0.31 0.00 0.00
1035 0.26 0.35 0.04 0.00 |

[0.20 0.30 0.40 0.10 0.00]
- 1021 0.16 0.53 0.11 0.00
1021 0.32 032 0.16 0.00
1035 0.39 0.17 0.09 0.00 | (12)

[0.18 0.41 0.36 0.05 0.00]
- 10.19 0.43 0.29 0.10 0.00
1035 0.39 0.17 0.09 0.00
| 0.21 0.47 0.11 0.21 0.00 |

[0.33 0.50 0.08 0.08 0.00 ]
0.18 0.41 0.36 0.05 0.00
Rs={0.33 0.38 0.25 0.04 0.00
0.21 0.32 0.32 0.16 0.00
1038 0.29 0.19 0.14 0.00 |

Next, each product of the fuzzy evaluation matrix was calculated as follows on the basis of
the above matrices.

Functional factors B, =, ¢ R, =[0.29 0.44 0.22 0.03 0.00]
Efficacy factor B, =¥, ¢ R, =[0.44 0.22 0.29 0.03 0.00]
Aesthetic factors By =1 e Ry =[0.29 0.32 0.31 0.07 0.00] (13)
Creativity factor B, =W, e R,=[0.16 0.37 0.33 0.12 0.00]
Economic factors By =Ws e Ry =[0.30 0.34 0.23 0.11 0.00]

The products were used in the criteria evaluation matrix, and the final fuzzy evaluation
matrix was obtained as
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B | [0.29 0.44 0.22 0.03 0.00 |
By | |0.44 0.22 0.29 0.03 0.00
R =| By |=]0.29 0.32 0.30 0.07 0.00 |. (14)
B,| |0.16 0.37 0.33 0.12 0.00
Bs | [0.30 0.34 0.23 0.11 0.00

In the fuzzy evaluation matrix, the maximum membership method and the weighted average
method are used frequently. The weighted average method converts fuzzy values into numerical
values through defuzzification. The purpose of defuzzification is to convert data of a fuzzy
nature into explicit numbers, that is, fuzzy numbers. We applied the rank assignment based on
the weighted average method. By applying V={strongly agree, agree, neutral, disagree, strongly
disagree}={1, 0.75, 0.50, 0.25, 0} to the calculation of the defuzzified evaluation, the results
shown in Table 3 were obtained.

The above results indicated that all criteria except creativity were acceptable for deciding the
important design elements of the LED device since the sums of the defuzzified values of
‘strongly agree’ and ‘agree’ were larger than 0.60. Efficiency showed a defuzzified value of 0.44
and had the highest weight of 0.400 among the criteria. This implies that the experts put the
highest priority on the efficiency of the LED device. For other criteria, convenience, product
texture, innovation, and product packaging were important factors.

As examples of alternative AHP in this study, we designed four different types of LED
device, as shown in Table 4. The first device (device 1) had an oriental design comprising small
squares on the front of an air outlet, which induces a simple, calm, and restrained feeling. In the
second device (device 2), a four-petal flower shape was adopted. The petals formed a cross-
shaped corolla. The third device (device 3) has a bubble ball design on the air outlet. The fourth
device (device 4) has a honeycomb design to optimize the structural strength. In designing the
device, the target flow rate was larger than 6 CFM at 2000 RPM and static pressure was
higher than 1.74 mm-H,O.

We simulated the four different designs shown in Table 5, each of which had a different
fan (impeller) shape and guard of the fan. The numerical analysis was conducted to observe
the changes in the flow field and the performance of the four different types of fan. The
turbulence was calculated to be the largest for device 3 with the bubble ball design. The
impact of the airflow streamlines was the lowest for design 4 with the honeycomb design.

Table 3
Defuzzified value of each factor.

Criteria Strongly agree Agree Neutral Disagree ifz(a)grg;}e/ Defuzzification
Function 0.29 0.44 0.22 0.03 0.0 0.75
Efficiency 0.44 0.22 0.29 0.03 0.00 0.76
Aesthetics 0.29 0.32 0.09 0.07 0.00 0.70
Creativity 0.16 0.37 0.33 0.12 0.00 0.64

Economy 0.30 0.34 0.23 0.11 0.03 0.70
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Table 4
(Color Online) LED devices with different designs.

No. Device Design concept Description

A simple, calm, and restrained style was presented, and it has an

! Oriental style original and rustic flavor of the Orient.
The four petals form a cruciform corolla with a meshwork
2 Four-petal flower that divides the interior into four groups of stomata, similar in
structure to the body of petals.
3 Bubble ball Bubble balls are used as the main bOfiy of the design, but also
1crease porosity.
The honeycomb is a multi-structured mesh, and this structure
4 Honeycomb is the best for achieving high structural strength and wind
resistance.
Table 5

(Color online) Results of design and airflow simulations of the four devices.

Distribution of air
pressure on blades

Distribution of air Distribution of air
pressure on blades pressure on guard

{1

\ /
Airflow field Airflow streamline Airflow field Airflow streamline
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Table 5
(Continued)

Distribution of air Distribution of air Distribution of air Distribution of air
pressure on blades pressure on guard pressure on blades pressure on guard

Airflow field 7 Airflow streamline

The flow field in devices 1 and 3 varied greatly owing to counterflows and vortices caused
by the numerous squares and bubble balls. The smoothness of the fan shape affected the air
flow through the blades and the vortex between the blades and the outlet. At the highest
flow velocity, the velocity field of device 4 seems to be smoother than those of the other
devices. It was observed that the flow from the outlet was largely affected by the outlet
shape.

Table 6 shows the selected optimal designs of the LED device using AHP and the fuzzy
evaluation method. Device 4 showed the highest defuzzified value with a sum of 0.50 for
satisfaction, followed by device 1 (0.43), device 2 (0.42), and device 3 (0.39).

The selection index was calculated using Eq. (15). The result in Table 7 shows that the experts
agreed that device 4 was the most appropriate device considering the criteria of function,
efficiency, aesthetics, creativity, and economy and the factors affecting the criteria.

Table 6
(Color Online) Final results obtained by AHP and fuzzy evaluation method and used to select the optimal design of
the LED device.

Very

Designcase 1  Very satisfied Satisfied Neutral Dissatisfied dissatisfied

Defuzzy value

0.19 0.24 0.19 0.19 0.19 0.51
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Table 6
(Continued)
Designcase |  Very satisfied Satisfied Neutral Dissatisfied dis;e/:t:irsyﬁe d Defuzzy value
0.19 0.23 0.19 0.19 0.19 0.5
0.17 0.22 0.17 0.22 0.22 0.48
0.25 0.25 0.25 0.22 0.03 0.62
Table 7
Selection indices of device 4.
Selected Strongly agree Agree Neutral Disagree izzgi}z Defuzzification
desi
eoIEn 0.42 0.21 0.28 0.07 0.00 0.748
C=W-R, =[0.42 0.21 0.28 0.07 0.00] (15)

4. Conclusions

Competition in the electronic device market has become vigorous owing to technological and
economic development. Thus, it is important to present appealing designs to attract consumers’
interest. In the design of electronic devices, LEDs and sensors play an important role in
providing aesthetic satisfaction and functionality. In this study, we determined the important
criteria and factors in designing new products. The criteria and factors were defined through
interviews and a questionnaire survey with 14 experts. As a result, five criteria were identified:
function, efficiency, aesthetics, creativity, and economy. Also, 24 factors were identified:
convenience, unified form, and function for function; power saving, noise level, fan air volume,
and LED text change for efficiency; product texture, appearance color, appearance change, and
LED brightness change for aesthetics; innovation, uniqueness, avant-garde, and personal style
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for creativity; and product material, assembly method, product packaging, wire length, and cost
estimate for economy. The results of AHP and fuzzy evaluation showed that efficiency was the
most important criterion, and the fan air volume of the LED device was the critical factor in the
design. Creativity, economy, aesthetics, and functions were considered important criteria in
choosing the optimal design in the order of the AHP weight. Convenience, product texture,
innovation, and product packaging were selected as the most influential factors. Among the
proposed four devices with different designs, device 4 with the honeycomb design was chosen
because it had the highest defuzzified value as its air flow rate was the largest and because of its
appearance.

The LED devices on the market have various designs and functions depending on their
purpose of use. By using the research framework of this study, appropriate product design
concepts can be chosen by determining the necessary attributes, advantages, and disadvantages.
From this perspective, the functionality of sensors and related technology should be included in
product design to improve users’ experiences and provide satisfaction. As revealed in this study,
consumers are concerned about efficiency, convenience, and innovation, which can be improved
by using appropriate sensor technology. Therefore, the method used in and the results of this
study are expected to be a reference for creating designs of electronic devices with sensors.
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