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Abstract 

In this paper, a novel approach is proposed to determine the electronic system components of a smart clothing 
system design developed for blinds. The integration of diverse components which are developed and produced by 
different technologies and materials is a major challenge in a smart clothing system technology. Therefore, an 
integrated methodology based on fuzzy analytic hierarchy process (AHP) and fuzzy information axiom is used for 
the solution of this problem. 

Keywords: Smart clothing system design, Fuzzy AHP, Axiomatic design, Information Axiom, visually impaired  

1. Introduction 

The lack of visual perception due to the physiological or 
neurological factors is known as blindness. According 
to the world health report, about 314 million people are 
visually impaired; among them, 45 million are blind. 
This means approximately 45 million people are 
depended on other humans for movement, information 
processing, and environmental interpretation due to the 
blindness1,2. 

During the last decades, several research studies 
have been focused on visually impaired individuals’ 
navigation and reading concerns in their living 
environment. These researches have concentrated on 
developing new devices by adapting them to new 
technologies. The developed system devices for visually 
impaired individuals can be categorized as GPS-based 
systems, RFID Tag based systems, Camera based 
systems, and Sonar based systems.  
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The basic concept of GPS-based systems takes the 
location of users as a report by GPS device, querying a 
Geographic Information System (GIS) by using this 
location, and relaying the information provided by this 
GIS system to the user. One of the systems integrated 
with GPS is the Personal Guidance System with stereo 
head set, developed by the Loomis and his colleagues at 
the University of California3. Another portable system is 
the ODILLA including white cane with audible text-to-
speech information that uses a concept of satellite based 
navigation4. Moude-cane system previously developed 
by Koide and Kato5 for indoor-capable navigation is 
integrated with GPS to overcome outdoor navigation 
concerns of visually impaired individuals. Hunaiti et 
al.6-7 carried out performances of 2G, 2.5G, and 3G 
mobile links to evaluate the suitability of GPS mobile 
communication links for the application of a navigation 
system for visually impaired pedestrians since these link 
characteristics such as bandwidth, latency, link outages 
and packet losses directly influence the navigation 
system performance. 

Radio-frequency identification (RFID) is used for 
the identification and tracking of an object such as cars, 
products, or people using radio waves. In the past 20 
years, a number of research projects have focused on the 
development of suitable guidance systems using RFID8-

19. The most known system is iCane20 which has been 
equipped with an RFID reader that connects to Personal 
Digital Assistant (PDA) with Bluetooth earphones. 
Apart from iCane, white cane system is composed of 
colored navigation lines. RFID tags are set on these 
lines and these color lines are sensed by white cane18. In 
addition to these RFID-tag based systems, Xiaohan et 
al.21 developed a new self-positioning method that 
combines RFID, Bluetooth, and Fluorescent light 
Communication (FLC). Szeto et al. 22 suggested an 
interesting approach in the RFID tag systems that RFID 
reader antennas were embedded on a jacket. 

In camera-based systems, cameras are used to 
capture visual information from the surrounding 
environment. The earliest camera based system was 
Navigation Assistant for Visually Impaired (NAVI), 
that was designed to convert images captured by a 
vision sensor into verbal messages using stereo 
earphone23-24. Balakhrishnan et al.25 and Sainarayanan et 
al.26 developed Stereo Vision based Electronic Travel 
Aid (SVETA), composing of a helmet molded with 

stereo cameras that captures the images, wearable 
computer, and stereo earphones.  

In sonar based systems, electrical impulse is 
converted into sound waves and the echoes of reflected 
sound waves   are picked up by sonar equipment. One of 
the sonar based systems is the Navbelt, which involves 
ultrasonic sensors mounted on a belt with a computer 27-

29. Unlike the Navbelt, novel sonar based wearable 
devices have also been suggested like Andha Astra and 
Arm9-based embedded system 30-32. 

It is important for a usable electronic travel aid to let 
visually impaired individuals be hand free and 
comfortable during the navigation. The most suitable 
approach to let a user be hand free is embedding the 
whole system into clothes. Combining clothing with 
information technology is named smart clothing system 
including digital devices as a part of clothing. In the 
literature, this idea was suggested by some researchers. 
However, the implementation of electronic components 
into textile products was not given in detail in the 
literature. All of these works suggest attaching the 
components onto clothes30-35.   

A major challenge of smart clothing system 
technologies is the integration of a multitude of diverse 
components which are developed and produced by 
different technologies and materials. Hence, designing a 
smart clothing system is a complex problem and each 
component of the system plays an important role on the 
performance of the design. Therefore, determining the 
type of sensors, type of actuators, and type of power 
supplies are critical topics in terms of performance of a 
smart clothing system. The main aim of this paper is to 
determine the most suitable components for a smart 
clothing system. For this purpose, the information 
axiom of axiomatic design is used to compose a smart 
clothing system.  

The rest of this paper is organized as follows; 
Section 2 presents the criteria and alternatives for the 
electronic components used in a smart clothing system 
design for blinds. Section 3 includes the fundamentals 
of axiomatic design. In Section 4, the steps of the 
methodology are given. An application is presented in 
Section 5. Then, concluding remarks are provided in 
Section 6.  
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2. Criteria and A lternatives for the Selection 
among Electronic Components of a System  

The embedded Microsystems in a smart clothing system 
exist directly in the clothing or in the clothing 
components like buttons. In this study, sensor type, 
actuators type, and power supplies which are used in 
this a smart clothing system are determined by taking 
some conflicting criteria into account. 

The first critical decision in this system design is to 
determine the type of sensor. According to previous 
studies, there are three possible sensor options to 
measure the distance to an obstacle. These are 
ultrasound, laser, and infrared (IR). These sensors are 
evaluated with respect to the power consumption, cost, 
size, weight, accuracy, usability, working range, and 
comfort level. 

The second critical decision is the type of actuator. 
Actuator is a mechanical device that converts energy 
into some kind of motion. According to our system 
design, vibration, audio, or artificial muscle could be 
used as an actuator to ensure the user stimuli through 
feedback process. These actuators are evaluated with 
respect to power consumption, cost, size, weight, 
accuracy, usability, and comfort level. 

The last component that should be considered is the 
type of power supply. For the power consumption of 
this smart clothing, the necessary energy is directly 
gained from the human body. Alternatively solar cells, 
mechanical, chemical cells, or thermal energy can be 
used. In Table 1, some generators and their power 
abilities are presented. To evaluate the power supplies, 
power generation, cost, size, weight, accuracy, usability, 
working range, and comfort level criteria are used. 

Table 1: A comparison of power generators useful for 
wearable Microsystems36 

Power Generator Power  Remarks 

Solar cell (outdoors) 
150 µW/mm2 
1.5 µW/mm2 

Direct sun 
Cloudy day 

Solar cell (indoors) 
5.7 µW/mm2 
0.06 µW/mm2 

Desk lamp 
Standard desk 

Motion (Shoe 
generator) 

1-10mW 
50-250mW 

Piezoelectric 
Electro-magnetic 
(rotary) 

Motion (Inertial 
generator) 

200µW 
50µW 

For legs when 
walking 
For torso when 
walking 

Thermoelectric 
generator 

0.2µW/(cm2K)  

 

3. Axiomatic Design Methodology and Its 
Axioms  

Axiomatic Design (AD) is proposed by Suh37 to 
establish a scientific basis to improve design activities 
by providing the designer with a theoretical foundation 
based on logical and rational thought process and tools. 
The primarily goal of AD is to provide a thinking 
process to create a new design or to improve the 
existing design 37. In the axiomatic design methodology, 
there are four main concepts; (1) domains (2) 
hierarchies (3) zigzagging, and (4) design axioms. The 
domains consist of customer, functional, physical, and 
process domains. The functional and physical domains 
are the most used domains of all while the design map is 
generated. The functional domain includes the 
functional requirements of a design solution. Functional 
requirements (FRs) are a minimum set of independent 
requirements that completely characterize the functional 
needs of a design solution in the functional domain. The 
physical domain involves the design parameters of a 
design solution 37-39. Design parameters (DPs) are the 
elements of a design solution in the physical domain 
that are chosen to satisfy the specified FRs. The 
hierarchies are composed by the decomposition of 
functional requirements and design parameters. The 
selected highest level of FR/DP is decomposed into the 
lower levels of FRs/DPs until the point is reached where 
applicable or understandable design solutions are 
obtained. To decompose FRs and DPs, zigzagging must 
occur between domains. Zigzagging is based on what a 
designer wants to achieve and how he/she achieves it 37-

39.  
AD methodology takes its name from two axioms: 

the independence axiom and the information axiom. 
These axioms are defined as follows 37-39. 

Axiom 1. Independence axiom: Axiom 1 requires 
maintaining the independence of FRs 

Axiom 2. Information axiom: Axiom 2 requires 
minimizing the information content 

In this paper information axiom is used to determine 
electronic components for smart clothing design. In this 
view, the best components are selected with respect to 
the defined FRs. The information axiom states that the 
design having the highest probability of success is the 
best design38. Information content (Ij) is defined in 
terms of probability of satisfying FRj(pj), where j th 
functional requirement. The information content is 
given by Eq. (1) 
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             (1)

The logarithmic function is chosen so that the 
information content can be additive when there are 
many FRs that must be satisfied simultaneously 37. If 
there is more than one FR, the information content of a 
system (Isystem) is calculated by Eq. (2) 

 

 


m

j j
m

j jsystem ppI
1 21 2 )/1(loglog               (2) 

 
The probability of success (pj) is calculated by 

Eq.(3) 
  
commonrangep
system range

               (3)

  
where system range and common range are defined 

by the area of system range and by the intersection area 
of the system range and design range which is 
determined by a functional requirement of the design, 
respectively. The definition of these ranges is given in 
Fig. 1. 

 

 
Fig. 1. Definition of design range, system range and common 
range 37.  

Kulak and Kahraman40-41 developed the information 
axiom to be used under fuzzy environment for the 
solution of the complex decision making problems. The 
main difference between the conventional information 
axiom and the fuzzy information axiom is that the fuzzy 
information axiom uses fuzzy numbers. Kulak et al.42 
developed unweighted and weighted multi attribute 
axiomatic design approaches including both crisp and 
fuzzy criteria and applied the methodology to a 
equipment selection problem. Kulak43 developed a 
decision support system for the selection of a material 
handling system. Then, Kahraman and Cebi44 extended 
the usability of the fuzzy information axiom for various 

decision making problems. In the literature, the 
proposed fuzzy information axiom is used for the 
solution of the problems in several applications. Celik et 
al.45 used the fuzzy information axiom to investigate a 
systematic evaluation model on docking facilities of 
shipyards. Celik et al. 46 proposed a hybrid approach on 
ensuring the competitiveness requirements for container 
ports by utilizing fuzzy information axiom and fuzzy 
technique for order performance by similarity to ideal 
solution (TOPSIS). Celik et al.47 adopted the 
information axiom into the quality function deployment 
method in order to analyze shipping investment 
processes. Coelho and Mourão48 used the information 
axiom to select an appropriate technology at a high 
decision level as required for the subsequent detailed 
design of a mechanical component. Kahraman et al.49 
used the information axiom to determine the best 
renewable energy investment alternative for Turkey. 
Cebi and Kahraman50 developed a decision support 
system based on fuzzy information to be easily adopted 
with respect to the type of decision making problems. 

4. Main Structure of the Proposed Methodology  

The framework of the methodology is given in Fig. 2.  

4.1.  Initial phase  

The evaluation procedure starts with the establishment 
of an expert team. Then, the experts’ weights are 
assigned with respect to their experiences.  Assume that 
the expert team consists of m experts  
 

1 2 ... 1e e emw w w    (4)

where eiw  is the weight of ith expert and 

[0,1]eiw  . Then, membership functions are determined 
for the linguistic evaluations of the alternatives with 
respect to the criteria since linguistic terms are good at 
representing human logic.

  

4.2. Definition of criteria phase 

In this phase, evaluation criteria are determined by 
the expert team after a literature review. Then, their 
priorities are determined since each criterion may have a 
different impact on the final decision. The best way to 
determine the weights of the criteria is the pairwise 
comparisons of the criteria. In this paper, a modified 
fuzzy analytic hierarch process (AHP) proposed by 
Zeng et al.51 is used to define the priorities of the 

2

1
logj

j

I
p
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criteria. In the classical AHP method proposed by 
Saaty52, 1-9 scale is used to calculate the priorities of the 
criteria. The odd numbers between [1-9] range are used 
to represent the linguistic evaluations more important, 
strongly more important, very strongly more important, 
and absolutely more important, respectively. Even 
numbers are used to express intermediate values. For 
the reverse comparison, the reciprocals of the 
corresponding numbers are used such as 1, 1/2, 
1/3,….,1/9.

 

 
Fig. 2. Framework of the evaluation model 

 

However, in the modified fuzzy AHP developed by 
Zeng et al.51, experts give their preferences in fuzzy 
scale such as “about 5”, “between 3 and 5”, etc. If they 
are not sure about the exact numerical values, they leave 
some comparisons absent as they cannot compare two 
factors at all51. In this study, each expert makes pairwise 
comparisons of the criteria using fuzzy numbers defined 
by Zeng et al.51 Then, evaluations are transformed in to 
standard fuzzy numbers. To calculate the priorities of 
the criteria, experts’ evaluations for pairwise 
comparisons are aggregated by using Eq. (5). 

1 1 2 2 ...i i e i e im emS S w S w S w                        (5) 

 
where iS is the fuzzy aggregated score of the ith 

criterion,  ijS  is the preference of jth expert for ith 
criterion, and  and  denote the fuzzy multiplication 
and fuzzy addition operators, respectively. Then, 
defuzification operation is used to defuzzify the fuzzy 
numbers. In Eq. (6), defuzification operation is given 
for trapezoidal fuzzy numbers. Let 

 , , ,l m n u
ij ij ij ijA a a a a be a trapezoidal fuzzy number, 

 

2( )

6

l m n u
ij ij ij ij

ij

a a a a
a

  
           (6) 

The priority weights of the criteria in the aggregated 
comparison matrix are calculated by Eq. (7) 

  

1

1

1
, 1, 2,3,...,

n ij
i nj

kjk

a
w i j n

n a



 


 
             (7) 

 

4.3. Evaluation Phase 

In this phase, each alternative is evaluated under the 
defined criteria. Then, experts’ preferences are 
transformed into fuzzy numbers and fuzzy numbers are 
aggregated by using Eq. (5) In this phase, the functional 
requirements of the design (design range) are 
determined to calculate the information contents of the 
design. Fig. 3 presents classical definition for system 
range, design range, and common range for fuzzy 
information axiom.  Information content values with 
respect to problem types are calculated as follows44; 
 

 
Fig. 3. Classical definition for FIA 
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Case 1.  Exact value problems;  

2

infinitive, there is not any intersection

log ,

if
I TFN of System Range otherwise

Common Area


 
                       (8) 

Case 2. Expected value problems;  

 

2

0, , for benefit criteria

infinitive, for benefit criteria

I 0, , for cost criteria

infinitive, for cost criteria

log , otherwise

a b
c

b c
a

TFN of System Range
Common Area

 


 



  



  
 




                 (9) 

Case 3. Ranking value problems;  
Ideal FR definition is used to rank the alternatives44. 

The limits of FRs are chosen for benefit attributes for 
α=0, µ(α)=0 and for β=θ=Xmax (maximum upper value 
of the alternative in the problem), µ(θ)=1 and for cost 
attributes for α=β=0, µ(α)=1 and for θ=Xmax, µ(θ)=0.  
 
Case 4. Threshold value problems;  

This type of problems is defined as at least or at 
most. The at least is for benefit attributes and at most is 
for cost attributes. This is the special type of ideal FR 
definition. In this type, an alternative must satisfy the 
lower limit (αb) of the functional requirement for benefit 
criteria and must satisfy the biggest limit (αc) of the 
functional requirement for cost criteria. The limits of the 
functional requirement are defined as (αb, 1, 1) and (0, 
0, αc) for benefit and cost attributes, respectively. For 
the calculation of information contents Eq. (8) is used. 
 
Case 5. Crisp values;  

If there are objective criteria in evaluation of an 
alternative like  RxxS ii  | , I is calculated by Eq. 
(10) 

,
)(

1
log2

ix
I




, for benefit attributes
( )

, for cost attributes

i

i

x

x
x


 

 


   
    (10)                       

 

4.4. Output Phase 

In this step, weighted total information contents (It ) are 
calculated (Eq. 11). Then the design that has the 
minimum total information content value is selected 
(Eq.12). 
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5. Application 

In this section, the some electronic devices which are 
embedded in a smart clothing system are determined. 
For this purpose, type of sensor, type of actuator, and 
type of power supply are the selected devices. To make 
the methodology easy to understand, it is given phase by 
phase. 

5.1. Initial Phase  

The expert team consists of three experts whose 
backgrounds are mechatronics, textile, and mechanical 
engineer. The weights of the experts based on their 
expertise are we1=0.3, we2=0.4, and we3=0.3 for experts 
1, 2, and 3, respectively. And, the linguistic scale given 
in Fig. 4 is selected for the evaluation of the alternatives 
under the defined criteria. The explanation of the 
linguistic terms is presented in Table 2. 

 
Figure 4. Triangular fuzzy numbers for linguistic terms 

5.2. Definition of criteria phase 
The criteria given in Table 2 are determined for the 
evaluation phase of the electronic components. In the 
evaluation phase, the linguistic terms given in Table 2 
are used. 
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Table 2. Linguistic terms 

 
To determine the importance degrees of the defined 

criteria given in Table 2, a pairwise comparison matrix 
is constructed by each expert. Table 3 and Table 4 
present the pairwise preferences of the experts and 
fuzzy numbers for experts’ preferences. Experts’ 
preferences are aggregated by using Eq. 5 and fuzzy 
numbers are defuzzified by using Eq. 6. The aggregated 
and defuzzified pairwise comparison matrix C is given 
below.  

 

Now, it is required to calculate consistency ratio of 
the pairwise comparison matrix52. The consistency ratio 
of the matrix is calculated as 8.57% based on Saaty’s 
approach52. Since the value is smaller than 10%, the 
comparison matrix should be accepted as consistent. 
Then, the importance degrees of the criteria are obtained 
by using Eq. (7) as follows 0.04, 0.06, 0.14, 0.09, 0.25, 
0.04, 0.19, 0.19, for power consumption/ generation, 
cost, size, weight, accuracy, working range, usability, 
and comfort level, respectively.  

5.3. Evaluation Phase 

Experts evaluate the alternatives by using the linguistic 
scale given in Table 2. Their preferences are presented 
in Table 5.  

The experts’ preferences are transformed into fuzzy 
numbers and fuzzy numbers are aggregated by using 
Eq. 5 (Table 6). 
 

Table 3. Pairwise comparisons for importance degrees of 
the criteria 

 

To calculate the information content values of the 
alternatives, functional requirements must be defined. 
For the design of smart clothing system, the functional 
requirements and their fuzzy numbers are given as 
follows; 

 
 Power consumption of the sensor and actuator alternatives must 

be at most low; (0, 0, 0.5) 
 Power generation of the power s upply alternatives must be at  

least high; (0.5, 1, 1) 
 Cost of the alternatives must be at most medium;(0, 0, 0.75) 
 Size of the alternatives must be at most low; (0, 0, 0.5) 
 Weight of the alternatives must be at most light; (0, 0, 0.5) 
 Accuracy of the alternatives must be at least medium; (0.25, 1, 1) 
 Working range of  the alternatives  must be medium;  (0.25, 0.5, 

0.75) 
 Usability of the alternatives must be at least medium; (0.25, 1, 1) 
 Comfort level of the alternatives must be at least medi um; (0.25, 

1, 1) 
 
By using Equation 8, information content values are 

obtained as in Table 7. Then, weighted information 
contents are calculated by using Eq.(11) (Table 8). 
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Table 4. Fuzzy numbers for pairwise comparisons 

C1 C2 C3 C4 C5 C6 C7 C8 

C1 E1 (0.33,0.33,1,1) (0.2,0.2,0.2,0.2) (0.2,0.2,0.33,0.33) (0.2,0.2,0.2,0.2) (0.33,0.33,1,1) (0.2,0.2,0.2,0.2) (0.2,0.2,0.33,0.33) 

E2 (0.33,0.33,0.33,0.33) (0.2,0.2,0.2,0.2) (0.33,0.33,0.33,0.33) (0.2,0.2,0.2,0.2) (3,3,3,3) (0.2,0.2,0.2,0.2) (0.2,0.2,0.2,0.2) 

E3 (0.33,0.33,0.5,0.5) (0.33,0.33,0.33,0.33) (0.2,0.2,0.33,0.33) (0.33,0.33,0.33,0.33) (1,1,1,1) (0.2,0.2,0.2,0.2) (0.2,0.2,0.2,0.2) 

Agg.   (1,1,1,1) (0.33,0.33,0.61,0.61) (0.24,0.24,0.24,0.24) (0.24,0.24,0.33,0.33) (0.24,0.24,0.24,0.24) (1.44,1.44,1.67,1.67) (0.2,0.2,0.2,0.2) (0.2,0.2,0.24,0.24) 

C2 E1 (0.2,0.2,0.33,0.33) (0.2,0.2,0.33,0.33) (0.2,0.2,0.33,0.33) (3,3,5,5) (0.2,0.2,0.2,0.2) (0.14,0.14,0.2,0.2) 

E2 (0.33,0.33,0.33,0.33) (0.2,0.2,0.2,0.2) (0.2,0.2,0.2,0.2) (3,3,3,3) (0.14,0.14,0.14,0.14) (0.14,0.14,0.14,0.14) 

E3 (0.2,0.2,0.33,0.33) (0.33,0.33,0.33,0.33) (0.33,0.33,0.33,0.33) (3,3,3,3) (0.2,0.2,0.2,0.2) (0.14,0.14,0.14,0.14) 

Agg.     (1,1,1,1) (0.24,0.24,0.33,0.33) (0.24,0.24,0.29,0.29) (0.24,0.24,0.29,0.29) (3,3,3.67,3.67) (0.18,0.18,0.18,0.18) (0.14,0.14,0.16,0.16) 

C3 E1 (3,3,3,3) (0.33,0.33,0.33,0.33) (5,5,5,5) (0.33,0.33,0.33,0.33) (0.33,0.33,0.33,0.33) 

E2 (1,1,3,3) (0.33,0.33,0.33,0.33) (3,3,3,3) (0.33,0.33,1,1) (0.33,0.33,1,1) 

E3 (3,3,3,3) (0.33,0.33,0.33,0.33) (5,5,5,5) (0.33,0.33,0.33,0.33) (0.33,0.33,1,1) 

Agg.       (1,1,1,1) (2.33,2.33,3,3) (0.33,0.33,0.33,0.33) (4.33,4.33,4.33,4.33) (0.33,0.33,0.55,0.55) (0.33,0.33,0.78,0.78) 

C4 E1 (0.33,0.33,0.33,0.33) (0.2,0.2,3,3) (0.33,0.33,0.33,0.33) (0.33,0.33,0.33,0.33) 

E2 (0.33,0.33,1,1) (0.2,0.2,3,3) (0.33,0.33,0.33,0.33) (0.33,0.33,0.33,0.33) 

E3 (0.33,0.33,0.33,0.33) (0.2,0.2,0.2,0.2) (0.33,0.33,0.33,0.33) (1,1,1,1) 

Agg.         (1,1,1,1) (0.33,0.33,0.55,0.55) (0.2,0.2,2.07,2.07) (0.33,0.33,0.33,0.33) (0.55,0.55,0.55,0.55) 

C5 E1 (5,5,5,5) (3,3,3,3) (0.33,0.33,1,1) 

E2 (5,5,5,5) (1,1,3,3) (3,3,3,3) 

E3 (5,5,7,7) (1,1,3,3) (1,1,1,1) 

Agg.           (1,1,1,1) (5,5,5.67,5.67) (1.67,1.67,3,3) (1.44,1.44,1.67,1.67) 

C6 E1 (0.2,0.2,0.33,0.33) (0.2,0.2,0.33,0.33) 

E2 (0.2,0.2,0.2,0.2) (0.2,0.25,0.25,0.33) 

E3 (0.33,0.33,0.33,0.33) (0.2,0.2,0.2,0.2) 

Agg.             (1,1,1,1) (0.24,0.24,0.29,0.29) (0.2,0.22,0.26,0.29) 

C7 E1 (1,1,1,1) 

E2 (0.33,0.33,1,1) 

E3 (1,1,1,1) 

Agg.               (1,1,1,1) (0.78,0.78,1,1) 

C8 E1 

E2 

E3 

Agg.                 (1,1,1,1) 
Agg.:Aggregation
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Table 5. Experts’ preferences 

    Power Cost Size Weight Accuracy Range Usability Comfort  
Alternatives E1 E2 E3 E1 E2 E3 E1 E2 E3 E1 E2 E3 E1 E2 E3 E1 E2 E3 E1 E2 E3 E1 E2 E3 

S
en

so
rs

 

Ultrasound L VL L VL VL L M VL L VLi JR VLi M M M M M M M M M F U U 
Laser H M H VH VH H VH M M JR Hv Hv H H VH VH VH VH M M H C F C 
Infrared M L M L L L M L L VLi JR Li M H H VL VL VL VL L L U U F 

A
ct

ua
to

r Vibration L M M VL VL M VL VL L VLi VLi VLi H H M       VH H M U U F 
Audio H H M VL VL VL L VL VL VLi Li VLi M M M       H M M F U U 

Artifical muscle VL VL VL H H H M L L Li VLi VLi L M L       M L L C C F 

P
ow

er
 

su
pp

ly
 Solar cells L L L L L M M L L Li Li Li L L L L L L L L M VC C VC 

Mechanical M M M L L L M M M Li Li Li L L M L M L L M L U U U 
Chemical H H H M H M VH M M Hv Hv Li VH H VH H VH H H VH M U U U 
Thermal energy VL VL VL L M H VL VL VL VLi VLi VLi VL VL VL VL VL VL VL L VL C F F 

 

Table 6. Aggregated fuzzy numbers for experts’ preferences 

    Power Cost Size Weight Accuracy Working Range Usability Comfort Level 

S
en

so
rs

 Ultrasound (0,0.15,0.42) (0,0.075,0.36) (0.075,0.225,0.495) (0.1,0.2,0.48) (0.25,0.5,0.75) (0.5174,0.5,0.75) (0.25,0.5,0.75) (0.075,0.325,0.575) 

Laser (0.4,0.65,0.9) (0.64,0.925,1) (0.385,0.65,0.825) (0.425,0.675,0.925) (0.56,0.825,1) (0.5211,1,1) (0.325,0.575,0.825) (0.4,0.65,0.9) 

Infrared (0.15,0.4,0.65) (0,0.25,0.5) (0.075,0.325,0.575) (0.1,0.275,0.54) (0.425,0.675,0.925) (0,0,0.3) (0,0.175,0.44) (0.075,0.325,0.575) 

A
ct

ua
to

r Vibration (0.175,0.425,0.675) (0.075,0.15,0.435) (0,0.075,0.36) (0,0,0.3) (0.425,0.675,0.925) (0.485,0.75,0.925) (0.075,0.325,0.575) 

Audio (0.425,0.675,0.925) (0,0,0.3) (0,0.075,0.36) (0,0.1,0.38) (0.25,0.5,0.75) (0.325,0.575,0.825) (0.075,0.325,0.575) 

Artificial muscle (0,0,0.3) (0.5,0.75,1) (0.075,0.325,0.575) (0,0.075,0.36) (0.1,0.35,0.6) (0.075,0.325,0.575) (0.425,0.675,0.925) 

P
ow

er
 s

up
pl

y Solar cells (0,0.25,0.5) (0.075,0.325,0.575) (0.075,0.325,0.575) (0,0.25,0.5) (0,0.25,0.5) (0.5396,0.25,0.5) (0.075,0.325,0.575) (0.62,0.9,1) 

Mechanical (0.25,0.5,0.75) (0,0.25,0.5) (0.25,0.5,0.75) (0,0.25,0.5) (0.075,0.325,0.575) (0.5433,0.35,0.6) (0.1,0.35,0.6) (0,0.25,0.5) 

Chemical cells (0.5,0.75,1) (0.35,0.6,0.85) (0.385,0.65,0.825) (0.35,0.6,0.85) (0.62,0.9,1) (0.52,0.85,1) (0.505,0.775,0.925) (0,0.25,0.5) 

Thermal energy (0,0,0.3) (0.25,0.5,0.75) (0,0,0.3) (0,0,0.3) (0,0,0.3) (0,0,0.3) (0,0.1,0.38) (0.325,0.575,0.825) 
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Table 7. Information content values 

 
Power Cost Size Weight Accuracy 

Working 
Range 

Usability 
Comfort 

Level 
Total I 

S
en

so
rs

 Ultrasound 0.24 0.02 0.63 0.52 1.00 0.00 1.00 2.20 5.61* 

Laser 5.23 4.95 4.79 6.26 0.10 2.73 0.63 0.41 25.09 

Infrared 1.61 0.19 1.09 0.90 0.33 6.04 3.62 2.20 15.99 

A
ct

ua
to

r Vibration 1.87 0.09 0.07 0.00 0.33 0.21 2.20 4.78* 

Audio 6.26 0.00 0.07 0.11 1.00 0.63 2.20 10.27 

Artificial 
l

0.00 3.00 1.09 0.07 2.03 2.20 0.33 8.72 

P
ow

er
 s

up
pl

y Solar cells Inf 0.35 1.09 0.58 3.00 0.38 2.20 0.04 Inf 

Mechanical 2.58 0.19 2.58 0.58 2.20 0.16 2.03 3.00 13.33* 

Chemical 0.58 1.64 4.79 4.06 0.04 2.40 0.17 3.00 16.68 

Thermal Inf 1.00 0.00 0.00 6.98 6.04 4.53 0.63 Inf 

*shows the best option  
 

Table 8. Weighted information contents 

  
  

Power Cost Size Weight Accuracy 
Working 

Usability 
Comfort 

Level 
Total I

Range 

S
en

so
rs

 Ultrasound 0.01 0.00 0.09 0.05 0.25 0.00 0.19 0.42 1.01* 

Laser 0.21 0.28 0.65 0.58 0.03 0.11 0.12 0.08 2.05 

Infrared 0.06 0.01 0.15 0.08 0.08 0.24 0.69 0.42 1.74 

A
ct

ua
to

r Vibration 0.07 0.01 0.01 0.00 0.08 0.00 0.04 0.42 0.63* 

Audio 0.25 0.00 0.01 0.01 0.25 0.00 0.12 0.42 1.06 

Artificial muscle 0.00 0.17 0.15 0.01 0.51 0.00 0.42 0.06 1.32 

P
ow

er
 s

up
pl

y Solar cells Inf 0.02 0.15 0.05 0.76 0.02 0.42 0.01 Inf 

Mechanical 0.10 0.01 0.35 0.05 0.56 0.01 0.39 0.57 0.38 

Chemical 0.02 0.09 0.65 0.38 0.01 0.10 0.03 0.57 0.25* 

Thermal energy Inf 0.06 0.00 0.00 1.77 0.24 0.87 0.12 Inf 

               *shows the best option

5.4. Output Phase 

According to the weighted information contents (Table 
8), ultrasound, vibration, and chemical cells are selected 
for the smart clothing system design as sensor, actuator, 
and power supply, respectively. However, ultrasound, 
vibration, and mechanical energy are also the best 
options when the importance degrees of the criteria are 
not taken into consideration (Table 7). While the first 
row is not affected from the importance degrees of the 
criteria, the ranks of the components are changed. 
According to Table 8, chemical energy is better than 

mechanical energy in terms of accuracy criterion since a 
chemical cell provides continuous and determined 
energy for the system and accuracy is the most 
important criterion in all. Therefore, chemical energy 
cells take the first row from mechanical energy. And 
also, ultrasound sensor is the best in terms of weighted 
and unweighted information contents. It has more 
advantage than the others in terms of power, cost, size, 
weight, and working range criteria. Vibration has more 
advantage than the other alternatives in terms of 
accuracy, weight, and usability criteria and its 
performance is close to the others with respect to the 
other criteria.   
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5.5. Validation of the results 

For the validation, of the results the technique for order 
performance by similarity to ideal solution (TOPSIS) 
methodology is used. The steps of the method have been 
presented as follows [53]. 

Step 1. Normalization: If different linguistic scales 
exist in the performance evaluation of the alternatives, a 
normalization procedure is required. For the 
normalization procedure, following equation are 
utilized. 













***
,,~]~[

~

j

ij

j

ij

j

ij
ijmxnij c

c
c
b

c
a

rrR    (13) 

where ijij cc max*   if j is benefit criteria.  
In this paper, the same scale is used for the each 

criterion, normalization procedure is not required. 
Hence, experts’ preferences given in Table 6 are used.  

Step 2. Construc tion of Weighted Decision 
Matrix: The weighted normalized fuzzy decision 
matrix is constructed.  

jijij

mxnij

wrv
njmivV

~.~~
,,2,1,,2,1]~[

~



 

        

 (14) 

The importance degrees of the criteria are applied to 
value given in Table 6.  

Step 3. Calculati on of Distances : Then, the 
distances ( *

id , 
id ) of each alternative from fuzzy 

positive-ideal solution (FPIS, A*) and fuzzy negative-
ideal solution (FNIS, A-) are calculated, respectively. 
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For benefit attributes, FPIS, A* and FNIS, A-is 
selected as follows; 
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For cost attributes, FPIS, A* and FNIS, A-is selected 

as follows; 
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The calculated distances are given in Table 9. 
 
Step 4. Calculation of Clos eness Coefficient: A 

closeness coefficient ( iCC ) is calculated by using *
id  

and 
id . 

,m,,i
dd

d
CC

i
*
i

i
i 21








                           (18) 

The closeness coefficients are presented in Table 10. 
 
Step 5. Ranking of alternatives: Hence, the 

alternatives are ranked via CCi such that the alternative 
has the biggest CCi value is the best in all for our goal. 
According to Table 9, the results for sensors and 
actuators are the same with the results obtained from 
information axiom. However, for the power supply, 
solar cells are the best. Information axiom presents the 
chemical cells as the best alternative for the power 
supply. The main reason of this difference is that 
information axiom method restricts the solution with 
design range definition such that design ranges 
represent the decision goal. Hence, solar cells and 
thermal energy alternatives are omitted among the 
alternatives since they do not satisfy the design range 
for power criterion. However, fuzzy TOPSIS cannot 
restrict or eliminate alternatives since it uses fixed 
positive-ideal solution and fuzzy negative-ideal solution 
values. Therefore, solar cells and thermal energy 
alternatives are not omitted among the alternatives by 
the TOPSIS methodology although they do not satisfy 
decision goal. 
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Table 9. Distances to positive and negative ideal solutions 

Power Cost Size Weight Accuracy Working Range Usability Comfort Level d* 

S
en

so
rs

 

Ultrasound 0.010 0.012 0.043 0.029 0.875 0.880 0.905 0.939 3.692 
Laser 0.027 0.049 0.087 0.066 0.800 0.964 0.891 0.877 3.760 
Infrared 0.018 0.018 0.052 0.033 0.831 0.996 0.961 0.939 3.848 

A
ct

ua
to

r 

Vibration 0.019 0.015 0.029 0.016 0.831  0.863 0.939 2.711 
Audio 0.028 0.010 0.029 0.021 0.875  0.891 0.899 2.752 
Artifical muscle 0.007 0.044 0.052 0.020 0.913  0.939 0.916 2.890 

P
ow

er
 s

up
pl

y 

Solar cells 0.013 0.022 0.052 0.030 0.938 0.890 0.939 0.840 3.723 
Mechanical 0.021 0.018 0.073 0.030 0.919 0.987 0.934 0.953 3.935 
Chemical cells 0.031 0.036 0.087 0.059 0.788 0.968 0.860 0.953 3.783 
Thermal energy 0.007 0.030 0.023 0.016 0.975 0.996 0.970 0.891 3.909 

Power Cost Size Weight Accuracy Working Range Usability Comfort Level d- 

S
en

so
rs

 

Ultrasound 0.993 0.992 0.964 0.976 0.137 0.022 0.103 0.073 4.260 
Laser 0.974 0.952 0.916 0.937 0.207 0.037 0.117 0.130 4.270 
Infrared 0.984 0.986 0.956 0.972 0.179 0.007 0.052 0.073 4.209 

A
ct

ua
to

r 

Vibration 0.983 0.988 0.981 0.991 0.179  0.142 0.073 4.336 
Audio 0.973 0.994 0.981 0.985 0.137  0.117 0.123 4.310 
Artifical muscle 0.996 0.958 0.956 0.987 0.103  0.073 0.087 4.160 

P
ow

er
 s

up
pl

y 

Solar cells 0.990 0.982 0.956 0.977 0.082 0.013 0.073 0.163 4.237 
Mechanical 0.980 0.986 0.933 0.977 0.097 0.016 0.078 0.062 4.128 
Chemical cells 0.970 0.966 0.916 0.944 0.217 0.033 0.145 0.062 4.253 
Thermal energy 0.996 0.972 0.987 0.991 0.044 0.007 0.043 0.116 4.156 

 
Table 10. Closeness coefficients 

Sensors Actuator Power supply 
Ultrasound Laser Infrared Vibration Audio Artifical muscle Solar cells Mechanical Chemical cells Thermal energy 

0.536 0.532 0.522 0.615 0.610 0.590 0.532 0.512 0.529 0.515 

 
6. Conclusions 

In this paper, an algorithm based on fuzzy AHP and 
fuzzy information axiom is presented to determine 
electronical devices for the design of a smart clothing 
system. In the study, sensor, actuator, and power supply 
devices of smart clothing design are taken into 
consideration. First of all, criteria and their importance 
degrees are determined for the evaluation procedure. To 
obtain importance degrees, fuzzy AHP proposed by 
Zeng et al. (2007) is used. Then, the alternatives are 
determined and an expert team consisting of three 
engineers is constructed. After that, the functional 
requirements for the smart clothing system design are 
defined. The linguistic judgments of the experts for the 
alternatives under the defined criteria are processed with 
fuzzy information axiom methodology with respect to  

 
the defined functional requirements. According to the 
results, the accuracy is thought to be the most important 
criterion in all, while power is the least important 
criterion. And, ultrasound sensor, vibration actuator, and 
chemical cell for power supply are selected as the best 
alternative for the smart clothing system design among 
types of sensors, actuators, and power supplies, 
respectively.    
In the industry, there are varieties of the chemical power 
supply such as alkaline battery, aluminum battery, 
lithium battery, Watson cell, fuel cell, lithium-ion 
battery, nickel-iron battery, etc.). For further research, 
these alternatives can be considered in the selection of 
the chemical power supply. 
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