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Abstract. Decision of importance rating of technical requirements in House of Quality 
is very important in the quality function deployment process of product design. The 
correlation matrix in the roof of House of Quality is seldom used by designers as it is 
difficult to quantify interactions of technical requirements. Although there are a few 

studies addressed effects of the correlation matrix of House of Quality, very few of 
them discussed a systematic evaluation for interactions of technical requirements 
using information of the roof part in House of Quality. A significant gap exists in the 
efficient extraction of information from the correlation matrix. This paper introduces 
a method for analyzing the roof data of House of Quality to extract additional 
information of correlations between technical requirements based on the decision-

making trial and evaluation laboratory, analytic network process, and quality function 
deployment. A case study of designing a hand rehabilitation device is presented to 
demonstrate advantages of the proposed method. 
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1 INTRODUCTION 

The global competitive market requires products to meet the high customer satisfaction, low 
production cost and short product development cycle [16]. Product functions are decided in the 
design stage. A variety of design concepts can be proposed for the product functions to meet 
customer requirements (CRs) based on design constraints. Quality Function Deployment (QFD) is an 
approach for mapping CRs to technical requirements (TRs) and guiding designers to search product 

solutions. The International Organization for Standardization (ISO) defines QFD in the ISO 16355 
standard as a method to assure customer satisfaction by designing products in different levels and 
perspectives [24]. QFD usually consists of two major processes, extracting voice of customers and 
transferring TRs to product attributes [17]. The QFD decomposition provides valuable information 

for product design to convert CRs into a measurable process of implementation of product functions. 
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House of Quality (HOQ) is an essential mapping tool in QFD for designers to find TRs of design 
concepts and their importance weights. Using HOQ, relations of CRs and TRs can be identified to 
analyze their effects [14]. Relationship matrix and correlation matrix are two key parts in HOQ 
templates. The relationship matrix for TRs and CRs is used to find importance weight of TRs. 

Moreover, effects of TRs on each other are represented in a correlation matrix which is a triangle-
shaped 'roof' of HOQ.  As HOQ is applied in a hierarchy structure of QFD, weights of TRs have a big 
impact on design solutions. Inaccurate data in HOQ can lead to an error propagation into other QFD 
matrices and undesirable products [18]. A considerable amount of research has been conducted for 
improving the HOQ template and data analysis. However, most of the existing studies focused on 
enhancing the relationship matrix in HOQ to find the importance weight of TRs [13]. For example, 
QFD was integrated with methods of Information Entropy [21], Fuzzy Logic [10, 11], Kano [4], and 

AHP [23, 26]. 

A variety of models of the data relationship in HOQ have been suggested. The correlation matrix 
in the roof of HOQ is seldom used by designers as it is difficult to quantify interactions of TRs [8]. In 
most of HOQ approaches, designers focus on mapping CRs to related TRs and decide importance 
weights by relations between CRs and TRs. However, data in the correlation matrix are not 
considered during this process. As some of TRs may not be mutually exclusive in a design solution, 

it is necessary to model TR interactions in the design process. Generally, relations in the roof matrix 
are represented with signs or numbers for the degree of correlations between TRs. However, 
information based on this representation is not clear enough to provide designers details in 
considering all of TRs interactions [8]. Some methods, such as the Wasserman normalization for 
incorporating TRs interactions in determining importance weights, may produce an unacceptable 
outcome [7]. Another problem in the roof part of HOQ is that the intersection between two TRs 
shows only their effect degree, we cannot conclude whether they have the same effect on each 

other. For example, a TR may have a strong effect on another TR, but it doesn’t necessarily mean 

that the reverse is the same.  

Most of previous research on the roof part of HOQ focused on solving conflicts between technical 
details using methods like theory of innovation problem solving (TRIZ) [28] and data envelopment 
analysis (DEA) [29]. A few studies were applied effects of the correlation matrix with TRs’ weights 
to select TRs. For example, a weighted average method was used to prioritize and rank TRs [20]. 
But if TRs have an equal strength of correlations, their weights will remain the same. In another 

research, a method was introduced to search correlations between TRs for importance weights [6]. 
In this work, by adding all of correlation values located at each intersection of TRs, the average 
weight was decided by multiplying weights in the relationship matrix to re-prioritize TRs. But this 
method decides correlation coefficients at the criterion level, not the sub-criterion level. In another 
study, an improved QFD framework was presented for the service quality management [3]. An 
integrated QFD-AHP-ANP approach was introduced for analysis of relations and correlations of TRs. 

In the proposed integrated framework, an analytic hierarchy process (AHP) method was used for 

analysis of the relationship matrix, and an analytic network process (ANP) was applied for modeling 
interdependence of TRs in the roof part of HOQ. However, this method was reported time-consuming 
as it requires many pairwise comparisons in the process. A similar study used the ANP approach for 
investigating inner dependencies and relations within HOQ to decide overall weights of TRs [2]. A 
recent study proposed an approach for resolving contradictions of CRs using TRIZ tools and adjusting 
TRs’ weights in HOQ [19]. A side roof was added to a HOQ template for finding contradictions among 

CRs. Information in the roof part of HOQ was used for TRs re-prioritization. Signs were used to show 
correlations among TRs, but the impact of differences of correlation values was not investigated. 
Correlation values were suggested to use instead of conventional signs in the roof part of HOQ. 
Therefore, it is necessary to quantify whether a TR has more effect than others. 

Although there are a few studies addressed effects of the correlation matrix of HOQ on the QFD 
process, based on our knowledge, none of them provides a systematic method to decide TRs 
interactions and their influence on each other for design solutions using information of the roof part 

in HOQ. Moreover, even literature on the prioritization of TRs is vast, a significant gap exists in the 
efficient extraction of information from the correlation matrix. To improve the above-mentioned 
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limitations, this paper introduces a method for analyzing the roof data of HOQ to extract additional 
information of correlations between TRs. The method integrates the decision-making trial and 
evaluation laboratory (DEMATEL), analytic network process, and QFD to model interrelations of TRs. 
DEMATEL is used for understanding of the correlation and interdependence of TRs through analysis 

of TRs in cause and effect relations. The final weight is obtained from an ANP super-matrix. The 
main contribution of our method is the integration of DEMATEL-based analytic network process with 
QFD to analyze data in the roof part of HOQ and decide final weights of TRs. Handling correlations 
in HOQ with DEAMETL to evaluate relations between TRs and establishing direct and indirect causal 
relationships and influence levels are also novel to the literature. Another contribution of this work 
is the DEMATEL-based analytic network process to efficiently model interrelations among TRs and 
remove time-consuming pairwise comparisons. 

The following section presents a framework of the proposed method to derive influential weights 

of TRs. Design of a hand rehabilitation device in the case study verifies the proposed method in 
Section 3, followed by conclusions and further work in Section 4. 

2 PROPOSED METHOD 

2.1 Quality Function Deployment (QFD) 

QFD is a structured approach to transform qualitative customers’ requirements into quantitative 
product characteristics and map product functions into design concepts. From a technical viewpoint, 
HOQ as a tool of QFD applies forms of the matrix and table to translate voice of customers into 
design solutions [12]. A general form of HOQ is shown in Figure 1. 

 

 

Figure 1: A general form of HOQ. 

HOQ provides a tool to establish relationships between CRs (Whats) and TRs (Hows) by a 
combination of following matrices: (A) Whats matrix, (B) Hows matrix, (C) Central relationship 
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matrix between WHATs and HOWs, (D) Interrelationship matrix among HOWs, and (E) Matrix of 
weights of HOWs. In the relationship matrix, a scaling system (such as 1-3-9) is usually employed 
to represent the degree of strength (weak–medium–strong) between each pair of CRs and TRs [27]. 
The importance weight of each TR can be obtained from the relationship matrix and CRs weight as 

follows. 

 

𝑊𝑗 = ∑𝑑𝑖 . 𝑅𝑖𝑗

𝑚

𝑖=1

 (2.1) 

where 𝑑𝑖 signifies the weight of 𝐶𝑅𝑖 and ∑𝑑𝑖 = 1 ; 𝑅𝑖𝑗 is the relation value between 𝑇𝑅𝑗 and 𝐶𝑅𝑖 and 𝑚  

is the number of CRs. 𝑊𝑗 can be normalized for each TR as follows. 

 

𝑊𝑗
𝑛 =

𝑊𝑗

∑ 𝑊𝑗
𝑟
𝑗=1

 (1.2) 

 
where 𝑟 is the number of TRs. Based on calculated 𝑊𝑗

𝑛, the relative technical importance can be used 

for prioritization of TRs. Although Equation (2.2) can be used to decide the importance weight of TRs 
based on the relationship matrix of HOQ, the solution is inaccurate as dependencies among TRs are 
not considered. In general, in most of HOQ templates, it is assumed that TRs are mutually 
independent. But this assumption is not practical in real design problems. As a result, the technical 
correlation matrix (the triangular shaped matrix shown in Figure 1) between each pair of TRs should 
be taken into account in the calculation of normalized weights of TRs. In the following section, a 
method is proposed to solve this problem based on combined ANP and DEMATEL. 

2.2 Decision Making Trial and Evaluation Laboratory (DEMATEL) 

DEMATEL provides a comprehensive process to obtain a structural model of casual relationships 
among criteria in complex decision-making problems [22]. Comparing with other techniques like 
AHP, it has advantages such as modeling interdependence between factors via the causal diagram, 

which is ignored in traditional methods [15]. This research applies the DEMATEL technique to 
evaluate interdependent relationships between TRs in HOQ and divide them into cause and effect 
groups.  

Figure 2 shows two forms of the correlation matrix in HOQ. In a common HOQ as shown in Figure 
1, it is assumed that TRs have the equal effect in intersections of the correlation matrix, which results 
in a triangular shape of the roof. However, this simplified assumption affects the TRs selection in 
design. For real-world design problems, a square-shaped form of the roof is suggested for 

considering unequal mutual interactions. The suggested form is a non-symmetric square matrix that 
includes design information from both directions of correlations. Data can be collected from users 

and experts to indicate degrees of the direct effect of TRs on each other in the correlation matrix 
with a scale range such as from 0 for no effect to 4 for very high effect. An initial matrix A can be 
formed either by converting the triangular shape correlation matrix into a symmetric square matrix 
or using a non-symmetric square matrix as follows. 

  

𝐴 =

[
 
 
 
 
𝑎11 ⋯ 𝑎1𝑗 ⋯ 𝑎1𝑛

⋮ ⋮ ⋮
𝑎𝑖1 ⋯ 𝑎𝑖𝑗 ⋯ 𝑎𝑖𝑛

⋮ ⋮ ⋮
𝑎𝑛1 ⋯ 𝑎𝑛𝑗 ⋯ 𝑎𝑛𝑛]

 
 
 
 

 (2.3) 

 

N is a normalized initial influence-relation matrix which is shaped by normalizing average matrix A.  

𝑁 = 𝑠 × 𝐴,         𝑠 > 0 (2.2) 
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or 

[𝑁𝑖𝑗]𝑛×𝑛
= 𝑠[𝑎𝑖𝑗]𝑛×𝑛

,       𝑠 > 0,    𝑖, 𝑗𝜖{1,2,… , 𝑛} (2.3) 

Where the value s can be obtained as follows. 

𝑠 =
1

𝑚𝑎𝑥(∑ 𝑎𝑖𝑗
𝑛
𝑗=1 , ∑ 𝑎𝑖𝑗

𝑛
𝑖=1 )

 

 

(2.4) 

lim
𝑚→∞

𝑁𝑚 = [0]𝑛×𝑛 , 0 ≤ 𝑥𝑖𝑗 ≤ 1 (2.5) 

 

 
Figure 2: Two forms of the correlation matrix in HOQ. 

The total influence matrix T is an n × n matrix as follows. 

 

𝑇 = 𝑁 + 𝑁2 + ⋯+ 𝑁𝑚 

                       = 𝑁(𝐼 + 𝑁 + 𝑁2 + ⋯+ 𝑁𝑚−1) 

                                                           = 𝑁(𝐼 + 𝑁 + 𝑁2 + ⋯+ 𝑁𝑚−1)(𝐼 − 𝑁)(𝐼 − 𝑁)−1 

                                                = 𝑁(𝐼 − 𝑁)−1 ,    𝑊ℎ𝑒𝑛 lim
𝑚→∞

𝑁𝑚 = [0]𝑚×𝑚 

(2.6) 

 

where 𝐼 is an 𝑛 ×  𝑛 matrix. The sum of columns and rows in total influence matrix T can be 

characterized as R and C vectors as follows. 

 

𝑅 = [𝑟𝑖]𝑛×1 = (∑𝑡𝑖𝑗

𝑛

𝑗=1

)

𝑛×1

 (2.7) 

𝐶 = [𝑐𝑗]
′

1×𝑛
= (∑𝑡𝑖𝑗

𝑛

𝑖=1

)

′

1×𝑛

 (2.8) 

where 𝑟𝑖 is a member of vector R, 𝑐𝑗 is a member of vector C, and tij represents each member of total 

influence matrix T. In the following section, ANP and its process are presented to solve 
interdependence among TRs generated by the DEMATEL to form a super matrix.  
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2.3 Analytic Network Process (ANP) 

ANP is a decision-making technique to systematically model all kinds of dependence among criteria 

by considering all relations as networks [9]. We use it to analyze the total influence matrix formed 
by DEMATEL. TRs with same characteristics in a large HOQ can be grouped into small sized clusters 
based on similar criteria. For example, we can form a cost sub-matrix including manufacturing cost 
and operation cost. In small HOQs, each TR can be considered as a separate dimension. Figure 3 
shows a detail algorithm of the proposed method. The structure of the total-influenced matrix for 
sub-criterion 𝑇𝑐  is shown below. 

 

Proposed Algorithm 

    Input: Modified correlation matrix 𝐴𝑟 = [𝑎𝑖𝑗]𝑛×𝑛
 , 𝑟 = 1,2, … , 𝑁 (Number of 

respondents) 
    Output: Improved weights of TRs 
1:      𝐴𝑠𝑢𝑚 = 𝐴1 

2:      for 𝑟 = 2 𝑡𝑜 𝑁 

3:            𝐴𝑠𝑢𝑚(𝑟) = 𝐴𝑠𝑢𝑚 + 𝐴𝑟 

4:      end for 
5:      𝐴 = 𝐴𝑠𝑢𝑚 𝑁⁄                           //Calculating the initial average matrix 

6:      for 𝑗 = 1 𝑡𝑜 𝑛 

7:                  𝑃(𝑗) = 𝑠𝑢𝑚(𝑎𝑖𝑗) 

8:      end for 
9:      for 𝑖 = 1 𝑡𝑜 𝑛 

10:                  Q(𝑖) = 𝑠𝑢𝑚(𝑎𝑖𝑗) 

11:    end for 

12:      𝑁 = 𝐴/max (𝑃, 𝑄)              //Calculating normalized initial average matrix 

13:      𝑇𝑐 = 𝑁(𝐼 − 𝑁)−1               //Calculating the total influence matrix 

14:      for 𝑗 = 1 𝑡𝑜 𝑛 

15:                  𝐷(𝑗) = 𝑠𝑢𝑚(𝑡𝑖𝑗) 

16:      end for 
17:      for 𝑖 = 1 𝑡𝑜 𝑛 

18:                R(𝑖) = 𝑠𝑢𝑚(𝑡𝑖𝑗) 

19:    end for 

20:    for each 𝑇𝑐
𝑖𝑗

 ∈  𝑇𝑐 

21:                  𝑒𝑖 = ∑ 𝑡𝑖𝑗
𝑚
𝑗=1  

22:                  𝑇𝑐
𝑛𝑜𝑟𝑚 = 

𝑇𝑐

𝑒𝑖
      //Calculating normalized total influence-relation matrix 

23:    end  

24:       𝑄 = (𝑇𝑐
𝑛𝑜𝑟𝑚)′               //Obtaining unweighted super matrix 

25:    for each 𝑇𝑐
𝑖𝑗

 ∈  𝑇𝑐  

26:                  𝑑𝑖 =
∑ ∑ 𝑡𝑖𝑗

𝑚
𝑗=1

𝑚
𝑖=1

𝑚×𝑚
          

27:    end  
28:    Construct total influence-relation matrix 𝑇𝐷 of criteria 

29:    Calculate normalized total influence-relation matrix 𝑇𝐷
𝑛𝑜𝑟𝑚 

30:     𝑊 = 𝑇𝐷
𝑛𝑜𝑟𝑚 × 𝑄                                //Calculating weighted super matrix 

31:     𝑊ℎ𝑖𝑙𝑒 𝜀 < 𝑑𝑒𝑓𝑖𝑛𝑒𝑑 𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦                //Calculating weighted super matrix 

32:       𝑄 = (𝑇𝑐
𝑛𝑜𝑟𝑚)′                                 //Obtaining unweighted super matrix 

33:       𝐼𝑛𝑓𝑙𝑢𝑒𝑛𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡𝑠 = 𝑙𝑖𝑚
𝛼→∞

(𝑊)𝛼
              //Obtaining unweighted super matrix 

34:    end  

 

Figure 3: Proposed algorithm for calculating influential weights of TRs. 
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𝑇𝑐 =

𝐷1

⋮

𝐷𝑖

⋮

𝐷𝑛

    

𝑐11

⋮
𝑐1𝑚1

⋮
𝑐𝑖1

⋮
𝑐𝑖𝑚𝑖

⋮
𝑐𝑛1

⋮
𝑐𝑛𝑚𝑛

   

𝐷1          …   𝐷𝑗            …       𝐷𝑛

𝑐11 …𝑐1𝑚1
 …   𝑐𝑖1 …𝑐𝑖𝑚𝑖

  …   𝑐𝑛1 …𝑐𝑛𝑚𝑛

[
 
 
 
 
 
 
 
 
 𝑇𝑐

11        ⋯ 𝑇𝑐
1𝑗

        ⋯          𝑇𝑐
1𝑛

⋮ ⋮ ⋮

𝑇𝑐
𝑖1        ⋯ 𝑇𝑐

𝑖𝑗
        ⋯          𝑇𝑐

𝑖𝑛

⋮ ⋮ ⋮

𝑇𝑐
𝑛1        ⋯ 𝑇𝑐

𝑛𝑗
        ⋯          𝑇𝑐

𝑛𝑛]
 
 
 
 
 
 
 
 
 

 (2.9) 

 

where 𝐷𝑛 symbolizes the 𝑛th criterion; 𝐶𝑛𝑚 represents the 𝑚th sub-criterion in the 𝑛th criterion. In 

order to use this matrix to decide the inner dependency, it should be first normalized and then 
transposed. Each sub-criterion can be normalized as follows. 

𝑑𝑐𝑖
11 = ∑𝑡𝑖𝑗

11

𝑚1

𝑗=1

,           𝑖 = 1,2,…𝑚1 (2.10) 

𝑇𝑐
𝑛𝑜𝑟𝑚 11 =    

[
 
 
 
 
 
 
 
 
 
 
 
 
 𝑡𝑐11

11

𝑑𝑐1

11        ⋯
𝑡𝑐1𝑗

11

𝑑𝑐1

11        ⋯          
𝑡𝑐1𝑚1

11

𝑑𝑐1

11

⋮ ⋮ ⋮

𝑡𝑐𝑖1

11

𝑑𝑐𝑖

11        ⋯
𝑡𝑐𝑖𝑗

11

𝑑𝑐𝑖

11        ⋯          
𝑡𝑐𝑖𝑚1

11

𝑑𝑐𝑖

11

⋮ ⋮ ⋮

𝑡𝑐𝑚11

11

𝑑𝑐𝑚1

11         ⋯
𝑡𝑐𝑚1𝑗

11

𝑑𝑐𝑚1

11         ⋯          
𝑡𝑐𝑚1𝑚1

11

𝑑𝑐𝑚1

11
]
 
 
 
 
 
 
 
 
 
 
 
 
 

 (2.11) 

 

After normalizing matrix 𝑇𝑐, a new matrix is obtained as Equation (2.14). 

 

𝑇𝑐
𝑛𝑜𝑟𝑚 =

𝐷1

⋮

𝐷𝑖

⋮

𝐷𝑛

    

𝑐11

⋮
𝑐1𝑚1

⋮
𝑐𝑖1

⋮
𝑐𝑖𝑚𝑖

⋮
𝑐𝑛1

⋮
𝑐𝑛𝑚𝑛

   

𝐷1                  …       𝐷𝑗                    …           𝐷𝑛

𝑐11 …𝑐1𝑚1
     …           𝑐𝑖1 …𝑐𝑖𝑚𝑖

      …   𝑐𝑛1 …𝑐𝑛𝑚𝑛

[
 
 
 
 
 
 
 
 
 𝑇𝑐

𝑛𝑜𝑟𝑚 11        ⋯ 𝑇𝑐
𝑛𝑜𝑟𝑚 1𝑗

        ⋯          𝑇𝑐
𝑛𝑜𝑟𝑚 1𝑛

⋮ ⋮ ⋮

𝑇𝑐
𝑛𝑜𝑟𝑚 𝑖1        ⋯ 𝑇𝑐

𝑛𝑜𝑟𝑚 𝑖𝑗
        ⋯          𝑇𝑐

𝑛𝑜𝑟𝑚 𝑖𝑛

⋮ ⋮ ⋮

𝑇𝑐
𝑛𝑜𝑟𝑚 𝑛1        ⋯ 𝑇𝑐

𝑛𝑜𝑟𝑚 𝑛𝑗
        ⋯          𝑇𝑐

𝑛𝑜𝑟𝑚 𝑛𝑛]
 
 
 
 
 
 
 
 
 

 (2.12) 
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Unweighted super matrix Q is a transpose of normalized total influence-relation matrix 𝑇𝑐
𝑛𝑜𝑟𝑚 . 

 

𝑄 = (𝑇𝑐
𝑛𝑜𝑟𝑚)′ (2.13) 

 

The weighted super matrix is calculated by multiplying the normalized total influence-relation matrix 
of dimensions 𝑇𝐷

𝑛𝑜𝑟𝑚 and unweighted super matrix as follows. 

 

𝑊 = 𝑇𝐷
𝑛𝑜𝑟𝑚 × 𝑄 (2.14) 

 

The weighted super matrix is then limited to a large power 𝛼 until it converges in a stable super-

matrix. Influential weights are then used in HOQ to obtain the final weight of TRs. 

 

𝐼𝑛𝑓𝑙𝑢𝑒𝑛𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡𝑠 = lim
𝛼→∞

(𝑊)𝛼 (2.15) 

 

3 CASE STUDY 

3.1 Design of a Hand Rehabilitation Device  

Design of rehabilitation devices is a complex decision-making process as different assumptions and 
constraints have to be considered. In this case study, CRs and their weights were collected from 
literature [5]. Figure 4 shows a HOQ of the design problem. Its left column shows CRs with their 
weights. In order to meet these requirements and quantify quality characteristics of design concepts, 
13 TRs were identified based on benchmarking products [1, 25]. The relationship matrix in the HOQ 

provides relations of CRs and TRs. Only this matrix is used to decide importance weights of TRs in 
the traditional HOQ template. However, there may be some TRs with close correlations to affect each 
other for the design solution. For example, the deriving method has a big impact on the device noise 
and motion velocity of the structure. It is not enough to decide TRs’ weights based on TRs interactions 
with CRs only. It is therefore necessary to find interrelations of TRs using the correlation matrix in 
the roof of HOQ.  
 

3.2 TRs Weights based on Different Roof Shapes 

Two scenarios are investigated to compare with the traditional HOQ method. The first one uses the 
triangular shape roof of HOQ as shown in Figure 4 to form a symmetric initial correlation matrix. The 
second uses a square asymmetric correlation matrix as shown in Table 1. After normalizing the initial 

data, total-influenced matrix 𝑇𝑐 can be formed using Equation (2.11) for both cases. In matrix Tc, D 

and R are calculated by adding elements of each row and column in the matrix, respectively. 
Elements of each row (D) are added for each TR to find its effectiveness on other TRs. Elements of 
each column (R) are added for each TR to find the total effects (both direct and indirect) received 
from other factors, or effectiveness of variables. These parameters show effects of TRs on each other. 
Figure 5 shows prominence-causal relations of TRs obtained by the total influence-relation matrix Tc 
for both cases, where the horizontal vector (D+R) is amount of TR interactions. In other words, it 
shows amount of TR interactions and a central role of each TR. The vertical vector (D-R) indicates 

the effect power of each TR. Therefore, a positive (D-R) shows the causal parameter, otherwise, the 
parameter receives influence from other TRs. For the first scenario, as the initial matrix is symmetric, 
all of D-R values are zero, meaning that TRs have the same effect on each other. The horizontal axis 
however shows important TRs. For the second scenario, it can be concluded that the structure type 
has a big impact on other TRs, motion velocities and structure size have effects from other TRs. 
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Figure 4: HOQ based on known CRs and TRs of hand rehabilitation devices. 

3.3 Discussions and Results 

The unweighted super matrix Equation (2.15) was formed by normalizing and processing total-
influenced matrix 𝑇𝑐. Tables 2 and 3 show the unweighted super matrix for scenarios one and two. 

The influential weights are converged after four iterations (Equation (2.17)) for a stable matrix of TR 
weights. By using the proposed method, we can extract more information from correlations in the 
roof matrix and re-rank final weights of TRs. Table 4 compares TR weights based on the proposed 
method using the roof and the traditional approach without using the roof information. The result 

shows that some TRs’ weights have changed compared to those generated by the traditional method. 
Attentions should be paid to these changes in design. For example, in scenario one, the weight of 
deriving method is increased to indicate its impact on other TRs like motion velocities, and the 
reduced weight of sensor type shows its weak interactions with other TRs. Although using the 
triangular shape correlation matrix can improve weighting methods based on the proposed method, 
the result obtained by the square shape correlation matrix is closer to reality as interactions of TRs 

correlations can be fully considered in two directions.   
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Table 1: Normalized square shaped correlation matrix. 

 

 
Figure 5: DEMATEL prominence-causal relationship of TRs. 
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Table 2: Unweighted super matrix of the device of scenario one. 

 

Table 3: Unweighted super matrix of the device of scenario two. 
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The modified weights can help designers to choose components and subsystems in a more 
accurate way in decision-making of the conceptual design. These weights can be used in a sequence 
of HOQs during the QFD process. For example, for selecting a structure type of the rehabilitation 
device, designers usually consider factors like the range of motion (ROM), degree of freedom (DOF), 

component size, etc. These factors can guide designers to select the right structure according to TRs 
weights. Figure 6 shows three different structure solutions based on different weights using the 
traditional HOQ, triangle-shaped correlation matrix, and square-shaped correlation matrix, 
respectively.  

In results of using the traditional HOQ, weights of structure type and ROM of finger bones lead 
to a light finger structure as illustrated in Figure 6 (a). In Scenario 1 (Figure 6 (b)), the weight of 
ROM is increased for a heavier finger structure with more ROM. As weights of ROM and structure 

type are highest in Scenario 2, the device structure is improved to meet these requirements (Figure 

6 (c)). Compared to structures in Figures 6 (a) and (b), this finger structure can cover more ROM, 
however, it increases the weight of structure. In all of three cases shown in Figure 6, weights of DOF 
are very close. Therefore, all finger structure concepts have only one DOF. The finger structure is 
one of the components in hand rehabilitation devices and there are other components like actuator, 
motion sensors, etc. to be decided. The selection procedure should be processed similarly using HOQ 

to map TRs into component levels and the final concept in a QFD process. The final concept of a 
hand rehabilitation device with electromagnetic actuators according to TRs weights from the square 
asymmetric correlation matrix is shown in Figure 7.  

 

 

Table 4: TRs weights based on the proposed method and traditional approach. 

 

 
Figure 6: Different structures based on solutions of weights. a) traditional HOQ. b) triangle-shaped 
correlation matrix. c) square-shaped correlation matrix.  
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Figure 7: The hand rehabilitation device based on the proposed method using the square asymmetric 
correlation matrix. 

4 CONCLUSIONS 

The prioritization of TRs is vital in the QFD process to maximize CRs for a competitive product. This 

paper introduced an integrated approach of DEMATEL, ANP, and QFD methods for modeling TRs 

correlations in HOQ to decide TR’s weights in product design. It is identified that TRs interactions 
cannot be fully considered using the triangular shape correlation matrix in the traditional HOQ. A 
square roof of the HOQ template is recommended. The proposed method can model the influence 
and interdependence among TRs, which is neglected in the traditional QFD methods. One advantage 
of the proposed method is that it doesn’t need the lengthy data process of pairwise comparisons. 
The method provides a systematic tool for analyzing interrelations among TRs via prominence-causal 
relationships. The case study of design for a hand rehabilitation device verified the proposed method. 

It shows that the importance weights of TRs can be updated by considering correlations among the 
TRs in the roof part of HOQ. The proposed method can be easily adjusted to solve other design 
problems where there are correlations among TRs. In this study, CRs were assumed uncorrelated 
each other and they were mutually independent. The impact of correlations of CRs will be a subject 
for the future research. It is also recommended to use correlation values instead of conventional 

signs in HOQ templates. 
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