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Introduction: 
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) and design constraints. Quality Function 
Deployment (QFD) is an approach for mapping CRs to technical requirements (TRs) and guiding 
designers to search product solutions. House of quality (HOQ) is an essential mapping tool in QFD which 
helps designers to find TRs of design concepts and their correlations. Using HOQ, relations of CRs and 
TRs can be identified to find their effects. In the existing HOQ template, effects of TRs on each other are 
represented in a correlation matrix which is a triangle-shaped 'roof' of HOQ. Correlations of TRs are 
represented with signs or numbers to express the degree of relations between TRs. However, information 
based on this representation is not clear enough to provide designers details in considering all of TRs 
interactions [2]. Another problem in the roof 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.  

Information in the roof of HOQ is also seldom used by designers as it is difficult to quantify 
interactions of TRs [2]. Some researchers combined effects of the matrix with TR’s weight to rank them. 
For example, a weighted average method was used to prioritize and rank TRs [4]. 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 [1], 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 used for analysis of relations and correlations of TRs. However, this method is time-
consuming as it requires many pairwise comparisons. It is necessary for designers to know 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 overcome the above-
mentioned limitations, this paper introduces a method for analyzing the roof data of HOQ to extract 
additional information of correlations between TRs, which will help designers in TRs selections. The 
method integrates decision-making trial and evaluation laboratory (DEMATEL), analytic network process 
(ANP), and QFD to model interrelations of TRs. DEMATEL is used for understanding of correlation and 
interdependence of TRs through analysis of TRs in cause and effect relations. The final weight is 
obtained from an ANP super-matrix. Design of a hand rehabilitation device in the case study verifies the 
proposed method. 
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Main Idea: 

Error! Reference source not found. shows a HOQ based on known CRs and TRs of a specific product. 
Data are 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 from 0 to 4 (from “no effect (0)” to “very high effect (4)”). 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 will affect the TRs selection in design. Therefore, the suggested form of the correlation 
matrix is a non-symmetric square matrix. The proposed method can abstract design information from 
both triangle-shaped and square-shaped correlation matrix. 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. 

 

 
 

Fig. 1: HOQ based on known CRs and TRs of a hand rehabilitation device. 
 

𝐴 =

[
 
 
 
 
𝑎11 ⋯ 𝑎1𝑗 ⋯ 𝑎1𝑛

⋮ ⋮ ⋮
𝑎𝑖1 ⋯ 𝑎𝑖𝑗 ⋯ 𝑎𝑖𝑛

⋮ ⋮ ⋮
𝑎𝑛1 ⋯ 𝑎𝑛𝑗 ⋯ 𝑎𝑛𝑛]

 
 
 
 

 (1) 

 
A normalized initial influence-relation matrix N is formed by normalizing average matrix A. 

 

𝑁 =
𝐴

𝑚𝑎𝑥(∑ 𝑎𝑖𝑗
𝑛
𝑗=1 , ∑ 𝑎𝑖𝑗

𝑛
𝑖=0 )

 

 

(2) 

lim
𝑚→∞

𝑁𝑚 = [0]𝑛×𝑛 , 0 ≤ 𝑥𝑖𝑗 ≤ 1 (3) 
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The total influence matrix T is a 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 

(4) 

Where 𝐼 is an 𝑛 ×  𝑛 unit matrix. TRs can be grouped based on similar criteria. For example, we can form 
a cost sub-matrix including manufacturing cost and operation cost. The structure of total-influenced 
matrix for sub-criterion 𝑇𝑐  is shown below:  

 

𝑇𝑐 =

𝐷1

⋮
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⋮

𝐷𝑛
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𝑛𝑛]
 
 
 
 
 
 
 
 
 

 (5) 

 
Where 𝐷𝑛 symbolizes the 𝑛th criterion; 𝐶𝑛𝑚 represents the 𝑚th sub-criterion in the 𝑛th criterion. 
Unweighted super matrix Q is a transpose of normalized total influence-relation matrix 𝑇𝑐

𝑛𝑜𝑟𝑚 . 

 
𝑄 = (𝑇𝑐

𝑛𝑜𝑟𝑚)′ (6) 
 
The weighted super matrix is calculated by multiplying normalized total influence-relation matrix of 
dimensions 𝑇𝐷

𝑛𝑜𝑟𝑚 and unweighted super matrix as follows. 

 
𝑊 = 𝑇𝐷

𝑛𝑜𝑟𝑚 × 𝑄 (7) 

The weighted super matrix is then limited to a large power 𝛼 until it converges in a stable super-matrix. 
Influential weights will be used in HOQ to obtain the final weight of TRs. 

 
𝐼𝑛𝑓𝑙𝑢𝑒𝑛𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡𝑠 = lim

𝛼→∞
(𝑊)𝛼 (8) 

Case study: 
Design of a hand rehabilitation device is a complex decision-making process. There are some TRs with 
close correlations to affect each other. In HOQ, these TRs are decided to meet CRs. It is not enough to 
decide TRs’ weights only based on their interactions with CRs in the traditional HOQ method. It is 
therefore necessary to find interrelations of TRs using the correlation matrix in the roof of HOQ. 13 TRs 
were identified based on benchmarking products. The initial correlation matrix was also obtained. Two 
scenarios were investigated to compare with the traditional HOQ method. The first one used the 
triangular shape roof of HOQ to form a symmetric initial correlation matrix. The second used a square 
asymmetric correlation matrix. After normalizing the initial data, total-influenced matrix 𝑇𝑐 was formed 
using Eqn. (5) for both cases. In matrix Tc, D and R were calculated by adding elements of each row and 
column in the matrix, respectively. Elements of each row (D) were added for each TR to find its 
effectiveness on other TRs. Elements of each column (R) were added for each TR to find the total effects 
(both direct and indirect) received from other factors, or effectiveness of variables. These parameters 
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show effects of TRs on each other. In Figure 2, horizontal vector (D+R) is amount of TR interactions. In 
other words, it shows amount of TR interactions and a central role of the product. 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. Figure 2 shows prominence-causal relations obtained 
by the total influence-relation matrix Tc. For the first case, as the initial matrix is symmetric, all of D-R 
values are zero, meaning that they have the same effect on each other. The horizontal axis however 
shows important TRs. For the second case, it can be concluded that the structure type has a big impact 
on other TRs, and motion velocities and structure size have effect from other TRs. 

 

 
Fig. 2: DEMATEL prominence-causal relationship of TRs. 

 

 
 

Tab. 1: Weighted super matrix of the device of case study one. 
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13 0.06094 0.0718 0.06836 0.10088 0.03782 0.04024 0.07153 0.03824 0.03976 0.07885 0.09802 0.09216 0.04913

Column #   

TR 10: Applied force 

TR 12: Component noise

TR 13: Component type

TR 11: Material type

TR 9: Motion velocities

TR 1: Structure type

TR 2: Structure size

TR 3: Driving method

TR 4: Adjustable Parts

TR 5: Sensor type

TR 6: Degrees of freedom

TR 7: Control method

TR 8: Range of Motion (ROM) 
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Weighted super matrix Eqn. (7) was formed by normalizing and processing total-influenced matrix 𝑇𝑐. 
Table 1 shows the weighted super matrix for case study one. The influential weights were converged 
after four iterations (Eqn. (8)) 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 2 
shows TR weights based on the proposed method and traditional approach. 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 case study one, the weight of deriving method was 
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 method based on the proposed method, the result obtained by the square shape 
correlation matrix is closer to reality as they fully considered interactions of TRs correlations in two 
directions.   
 

 
 

Tab. 2: TRs weights based on the proposed method and traditional approach. 

Conclusions: 
This paper introduced a combined method 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 
traditional QFD methods. The case study of design for a hand rehabilitation device verified the proposed 
method. Detailed evaluations of the proposed method will be presented in the full paper using design 
solutions of the hand rehabilitation device. 
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