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Abstract:
With the increasingly intense competition in the market, more attention has been paid
to customer’s perceptual requirements. Combining human sensibility and technology,
Kansei Engineering plays a crucial role for industrial designers in making decisions at
an earlier design stage in product development. However, sometimes it is challenging
to define the customer requirements during the market research phase, especially for
the perceptual requirements. Given this problem, this paper develops a process for
establishing perceptual indexes based on the axiomatic design approach to improve
design efficiency. To achieve this, an initial perceptual index is first built based on data
previously collected from designers or design agencies. Then, the theory of axiomatic
design is used to classify the schemes. The final perceptual index is filtered and built
according to the frequency of occurrence.
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1. Introduction
With increasingly intense competition in the market, the development of products to
meet customer needs has already emerged as a core competency. In the axiomatic
design (AD) process, for example, mapping customers’ needs from the user domain to
the functional domain is the starting point for design (Suh, 2001). However, it is often
difficult to accurately define the user requirements or attributes of a product, or even
vaguely define them (Suh, 2001) due to the large amounts of perceptual indexes
contained in the user domain. As a branch of Kansei Engineering (KE), research on
perceptual indexes has been proposed to maximize customers’ satisfaction with their
purchases (Vieira et al., 2017). To accurately transform customer attributes (CAs) into
functional requirements (FRs), the measurement and establishment of perceptual
indexes is necessary.
In business activities, the input of a new product design mostly originates from the
market requirements documents or specification (MRD or MRS) (Suh, 2001).
Generally, an MRD is a report consisting of competitive analysis, market survey, and
other information (Samuel, 2009). In the perceptual part, personas are often taken by
the enterprise as a solution to define customers’ perceptual requirements. However, the
personas formed by brainstorming often describe customers’ perceptual requirements
fuzzily with low cohesion (i.e., the information axiom), and many user elements
duplicate the same requirements (in whole or part) with high coupling (i.e., the
independence axiom). Therefore, within the same product field, it is necessary to find
perceptual indexes that satisfy both axioms in the AD for the most cases.
Given this problem, a process is proposed in this work for establishing perceptual
indexes based on the AD method to improve the design quality and efficiency. The
development of the process can be divided into four steps. The adjectives that represent
CAs are initially generated from past MRD/MRS. At the same time, the FRs are
classified and generated from the past design specifications provided by a designer or
design agency. Both the CAs and the FRs are used as the input to the quality function
deployment (QFD) methodology to generate a design matrix. Based on the generated
design matrix, corresponding transformations and optimizations are applied to the
matrix to obtain a similar diagonal or lower triangle matrix that satisfies the
independence axioms. Finally, the adjectives that represent customer attributes in the
optimized design matrix are output. These adjectives can effectively guide the
development of the MRD/MRS for similar products. The MRD and design specification
data generated during the new product design can also be entered into the historical
database to achieve iterative optimization.

2. Literature Review
2.1 Axiomatic Design
The AD principle, first raised by Suh (1990), provides a scientific and theoretical basis
for designers to improve the design process. After years of development, the application
of the AD principle has now extended to various fields including product design, system
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design, decision making, software design, and other aspects (Kulak, Cebi and
Kahraman, 2010).
In Cheng (2012), a product platform design method in AD was proposed to improve
the design efficiency and keep the costs low. Firstly, the FRs were classified into basic,
expectable, and adjunctive type based on the Kano-model. Then, the AD principle was
applied to the mapping process to obtain the design parameters based on the
classification. Further, the relation degree among design parameters was identified
through the design structure matrix to determine the basic, common, or individual
platform parameters. Finally, a platform design of a drum brake was presented to show
the effectiveness of the method.
Kahraman, Kaya, and Cebi (2009) proposed a method that comparatively used the AD
and the analytic hierarchy process (AHP) for a renewable energy, fuzzy decisionmaking problem. In their fuzzy axiomatic design, the FRs for each criterion were
predetermined by experts, and the final decision was obtained according to the
information content values of each alternative’s criteria based on the information
axioms. Only the alternative that satisfies all of the criteria was selected as the final
decision. The final result of using the AD method was the same as for the AHP, which
showed that the AD can effectively deal with conflicting issues during the decisionmaking process.
Thielman and Ge (2006) applied the principle of AD to a large-scale engineering system.
The FRs and their decomposition were first determined to form a qualitative design
matrix. Based on this, the design matrix was transformed into a quantitative
representation through a modelling method. Then, the requirements analysis and design
matrix were both used to test the coupling degree of the design. Lastly, optimization
and decoupling were done to improve the large-scale system. This method was also
applied to a nuclear reactor system to verify its effectiveness in improving large-scale
systems.
2.2 Kansei Engineering
KE was first developed in 1970 as a branch of engineering to study and fulfill customers’
emotional and perceptual requirements. The method focused on analyzing customers’
feelings on the material, color, or appearance of products through quantitative or
statistical methods. After decades of development, KE achieved widespread adoption
in various fields.
Jindo and Hirasago (1997) applied the theory of KE to the design of car interiors to
satisfy customers’ demands. Firstly, eight evaluation adjectives, such as “Elegant”,
“Playful”, “Likable”, were used to form a coordinate system; a semantic differential
method was applied to subjectively evaluate the design. After this, the result was
quantified, and a multivariate analysis was done to form the desired product according
to the adjectives input. It was also indicated that the meaning of the evaluation
adjectives for a certain product may be not the same in its related system evaluation.
Dolgun and Köksal (2017) proposed a method that integrated KE and QFD to improve
the product planning phase. The principle of KE was firstly used to identify customer
requirements. Based on this, data collection was done in the form of Kansei words and
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the result was analyzed by empirical models. The priorities and targets of the customer
and technical requirements were determined at last through the QFD methodology. This
approach was applied to a yogurt product case, and the results showed that it had
significantly improved the product planning phase.
Vieira et al. (2017) used KE to measure the users’ subjective perceptions of rubber key
pads. The data was collected by the semantic differential method according to the
Kansei words from a survey. It was suggested from their results that the KE method
was a robust method to evaluate the perceptual characteristics of products and Kansei
words were closely related to the physical parameters. It was also indicated that the
result of the Kansei experiment was affected by the age and gender of users.

3. Method
3.1 The Generation of Customer Attributes and Functional Requirements
As indicated by Suh (2011), a product’s user requirements sometimes are hard to define;
in some cases only fuzzy denotations are possible. To ensure the high cohesion of CAs
in the user domain, the description of customer requirements can be replaced by Kansei
adjectives to express the CAs more clearly and concisely.
In order to generate valuable Kansei adjectives that represent the CAs from a past MRD
or MRS, word frequency statistics need to be initially performed. Basically, if a word
has a high frequency of appearance in the MRD, then this word has a high relevance to
the CAs. However, Zipf’s law states that the frequency of a word’s appearance is
inversely proportional to its ranking in the frequency table, and the appearance of the
most frequent word is approximately twice that of the second most frequent word (Zipf,
1972). This indicates that the words with most frequent appearance (e.g., “the”, “of”,
“and”) take up most of the MRD content while they do not contain any valuable
information. Based on this, the “stop words” (e.g., prepositions, articles, conjunctions)
are filtered out before carrying out the word frequency statistics; a stop word corpus
can be adopted to support this filtering process. The words extracted from the word
frequency statistics contain key information on potential customer requirements in an
MRD. To transfer these keywords into adjectives that represent CAs, a semantic
analysis based on a corpus can be used to improve the efficiency of this process. Since
word frequency statistics have already extracted keywords, a simple lexical semantic
analysis is adequate at this stage. It is indicated in Schneider’s (2014) paper that
WordNet can be a proper solution to basic lexical semantic analysis by mapping the
inputs to synonym sets; in this work, each semantic category is linked to at least one
lexical item. For this case, the filtered key words in an MRD are linked to synonymous
adjectives through WordNet. The linked adjectives are provided by a design-related
treebank or corpus, and the linked adjectives can be directly output as CAs. However,
a design-related treebank or corpus are rare or not open source at present. Under such
circumstance, a more extensive English Corpus such as WIKI50 Corpus (Vincze, Nagy
and Berend, 2011) and Prague Dependency Treebank (Hajic,1998) can be adopted as a
replacement; additional filtering for relevance can be applied before outputting the CAs.
Figure 1 shows the generating process of CAs from the initial historical MRD.
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Figure 1. The flow diagram of the CAs generating process
Similarly, FRs can be generated from past design specifications provided by the
designer or the design agency, and the FRs can be output in the form of entries. The
same word frequency statistics and semantic analysis methods can also be used in this
generating process. In Zisman and Kozlenkov’s (2002) work, FRs are translated from
natural language into URL sentences to conduct a consistency check with respect to the
design specification. Such an approach can also be applied to this generating process to
ensure its accuracy. The generating process and subsequent steps are illustrated in the
flow diagram in Figure 2.

Figure 2. The flow diagram of the entire process

3.2 The Construction of the Design Matrix based on Quality Function Deployment
The QFD methodology focuses on customer requirements and enhancing
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communication (Crawford, 1994). After extracting the adjectives of the CAs and the
FRs entries, it can be used to generate a design structure matrix.

Figure 3. The simplified ݅ × ݆ HOQ

As shown in Figure 3, a simplified house of quality (HOQ) is initially established.
Compared to the common HOQ, the upper triangle roof and lower part are eliminated
since they are not helpful to the generation of the design matrix. The collected Kansei
adjectives and FR entries are entered into the table as the rows and columns. The
element X in the table represents the correlation of each FR to a corresponding CA; the
scoring criteria are shown in Table 1. This step is performed by the relevant group of
experts.
Table 1.
Evaluation criteria for the correlation degree:

Based on the table created, the elements in the HOQ can be organized into an ݅ × ݆
matrix T:
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ܺଵଵ ܺଵଶ ܺଵଷ … … ܺଵ
ۍ
ې
ܺ
ܺଶଶ ܺଶଷ … … ܺଶ
 ێଶଵ
ۑ
ܺ
ܺ
ܺ
…
…
ܺ
ଷଵ
ଷଶ
ଷଷ
ଷ
ۑ
[ܶ] = ێ
…
… … … …ۑ
…ێ
…
… … … …ۑ
…ێ
ܺ
ܺ
… … ܺ ے
ܺ
 ۏଵ
ଶ
ଷ
According to the design function in the AD theory that explains the mapping process
from FRs to design parameters (Suh, 2001):
{}ܲܦ{]ܣ[ = }ܴܨ
(1)
For an ݅ × ݆ design matrix A, ܴܨ can be expressed as:


(2)

ܴܨ = σୀଵ ܣ ܲܦ

Based on this, the design function of the mapping process from the CAs to the FRs
can be written as:
{}ܴܨ{]ܤ[ = }ܣܥ
(3)
For an ݅ × ݆ matrix B, ܣܥ can be written as:


(4)

ܣܥ = σୀଵ ܤ ܴܨ

The [B] in the function represents the design structure matrix. Based on the matrix T
generated from the QFD methodology, the design matrix [B] can be written as:
ܤଵଵ ܤଵଶ ܤଵଷ … … ܤଵ
ۍ
ې
ܤ
ܤଶଶ ܤଶଷ … … ܤଶ
 ێଶଵ
ۑ
ܤ
ܤ
ܤ
…
…
ܤ
ଷଵ
ଷଶ
ଷଷ
ଷ
ۑ
[ێ = ]ܤ
…
… … … …ۑ
…ێ
…
… … … …ۑ
…ێ
ܤ
ܤ
ܤ
… … ܤ ے
 ۏଵ
ଶ
ଷ

3.3 Matrix Transformation and Optimization
According to the independence axiom, an acceptable design matrix should be either a
diagonal matrix or a lower triangular matrix; any other form of design matrix is called
a full matrix (Suh, 2001). A full matrix does not satisfy the independence axioms, and
its corresponding design is treated as a coupled design. Examples of these matrices are:
ܣܥଵ
ܴܨଵ ܣଵଵ
0
0
0 ൩
Diagonal Matrix: ܣܥଶ ൩ = ܴܨଶ ൩  0 ܣଶଶ
ܴܨଷ 0
ܣܥଷ
0 ܣଷଷ
ܣܥଵ
ܴܨଵ ܣଵଵ
Lower Triangle Matrix: ܣܥଶ ൩ = ܴܨଶ ൩ ܣଶଵ
ܴܨଷ ܣଷଵ
ܣܥଷ

0
ܣଶଶ
ܣଷଶ

0
0 ൩
ܣଷଷ

ܣܥଵ
ܴܨଵ ܣଵଵ
0 ܣଵଷ
0 ൩
Full Matrix: ܣܥଶ ൩ = ܴܨଶ ൩  0 ܣଶଶ
ܴܨଷ 0
ܣܥଷ
0 ܣଷଷ
However, very few practical product designs can satisfy the definition of the diagonal
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matrix. Therefore, the optimization mainly concentrates on transforming a full matrix
into (or close to) a lower triangle matrix. In this step, for different design matrices, the
rearrangement, elimination, or addition of rows and columns is used to decouple the
original matrix until it approaches a lower triangle matrix. The detailed process is listed
in the following section.

4. Case study
4.1 Application of proposed approach
Portable chargers for consumer electronics have been adopted worldwide and are very
popular products. However, some users complain about their heavy weights, limited
energy capacities, and safety risks for some of the portable chargers on the market.
Based on this, we list six major CAs and five FRs in the form of perceptual adjectives
and entries by word frequency statistics and semantic lexical analysis on the historical
product’s MRD and design specification. These are presented in Table 2.
Table 2.
The collected CAs and FRs from the historical product MRD and design specification

In the next step, the collected CAs and FRs were then input into the HOQ table as the
rows and columns. According to evaluation criterion, the average correlation values of
each FR to a corresponding CA were provided by a group of experts and engineers with
relevant experience. The HOQ table for a portable charger design is shown in Figure 4.
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Figure 4. The HOQ table for a portable charger design
The corresponding element in the above HOQ table can be organized into a 6 × 5
matrix T:
1
ۍ5
ێ
1
[ܶ] = ێ
ێ0
ێ0
ۏ1

1
3
0
0
5
0

3
0
5
3
0
3

3
0
0
1
0
5

5
3ې
ۑ
0ۑ
0ۑ
1ۑ
0ے

According to the equations (1)-(4), the design matrix B for this case can be written as:
ܤଵଵ ܤଵଶ ܤଵଷ ܤଵସ ܤଵହ
ܤۍ
0
0 ܤଶହ ې
ଶଵ ܤଶଶ
ێ
ۑ
ܤ
0 ܤଷଷ 0
0 ۑ
[ ێ = ]ܤଷଵ
0 ܤସଷ ܤସସ
0 ۑ
 ێ0
0 ܤହହ ۑ
 ێ0 ܤହଶ 0
ܤۏଵ 0 ܤଷ ܤସ 0 ے

It can be easily found that matrix B is a full matrix because the elements in its upper
triangle region are not all equal to zero, which indicates its corresponding design is a
coupled design. Therefore, it is necessary to transform matrix B into a diagonal or lower
triangle matrix in order to obtain an acceptable design. After the rearrangement to with
respect to its rows, the transformed design matrix  ܤᇱ and ܶ ᇱ can be written as:
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ܤᇱ
 ܤᇱ ଶଶ
0
0
 ܤᇱ ଶହ
 ۍଶଵ
ې
ᇱ
 ܤହଶ
0
0
 ܤᇱ ହହ ۑ
 ێ0
0
 ܤᇱ ଷଷ
0
0 ۑ
 ܤێᇱ
[ ܤᇱ ] =  ێᇱ ଷଵ
ᇱ
ᇱ
ܤ
0
 ܤଷ  ܤସ
0 ۑ
 ێᇱଵ
ᇱ
ᇱ
ᇱ
ᇱ ۑ
 ܤێଵଵ  ܤଵଶ  ܤଵଷ  ܤଵସ  ܤଵହ ۑ
 ۏ0
0
 ܤᇱ ସଷ  ܤᇱ ସସ
0 ے
The new corresponding transformed HOQ table is:

5
ۍ0
ێ
1
[ܶ ᇱ ] = ێ
ێ1
ێ1
ۏ0

3
5
0
0
1
0

0
0
5
3
3
3

0
0
0
5
3
1

3
1ې
ۑ
0ۑ
0ۑ
5ۑ
0ے

Figure 5. The HOQ table after the transformation
It can be noticed that the existence of the 6th row, which represents the CA “Light”,
strongly inhibits the transformation of the design matrix into a lower triangle matrix.
Considering that it is only related to two entries of FRs and their importance score is
relatively low, this CA row is eliminated to optimize the transformed matrix. The
optimized design matrix  ܤᇱᇱ and ܶ ᇱᇱ can be written as:
ܤᇱԢ
 ܤᇱᇱ ଶଶ
0
0
 ܤᇱᇱ ଶହ
5 3 0 0 3
 ۍଶଵ
ې
ᇱᇱ
ۍ0 5 0 0 1ې
0
 ܤହଶ
0
0
 ܤᇱᇱ ହହ
ێ
ۑ
ێ
ۑ
[ܶ ᇱᇱ ] = ێ1 0 5 0 0ۑ
0
 ܤᇱᇱ ଷଷ
0
0 ۑ
[ ܤᇱᇱ ] =  ܤێᇱᇱ ଷଵ
ᇱᇱ
ێ1 0 3 5 0ۑ
0
 ܤᇱᇱ ଷ  ܤᇱᇱ ସ
0 ۑ
 ܤێଵ
ᇱᇱ
ᇱᇱ
ᇱᇱ
ᇱᇱ
ᇱᇱ
ۏ1 1 3 3 5ے
 ܤۏଵଵ  ܤଵଶ  ܤଵଷ  ܤଵସ  ܤଵହ ے
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The corresponding HOQ table after the optimization is:

Figure 6. The HOQ table after the optimization
After the transformation and elimination of the CA rows, the optimized design matrix
 ܤᇱᇱ has become more similar to a lower triangle matrix. There are still three elements
above the diagonal that are nonzero; however, their corresponding importance scores
are relatively low. Therefore, ignoring these nonzero values can be acceptable, and the
output of the five adjectives that represent the CAs as a reference for guiding the MRD
is performed directly. The MRD and design specification in the next design can also be
recorded in a historical database to achieve iterative optimization and make the entire
process become a closed loop (refer to Figure 2).
4.2 Discussion
After going through the complete process including word frequency statistics, semantic
analysis, QFD, matrix construction and optimization, the obtained perceptual indexes
satisfy the independence axioms and effectively guide the practical product design.
However, during the final design matrix optimization process, the direct output of the
CAs from the matrix  ܤᇱᇱ (Section 4.1) should have the precondition that the values of
the coupling/non-zero elements above the diagonal are relatively low. This means that
such a process may become inapplicable when, for example, the coupling elements
above the diagonal are equal to five or most are greater than one. Therefore, in order to
make this process broadly applicable, a method is necessary to make these coupling
elements approach zero.
In Thielman and Ge’s (2006) paper, the reangularity semiangularity ratio (R/S) analysis
method was used to measure and reduce the coupling degree of a large-scale system
design based on the AD principles. However, this method is for non-linear multi-FR
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designs; the FR-DP mapping process in the AD approach can be directly used in this
case.
In Zhang et al. (2008), two methods including clustering and auxiliary functions were
introduced to eliminate the coupling elements above the diagonal in the design matrix.
The first method clusters the coupling rows with other rows into new modules and then
further eliminates the coupling through brainstorming activities. The second method
decouples the design matrix by adding an extra auxiliary row into the bottom of the
matrix to support fixing the coupling elements through a knowledge base or an expert
review. Both of these methods can be good solutions to eliminate the coupling elements
above the diagonal when the corresponding value exceeds expectations. However, these
two decoupling methods contain subjective factors which may influence the accuracy
of the final result to some extent.

5. Conclusions and Future work
Based on the problem of mapping customers’ need from the user domain to the
functional domain in AD, this paper develops a process for establishing perceptual
indexes based on AD to improve design quality and efficiency. To obtain valuable CRs
and FRs from the MRD and design specification, semantic analysis and word frequency
statistics are used as the first step. Secondly, the QFD methodology is adopted to
generate the design matrix. In order to obtain the CAs that satisfy the independence
axioms, steps to transform and optimize are applied to the design matrix generated by
the QFD. Finally, the qualified adjectives are output as the reference for guiding the
MRD. The MRD and design specification in the next design can also be entered into a
historical database to achieve iterative optimization.
In the future, the following interesting and valuable research directions are going to be
investigated:
• Investigate the application of the R/S ratio analysis method into the CA-FR
mapping process to measure the coupling degree of the design structure matrix
before and after the optimization. This measurement has the potential to support the
systematic, quantified elimination or reduction of the coupling degree.
• Establish or enlarge the design-related corpus to eliminate the extra filtering steps
applied after using WordNet to improve the accuracy and efficiency of the output.
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