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Abstract: During the process of concurrent design, a designer must focus on meeting the changing requirements of customers and reacting to

the rapid decrease of the life-cycle of the product in a dynamic market. However, the cost induced by the quality delinquent and aftermarket

service is a critical factor in the enterprise profit. This research proposes a product design methodology that integrates the grey relation

approach to quality function deployment (QFD) and quality engineering (QE) to solve the problem. It is noted that the process increases

customer satisfaction and enhances product quality in response to global competition. Based on the results of systematic market research

performed on customer requirements (CRs), the hierarchical clustering technique and grey theory have been applied to identify, categorize, and

evaluate CRs to rank their grey relational importance. The critical design characteristics (DCs) have been identified using QFD, which applies

the semantic differential method on the relationship matrix cell to evaluate their relationship with CRs. The selected DCs are then evaluated to

determine noise and possible loss of quality using the orthogonal experiment of the Taguchi method. The objective of the optimization process

is to integrate QFD and QE into the development process and to optimize the quality of product development. With support from a timer

manufacturer, six existing products have been selected to demonstrate the applicability of the approach described above. This robust product

design process provides encouraging evidence for a new approach that can improve quality, reduce variation, and increase customer

satisfaction and enterprise profit.
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1. Introduction

In current global competitive markets, the progress of
computer technology and networks has shortened
product life-cycles significantly. No single product can
constantly dominate the market without continuous
improvement or modification in accordance with
customer requirements (CRs). Biren [1] suggested that
the integration of manufacturing technology and pro-
duct design into a concurrent engineering process system
could be an important factor in quality improvement
and in the enhancement of product sustainability in a
competitive market. Consequently, several enterprises
have tried to implement new concepts in product
development to follow the market trend, improve the
manufacturing process and enforce better project
management to increase overall customer satisfaction
and earned profits. Customer satisfaction refers to the
voice of the customer (VOC), which is a reflection of
customer requirements [2]. There are several techniques
that can be applied to translate the VOC into criteria for
design evaluation and product specification such as
creating interaction matrices, design principles, and

quality function deployment (QFD) [2–4]. In general,
QFD is currently considered an efficient approach for
dealing with the VOC. The QFD technique involves a
continuous sequence of design and production processes
that help designers to deploy sequential relationships
from customer’s requirements, engineering characteris-
tics, and manufacturing process to the generation of
final product. All phases of QFD use the so-called house
of quality (HOQ) parameter to manipulate specific
vectors and matrices that can benefit product develop-
ment in the following four ways: (1) reduce product
development time, (2) reduce problem spoilage during
production start-up, (3) improve product quality, and
(4) increase customer satisfaction [2,5,6]. In traditional
QFD processes, designers tend to use a 9-level weighting
technique from an analytic hierarchy process (AHP) or a
more recent fuzzy analytic hierarchy process (FAHP) to
determine the relative importance levels among the
identified customer requirements [2]. It is noted that the
development of FAHP is based on a fuzzy measure in
which a graded value between 0 and 1 is assigned to each
identified individual to indicate the degree of evidence or
subjective certainty [7]. Note also that the concept of an
analytic network process (ANP) was introduced by
Saaty [8] to employ a super-matrix to record relative
measurements within and between clusters of elements.
Saaty considered the AHP as a special case of the ANP.
Geng et al. [9] further proposed a fuzzy analytic network



process (FANP) in QFD to evaluate the importance
weights of design characteristics (DCs) based on the
consideration of the vagueness and inner-dependence of
CRs and DCs. In a similar way of Geng et al., Lee et al.
[10] even used the calculated priorities of DCs in a multi-
choice goal programming model to find the most
suitable DCs for product design. Liu [11] even integrated
a fuzzy QFD approach and a fuzzy multi-criteria
decision making approach into a product design and
selection approach. However, Suh [12] developed an
independence axiom for product design that suggested
the relationship among customer requirements should
be independent each other, otherwise the design will be
coupled. Therefore, the design of a product can neglect
the effect of inner-dependence on CRs. Due to the
inability of the 9-level weighting or fuzzy technique in
precisely evaluating the relative importance level of each
individual customer requirement in either AHP, FAHP,
or FANP, a grey theory [13], which is based on the grey
relation distance between parameters, may be more
suitable. The difference between the FAHP or FANP
theory and grey theory is that the FAHP or FANP
theory develops membership functions for the interval of
fuzzy real numbers ranging from 0 to 1 and subjectively
measures degrees of closeness for the specific attributes
or alternatives, while the grey theory collects or specifies
the range of values for the specific attributes or
alternatives based on the incomplete information and
then initializes the values into grey real numbers with the
base value of 1 [7,13]. Besides, the measurement of fuzzy
numbers requires sufficient expert knowledge, because
the measurement of grey numbers is based on the
collection of existing data that makes the grey relation
approach effective for this study and it will be applied to
evaluate and prioritize the customer requirements of
QFD.
Ulrich and Eppinger [14] suggested that the develop-

ment of a new product requires large amounts of
feedback from market research to identify critical
customer requirements and design characteristics. The
effectiveness of the grey theory has been demonstrated
in various applications such as grey control, system
prediction, process improvement, requirement forecast-
ing, performance assessment, and quality improvement
[13,15–19]. Wu [20] used the technique of forecasting in
grey theory to compare the importance and prioritize
the respective impact of each customer requirement
identified in a system. Chen [21] further proposed a
methodology that integrates grey theory and the
clustering technique to cluster and predict the future
trend of customer requirements. Considering product
adaptability, Li [22] employed the grey relational
analysis method to integrate measures for prioritizing
different design candidates and customer requirements
to meet product design adaptability, manufacturing and
assembly costs, and operationability. Although the use

of grey theory in QFD may appear to assist designers in
developing more effective relationships between custo-
mer requirements, it is unable to provide optimum or
suitable specifications for product design. Therefore, the
Taguchi method in quality engineering (QE) has been
proposed as a feasible alternative approach to overcome
this limitation.

The Taguchi method has been developed as a
foundation for robust design to tackle quality control
problems during the design stages and to reduce the
variance between each developed product [23]. It has the
ability to maximize the information that comes from a
small database and consists of a plan of experiments
with the objective of acquiring data in a controlled
manner. The Taguchi method has been validated as a
reliable, quantifiable, and efficient technique to attain
maximum quality in optimal machining parameters,
control physical properties, and improve production
performance [24–27]. In the Taguchi method, a set of
repetitive data is transformed into Signal-to-Noise (S/N)
ratios, which are defined as the measures of variations in
the developed products. In the S/N ratio, the term
‘Signal’, denoted by ‘S’, represents the desirable target
for products deemed acceptable, and the term ‘Noise’,
denoted by ‘N’, represents the undesirable value. The
ratios of S/N consolidate several repetitions (of two or
more data points) into a single value that reflects the
amount of variation [28]. During the optimization of the
manufacturing parameters, the Taguchi method is
implemented through experiments conducted in ortho-
gonal arrays to allow efficient determination of the
effects of several parameters [29]. The Taguchi method
has also been used in conjunction with artificial neural
networks [30,31] to allow the decision-maker to achieve
precise forecasts pertaining to optimal design [32].
Therefore, the Taguchi method may be an effective
technique to determine the most suitable combination of
design specifications for the development of customer-
oriented products.

In general, from the marketing strategy standpoint,
regardless of the complexity of the technique, customer
satisfaction is the most critical factor in designing
competitive products. Early involvement of customers,
especially at the conceptualization stage of product
development, plays an important role in successful
product design [33]. During the design and development
stage, designers are often faced with multiple disciplines,
a variety of customer requirement problems and mod-
ularity of design. In some cases, the decision variables of
one design optimization problem may be the parameters
of another, with a compromise required between the two
sets. Wang et al. [34] has proposed a proportional
integral control policy to tackle the multidisciplinary
design optimization problem. Chong and Chen [35]
advocate proactive management and forecasting of the
dynamic requirements of customers during the
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development of products for fast shifting markets.
A customer requirement analysis and forecasting system
has been defined to support product development
functions with quantitative and qualitative customer
requirements information. Dong et al. [36] has demon-
strated an option-pricing method for module introduc-
tion decision-making that can effectively respond to
customer demands and increase the net present value for
companies.

In summary, even though the QFD can provide
designers with an effective way to link CRs with DCs in
product development, there exists opportunities on the
improvement of precisely identification of CRs and DCs.
Currently, many related research efforts have been
focused on this issue. However, very limited researches
considered the use of QE concept in the next stage of
QFD activity to obtain critical DCs and head toward the
design of products. Therefore, the objective of this
research is to develop a product design procedure that
incorporates grey theory and the Taguchi method in the
identification of relationships between customer require-
ments and specifications of design characteristics to
enhance customer satisfaction, reduce aftermarket costs
and prevent the increment of product modification and
associated cost. Compared to the traditional QFD
approach, this research applies grey theory and the
Taguchi method to prioritize CRs and manage critical
DCs that help reduce the risk of design changes at an
early stage. Therefore, this research is not limited to the
identification of VOC, but it also emphasizes
the investigation of problems and the improvement of
the design process. With the integration of the two
methodologies, the customer requirements can be
identified more precisely, the manufacturing process
can be implemented in a smooth manner and the
probability of loss of the enterprise after the product
has been sold to the market can be reduced significantly.

2. The Conceptual Framework of
the Development Procedure

The design of a product is primarily based on
the specific problems that must be solved or on the
requirements that must be met by the product. The
designer must clearly define these problems and
requirements, so that he or she can direct the design
effort toward an appropriate design solution. These
specific problems and requirements should then be
restructured or grouped to explore their relationships
and to decide on the most suitable approach for a
successful product design. The specific problems and
requirements refer to customer requirements, whereas
the design solution refers to design characteristics.
Systematic approaches to product design use customer
requirements to determine a suitable set of design

characteristics and to generate feasible design alterna-
tives. In the current design methods, the QFD approach
integrates the deployment of the design and production
processes into a system that links the voices of the
customers or customer requirements with the design
characteristics. The grey theory can be incorporated into
the QFD process to precisely identify the relationship
between various customer requirements. The Taguchi
method can then be introduced to determine the most
suitable range of design characteristics that can reduce
the variation in the designed product and increase the
product quality. Based on the concept of incorporating
grey theory and the Taguchi method with the QFD
process, the general approach for the development of the
proposed procedure is briefly discussed in the following
section.

2.1 Step 1: Identification and Categorization of
Customer Requirements

The methods for identifying customer requirements
have been discussed in several design textbooks and
articles. Historically, relevant customer requirements
have been identified through a combination of personal
observations, intuitive findings, market surveys, inter-
views with potential and experienced customers, and
systematic approaches to market research. According to
the QFD process, customer requirements are categor-
ized using the hierarchical clustering technique (HCT).
The categorized customer requirements are then prior-
itized using grey theory to evaluate their relative
importance.

2.2 Step 2: Evaluation of the Degree of
Importance for Each Categorized CR

In accordance with grey theory, a collection of 5–10
commercially available sample products with similar
design characteristics have been identified. Each product
in this collection and the categorized customer require-
ment is described in a n�m matrix. The number of rows
in the matrix is equal to the number of identified
customer requirements, and the number of columns in
the matrix equals the number of identified products.
A set of subjects that are experienced in using the
products is collected. These subjects are asked to
evaluate the satisfaction of using the identified products
on a scale of 1–100 for each categorized customer
requirement. The typical element in the matrix has a
rated value (1–100) that denotes the satisfaction of the
identified product ‘j’(j¼ 1, 2, . . . ,m) for the specific
customer requirement category ‘i’ (i¼ 1, 2, . . . , n). In this
study, a lower value describes a higher degree of
satisfaction of using the product. An aggregated
matrix array is then formed according to the averaged
values collected from the subjects. Note that the product
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with the highest total value in a specific column of the
aggregated matrix is considered the reference product,
whereas the remaining samples with lower total values
are considered the comparable products. After the
generation of the aggregated matrix, grey theory is
used to determine the relative weights of the degrees of
importance of the identified customer requirements.
In this research, the weight of importance for the
identified customer requirements uses 100% for ease of
calculation.

2.3 Step 3: Employment of the QFD Process to
Identify Critical DCs

According to the QFD development process, the
HOQ presents a concise matrix representation that
effectively links customer requirements and design
characteristics [2]. In the HOQ matrix, the designer
needs to use a planning matrix to determine the relative
weight of importance for the each of identified customer
requirements. The attributes of columns in the planning
matrix that connect with customer requirements of rows
include the following five categories: (1) weights of
importance of customer requirements, (2) competitive
assessment, (3) market niche evaluation, (4) summed
weights of customer requirements and (5) normalized
weights of importance of customer requirements. Note
that the column values of the (1) weights of importance
of customer requirements are obtained from Step 2.
The column values of (2) competitive assessment and
(3) market niche evaluation are based on a determina-
tion of the level of customer requirement satisfaction by
current competitive products. The column values of
(4) summed weights of customer requirements are
obtained by the multiplication of (1)–(3). The column
values of (5) normalized weights of the importance of
customer requirements are determined by dividing each
column value of (4) by the total column values of (4).
The column values of (5) refer to the relative weights of
importance of customer requirements. Having obtained
the relative weights of importance for customer require-
ments, the development process begins to deal with the
survey of relationships between customer requirements
and design characteristics. A semantic differential
method is implemented using a questionnaire based on
a five-point scale to assess the relationships between
customer requirements and design characteristics.
Points 0, 1, 2, 3, 4, and 5 correspond to no relation,
very weak, weak, medium, strong, and very strong
relation, respectively. The aggregation of the multi-
plication of the relative weights of importance and the
corresponding scale point for each design characteristic
becomes the weight of importance of the design
characteristic. In a similar manner, the normalized
weights of importance for column (5) of the planning
matrix are obtained as the relative weights of

importance of design characteristics. The normalized
weights of importance of design characteristics provide
valuable information in determining which critical
design characteristics are selected for the Taguchi
experiment.

2.4 Step 4: Conduction of the Taguchi
Experiment for the Identified Critical DCs

From Step 3, the design characteristics with highest
normalized weights are considered critical design char-
acteristics and are included in the Taguchi experiment to
find an optimum combination of critical design char-
acteristic levels for further improvement in product
design. During the Taguchi experimental design process,
the critical design characteristics are treated as design
parameters and appropriate levels for each design
parameter are selected so that a suitable orthogonal
array can be determined. The experiment of the
orthogonal array is based on the quality performance
measurement of the S/N ratios. Note that the quality
loss function for the general design problems may be a
smaller-the-better type.

The procedure described above can be used to reduce
design effort, improve competence, and reduce variation
in new or redesigned products. Figure 1 shows the
development framework of the research. The design of
an electronic timer is used as an example to illustrate the
steps of the approach.

3. HCT in CR Categories

When implementing the HOQ of QFD, the designer
must identify a set of customer requirements and
the related design characteristics at the initial stage.
As mentioned in Step 1, there may be several different
ways of identifying customer requirements. However,
the information is entangled and must be screened and
grouped for further evaluation. In general, a paired
comparison method is available to screen the identified
customer requirements for independence, consistency,
and relevance at the first stage of information
collection. After identification of the customer require-
ments, a semantic differential method is applied to use a
questionnaire survey based on a five-point scale to
evaluate the significance of the identified customer
requirements. The five points 1, 2, 3, 4, and 5 denote
the linguistic categories very low, low, medium, high,
and very high, respectively. Each tester will judge the
identified customer requirements based on the following
five attribute indices: cost, assembly operation, perfor-
mance, accuracy, and part management. These semantic
attribute indices are derived using the same identifica-
tion process used for the customer requirements.
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The survey results are then pooled to form a relationship
matrix with rows that denote identified customer
requirements and columns based upon the five semantic
attribute indices. Following the generation of the
relationship matrix, an HCT is employed to categorize
the customer requirements into a hierarchical tree
structure. Note that the Euclidean distance and average
linkage are used in this research to compute the
distances among the identified customer requirements.

Let CR denote the set of identified customer require-
ments, where

CR ¼ CRi ij ¼ 1, 2, . . . , nf g:

Similarly, let AT denote the set of semantic attribute
indices regarding the identified customer requirements,
where AT¼ {ATb|b¼ 1, 2, . . . , s}.
After the customer requirements and corresponding

semantic attribute indices were identified, the selected

Categorized by HCT
(hierarchy clustering technique)

STEP 1 :
Define requirements criterion

Experiment Design and Analysis
Constructing Orthogonal Arrays

1. Personal observations

2. Intuitive findings
3. Market survey

4. Customers interview 

5. Systematic market research

Customer Requirements

(Market Oriented)

Categorized customer requirements

Product collection

STEP 2 :

Customer requirements evaluation

Customer requirements identification

and satisfaction rating

STEP 3 : QFD (quality function development)

Relationships matrix

(Semantic differential method)

Benchmark 

analysis

Design characteristics

(Technical oriented)

Summed weight of design characteristics

Relative overall importance degrees

STEP 4 : Conduction of 

Taguchi experimental design

Loss function and S/N evaluation

Critical design characteristics level 

identification

Grey theory 

Grey relational grade

1. Cause and effect diagram
2. Personal observations

3. Intuitive findings

4. Systematic market research

New product verification 

Optimal design characteristics level 

Product redesing, implementation of

Optimal design characteristics level

Figure 1. Flow chart of the proposed product design process.
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testers were asked to evaluate the relationships between
the customer requirements and semantic attribute
indices and then assign a rating scale to indicate their
significance. Based on the judgments made by these
testers, the HCT was then conducted to categorize the
identified customer requirements. The HCT in this
research used the furthest neighbor method, incorporat-
ing the Euclidean distance method in the Minkowski
Metric approach to categorize the identified customer
requirements. The furthest neighbor method (FNM) is
expressed as [37–39]:

FNM CRc, CRdð Þ ¼ max De, f
� �

where FNM (CRc, CRd) denotes two identified custo-
mer requirements, CRc and CRd are from the set of
customer requirements CR, c, d 2 n, that are categorized
for their homogeneity or similarity, De, f denotes the
distance between two customer requirements CRe and
CRf, e, f 2 n.
The calculation formula for De, f is expressed as

follows:

De,f ¼
Xs
b¼1

CRe,b � CRf,b

� �2 !1=2

, b ¼ 1, 2, . . . , s

where CRe, b and CRf, b denote the number of testers
who judge the bth semantic attribute index, b¼ 1, 2, . . . ,
s for the customer requirements CRe and CRf,
respectively.
In this research, n is 10 for the identified customer

requirements and s is 5 for the semantic attribute indices.
The HCT then uses a critical distance measure at a
combinational level to form a cluster. The choice of the
critical distance measure is based on the set of customer
requirement members that have the most homogeneous
or most similar distinctions. The critical distance
measure ultimately determines the number of clusters.
According to the HCT, the identified customer

requirements are categorized into specific categories
based on five semantic attribute indices. Each category
has homogeneous attributes in the categorized customer
requirements but has heterogeneous attributes among
different categories. Let the set of categories for the
customer requirements be denoted as [CRG1,
CRG2, . . . ,CRGg] and the set of customer requirements
for a specific category CRGg be denoted as [CRGMh, hg],
where h¼ 1, 2, . . . , g corresponds to the categories
CRG1, CRG2, . . . ,CRGg; and hg¼F1, F2, . . . ,Fe, where
F1, F2, . . . ,Fe represent the number of identified
customer requirements for the categories CRG1,
CRG2, . . . ,CRGg, respectively.

4. Grey Theory in Categorized CRs
Evaluation of QFD

After the identified customer requirements have been
categorized, the designer then proceeds to Step 2 to
evaluate the categorized customer requirements for the
purpose of obtaining the most precise weights of
customer requirements. Grey theory is applied in this
research to effectively prioritize the importance degree
of categories CRGs and the corresponding customer
requirements CRGMh, hg. Let P represent the set of m
competitive or similar products collected from the
market. P¼ {Pj|j¼ 1, 2, . . . ,m}. In this research, m is 6
for the collected products. Further, let CRP be an n�m
interaction matrix indicating the customer satisfaction
relationships between each identified customer require-
ment CRGMh, hg and collected product Pj, with typical
element CRPi, j, CRPi, j 2 (1, 100), i¼ 1, 2, . . . , n, (h,
hg)¼ i, j¼ 1, 2, . . . ,m. Note that the weighting value
1–100 is chosen by each subject and the averaged value
is assigned to the corresponding matrix cell CRPi, j.

The choice of the higher averaged value for each
element of CRPi, j is based on the judgment that the
selection of a customer requirement CRGMh, hg has a
certain degree of lower satisfaction or significant effect
on the collected product. Some of the considerations
that are helpful in making this judgment include safety,
convenience, comfort, efficiency, accuracy, economy,
and compatibility.

Once the interaction matrix CRP is formed, the
grey relation analysis proceeds with the choice of a
reference value from each row of CRP to form an m
dimensional row vector CRPRV, with typical element
CRPRVj¼max{CRPi, j, i¼ 1, 2, . . . , n}. The vector
CRPRV is called a reference vector. Note that the
comparison of values between the reference vector
CRPRV and rows of interaction matrix CRP is based
on the evaluation criterion that the lowest customer
satisfaction category corresponds to the most critical
requirement for design consideration. In brief, the
largest value in each row of interaction matrix CRP is
selected to form the reference vector CRPRV.

In performing the grey relation analysis, the values
in CRPRV and CRP are initialized first [13]. Let
ICRPRV denote an m dimensional row vector describ-
ing the status of value initialization of reference

vector CRPRV, where ICRPRVj ¼
ICRPRVj

ICRPRV1
, j ¼ 1,

2, . . . , m: Similarly, let ICRP denote an n�m matrix
describing the status of value initialization of the
interaction matrix CRP, where ICRPi, j ¼

ICRPi, j

ICRPi, j
, i ¼ 1, 2, . . . , n, j ¼ 1, 2, . . . , m:, Then, the

column values of the initialized reference vector
ICRPRV are used to compare the corresponding row
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value of the initialized matrix ICRP to make a
relational distance assessment. There are three general
approach steps to obtain the grey relation for each
customer requirement CRGMh, hg. They are stated as
follows [13]:

Step 1: Calculation of column differences between each
row element of ICRP and ICRPRV. Let DFCRPR
denote an n�m matrix describing the status of
column differences between each row element of
ICRP and ICRPRV, with typical element DFCRPi, j,
such that

DFCRPi, j ¼ ICRPi, j � ICRPRVj

�� ��,
i ¼ 1, 2, . . . , n, j ¼ 1, 2, . . . , m:

ð1Þ

Step 2: Calculation of coefficient of relation for each cell
of DFCRPR.
Let CRCRP denote an n�m matrix describing the
degree of relation between each row element of
DFCRPR and ICRPRV, with typical element
CRCRPi, j, such that

CRCRPi,j ¼ r ICRPRVj, DFCRPi,j

� �
,j j ¼ 1, 2, . . . , m

� �
,

i ¼1, 2, . . . , n

¼

min
i

min
j

DFCRPi, j þ �max
i

max
j

DFCRPi, j

DFCRPi, j þ �max
i

max
j

DFCRPi, j

ð2Þ

Note that � denotes the distinguished coefficient and
ranges between [0, 1]. In most cases, the value of � is
set at 0.5 to represent a neutral consideration.

Step 3: Calculation of coefficient of grey relation for
each categorized customer requirement CRGMh, hg.
Let GRCRGM denote an n dimensional column
vector describing the degree of grey relation for
each categorized customer requirement CRGMh, hg,
with typical element GRCRGMi, such that

GRCRGMi ¼ rððICRPRVj, CRCRPi,jÞ ,j

j ¼ 1, 2, . . . , mÞ, i ¼ 1, 2, . . . , n

¼
1

n

Xm
j¼1

CRCRPi, j

ð3Þ

Note that the coefficients of grey relation in column
vector GRCRGM ranges between (0, 1). It is also noted
that a higher grey relational coefficient represents higher
importance of the effect on the corresponding customer
requirement. Therefore, the coefficients of grey relation
in GRCRGM are considered importance degrees of the
corresponding customer requirement CRGMh, hg and
will be used in the QFD employment procedure to

determine the relative overall importance degrees of
customer requirements.

5. Grey Relations in the Employment
Procedure of QFD

In the employment procedure of QFD, the first stage
of HOQ is implemented primarily for the evaluation of
relationships between categorized customer require-
ments and design characteristics. The evaluation of the
relationships between the categorized customer require-
ments and design characteristics in HOQ refers to a
relationship matrix. Note that before dealing with the
relationship matrix of HOQ, the designer first needs to
determine the relative overall importance degrees of
categorized customer requirements. According to the
concept of building an HOQ in QFD, the following
three factors were considered in this research: impor-
tance degrees of categorized customer requirements
GRCRGM, targeted performance satisfaction TPS,
and market niche MN.

Let TPS denote an n dimensional column vector
describing targeted performance satisfaction for the
corresponding categorized customer requirement
CRGMh, hg, with typical element TPSi, such that
TPSi¼ {p|p 2 R and p 2 (1, 5)}, i¼ 1, 2, . . . , n.
Similarly, let MN denote an n dimensional column
vector describing the market niche for the corresponding
categorized customer requirement CRGMh, hg, with
typical element MNi, such that MNi¼ {q|q 2 R and q
2 (1, 1.2, 1.5)}, i¼ 1, 2, . . . , n. The values in vector TPS
express a competitive assessment that the expected
performance satisfaction to be targeted for the corre-
sponding CRGMh, hg is based on the comparisons of
customer perception between the product of the existing
company and those of its competitors. Note that the
value is assessed on a five-point scale with points 1, 2, 3,
4, and 5 corresponding to very low, low, medium, high,
and very high satisfaction. The values in vector MN
express the potential increase in market shares, if the
corresponding CRGMh, hg are considered and improved
in the design. In general, values are assessed on the
basics of 1, 1.2, and 1.5. The weighting values of 1–5 and
1–1.5 for TPSi and MNi, respectively, are chosen by
each subject and then averaged. The averaged values
are assigned to the corresponding overall HOQ
matrix cells TPSi and MNi. After the values of
GRCRGMi, TPSi, and MNi have been determined, the
designer can calculate values for the relative overall
importance degrees of categorized customer require-
ments CRGMh, hg.

Let ROICRM denote an n dimensional column vector
describing the relative overall importance degrees of
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categorized customer requirements CRGMh, hg, with
typical element ROICRMi, such that

ROICRMj ¼
GRCRGMi�TPSi�MNiPn

i¼1

GRCRGMi�TPSi �MNi

� � � 100%,

i ¼ 1, 2, . . . , n ð4Þ

The ROICRM will combine with the relationship
matrix to determine the relative overall importance
of design characteristics, which are identified by
deploying and examining the manufacturing processes.
Historically, a combination of personal observation,
intuitive findings, and systematic approaches has been
used to identify design characteristics. Let DC denote
the set of identified design characteristic. DC¼
{DCk|k¼ 1, 2, . . . , a}. The identified design character-
istics are then evaluated with categorized customer
requirements via a relationship matrix in HOQ to
select some critical design characteristics for further
experimental design.
Let RCRDC denote an n� a relationship matrix

describing the degree of relation between each categor-
ized customer requirement CRGMh, hg and design
characteristic DCk, with typical element RCRDCi, k,
such that

RCRDCi, k ¼ t tj 2 R and t 2 1, 5ð Þ
� �

, i ¼ 1, 2, . . . , n,

k ¼ 1, 2, . . . , a:

The value in each element of the relationship matrix
ICRDC is assessed by the subject and then averaged to
obtain a single value. The assessment criterion is based
on a 1–3–5 point scale in which the values 1, 3, and 5
represent weak relation, moderate relation, and strong
relation, respectively. With the values of the relative
overall importance degrees of categorized customer
requirements ROICRM and the relations between
categorized customer requirements and design charac-
teristics RCRDC, the relative overall importance degrees
of design characteristics can be calculated.
Let ROIDC denote an a dimensional column vector

describing the relative overall importance degrees of
identified design characteristics, with typical element
ROIDCk, such that

ROIDCk ¼

Pn
i¼1

ROICRMi � RCRDCi,k

� �
Pa
k¼1

Pn
i¼1

ROICRMi � RCRDCi,k

� �� 100%,

k ¼ 1, 2, . . . , a, i ¼ 1, 2, . . . , n ð5Þ

The critical design characteristics of technical bench-
marking in QFD can then be determined based on some
higher values of the relative overall importance degrees
of design characteristics ROIDC. The selected design
characteristics will be used as control factors for further
design of the experiment to find optimum quality of
design characteristics that meet the identified customer
requirements.

6. Taguchi Method for Design Experiment

According to the result of conducting the QFD
process, some critical design characteristics are chosen
from the column vector ROIDC These critical design
characteristics are considered design parameters and
then sent forward to perform a designed experiment. As
mentioned earlier, the Taguchi method is used for the
simplification of experimental design. While performing
the Taguchi method, the designer first needs to identify
the levels for each design parameter, which can be
represented in a quantitative or qualitative manner. In
general, two to three levels are considered for the design
parameters to find a suitable form of orthogonal array.
The orthogonal array provides information about the
combination of levels of design parameters for each run
of the experiment. In the Taguchi method, the quadratic
quality loss function is developed to provide a better
estimation of the loss incurred by manufacturers and
consumers as the product performance deviates from its
target. Let the quadratic quality loss function LFðyÞ be
the loss due to deviation from the target value ðTVÞ. The
loss function LFðyÞ is given by Taylor’s series expansion
about y ¼ TV and denoted as

LFðyÞ ¼LFðTVÞ þ ½LF0ðTVÞ=1!�½y� TV�

þ ½LF00ðTVÞ=2!�½y� TV�2 þ high order terms

ð6Þ

It is assumed that the product satisfies the customer
when it is performing at the target value, i.e., the quality
loss should be zero: LðTVÞ ¼ 0. The second term in the
Taylor’s series is zero because the loss function is
minimum at y ¼ TV:L0ðTVÞ ¼ 0. In practice, the higher-
order terms of the expansion are inconsequential due to
the loss function being applied close to the target. The
high-order terms are relatively small and may be
neglected. The loss function is then given as shown in
Equation (7), where CLF is a constant called quality loss
coefficient.

LFðyÞ � ½LF00ðTVÞ=2!�½y� TV�2 ¼ CLF½y� TV�2 ð7Þ

Let RPC be the cost to replace or repair the
product as a consequence of off-target performance.
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The customer tolerance, CTOL, corresponds to the off-
target performance. The functional limit, TV� CTOL,
is the point at which the product would fail and the
total loss at TV� CTOL is equal to RPC. Thus, the
quality loss coefficient ðCLFÞ can be expressed as
CLF ¼ RPC=ðCTOLÞ2.

The S=N ratio is introduced as the most important
component of parameter design in the Taguchi method
and taken as the critical factor in conjunction with the
orthogonal array to evaluate the quality performance.
It is used to optimize product design and to reduce the
variance in the developed product. For the smaller-
the-better quality characteristic, the loss function
can be expressed as: LFðyÞ ¼ ½RPC=ðCTOLÞ2�y2 ¼
½RPC=ðCTOLÞ2��2, where �2 is the variance of measure-
ment and expressed as �2 ¼ ð1=uÞ

P
y2r , r ¼ 1, 2, . . . , u,

where u is the number of experiments in the orthogonal
array and yr is the measured value of test condition with
r¼ 1–u. The S=N ratio is defined as follows [34]:

� ¼ S=N ¼ �10� log
1

u

Xu
r¼1

y2
r

 !
db ¼ �10� log MSDð Þ

ð8Þ

where MSD is the mean squared deviation from the
target value of the quality characteristic and is defined as

MSD ¼ ðy21 þ y22 þ y23 þ � � � y
2
uÞ=u

where u is the number of repetitions yr.
The smaller-the-better quality characteristic is opti-

mized when the S=N response is as large as possible.
However, the typical problems in this optimization are
the following: (1) response values or quality character-
istics are continuous and nonnegative, (2) the desired
value of the response is zero, and (3) there is no scaling
or adjustment factor. The goal is to minimize the mean
and variation.

Conducting Taguchi experiments in terms of orthogo-
nal arrays allows the effects of several parameters to be
determined efficiently. The method is an important
technique in robust design [40]. The ability to detect the
presence of interactions is considered the primary reason
for using orthogonal arrays to conduct matrix experi-
ments. Matrix experiments using orthogonal arrays
provide a method to evaluate whether the above
selections can be successfully achieved based on engineer-
ing considerations such as selecting quality character-
istics, S=N ratios, control factors and their levels.

7. Implementation of the Integrated
Process of QFD and QE

A timer manufacturing company, Nan-Cheng
Precision Corp., which is renowned for its strict focus

on quality has participated in this study. In line with the
spirit of innovation, the manufacturer is constantly
improving to make its products more superior. The
timers produced by the company are frequently used in
daily life or as built-in timers in appliances that are
operated in different circumstances. Despite being
operated under different conditions such as varying
temperatures, humidity and ventilation, it is essential for
the devices to work in a proper and precise manner.
However, the company has faced repeated customer
complaints regarding the accumulated day-by-day
deviation of the timer, which requires frequent calibra-
tion of the device. The variation in the quality of the
timer occurs not only between products but also under
different operational environments. The process in this
research is proposed and supported by the Nan-Cheng
Precision Corp. to increase customer satisfaction. Six
timers with different configurations are under evaluation
in this research to improve the product quality and
consistency of manufacturing.

7.1 Grey Determination of the Relative
Importance Degrees for CRs and QFD
Development

The identification of customer requirements is based
on descriptions of customer attributes that can truly
respond to customer demands in the market. In the
timer design example, the semantic differential method
has been applied using a questionnaire survey based on a
five-point scale to evaluate the significance of the
customer requirements. The interview and market
survey has been given to 36 interviewees comprising 23
customers, 5 salesmen, 3 manufacturing engineers, 3
agents, and 2 designers. The selected testers have been
asked to evaluate the relationships between the customer
requirements CR and semantic attribute indices AT and
then assign a rating scale of five points 1, 2, 3, 4, and 5 to
indicate their significance. Each semantic attribute index
corresponding to customer requirements CR1,
CR2, . . . , CR10 is calculated by taking the average of
semantic attribute indices. As given in Table 1, the
values obtained from the survey are 2.16, 1.92, 4.61,
3.58, 3.36, 2.68, 2.59, 3.19, 4.27, and 1.56. Using HCT
with a Euclidean distance criterion, the 10 identified
customer requirements are evaluated and classified into
four meaningful clusters that are defined as follows: (1)
usage method, (2) physical property, (3) reliability, and
(4) environment.

The new approach using grey theory is introduced to
prioritize and evaluate the weights of CRs. The
evaluations are conducted by the users and cooperative
suppliers based on the six selected products. A weighting
value of 1 to 100 is chosen by each subject and the
averaged value is assigned to the corresponding matrix
cell CRP11, 6 from the interview based on the
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assumption that the products have a low degree of
satisfaction or the categories have a significant effect on
the collected products. After the matrix CRP11, 6 has
been generated, the grey relation analysis is performed
with a chosen maximum reference value from each row
of cells CRP11, 6 to form a column vector CRPRV11.
In this case, each reference column vector CRPRV1,
CRPRV2, . . . ,CRPRV11 is calculated as 88.91,
91.48, . . . , 86.36, respectively. It should be noted that a
higher value of CRPRVj indicates a lower degree of
satisfaction for the selected product.
The initialized reference row vector ICRPRVj (j¼ 1,

2, . . . , 6) and initialized grey transformed matrix
ICRP10, 6 describe the status of the initialization values
of the reference grey transformed vector CRPRV and
matrix CRP, respectively. The rated scale ICRPRV1,
ICRPRV2, . . . , ICRPRV6 are calculated as 1.000, 0.857,
0.829, 0.790, 0.624, and 0.581, and the initialization
values of the grey transformed matrix cell ICRP1, 1,
ICRP1, 2, . . . , ICRP10, 6 are calculated as 1.000,
0.872, . . . , 0.851, respectively. Each value of the
initialization grey transformed matrix cell is listed in
Figure 2.
The three steps described earlier are followed to

obtain the grey relation for each customer requirement
category and are stated as follows:

Step 1: Calculation of column differences or the
distance between each row element of ICRP10, 6 and

ICRPRV6. Let DFCRP be a 10� 6 matrix
describing the difference between each row element
of ICRPRV6 and ICRP10, 6. Applying Equation (1),
the DFCRP1,1, DFCRP1,2, . . . , DFCRP10,6 are calcu-
lated as 0.000, 0.015, . . . , 0.271. Each value of the

grey difference matrix DFCRP10, 6 is listed in Figure
2.

Step 2: Calculation of the coefficient of relation for each
cell of CRCRP10, 6. CRCRP10, 6 denotes the degree of
relation between each row element of DFCRPR10, 6

and ICRPRV6. Substituting ICRPRV6 and ICRP10, 6

into Equation (2) gives CRCRP1, 1, CRCRP1,

2, . . . ,CRCRP10, 6 as 1.000, 0.914, . . . , 0.369. Note
that the values above are calculated at a �-value of
0.5 to represent a neutral consideration.

Step 3: Calculation of grey relation coefficient matrix
GRCRGM10 for each categorized customer require-
ment by taking the average of row values of
CRCRP10, 6. For example, GRCRGM1 is calculated
as 0.783 by averaging 1.000, 0.914, 0.775, 0.726,
0.341, and 0.942. The remaining grey relation
coefficients calculated for each customer requirement
GRCRGMi, i¼ 2, 3, . . . , 10 are 0.896, 0.747, 0.624,
0.655, 0.789, 0.663, 0.854, 0.645, and 0.642.

It should be noted that a higher GRCRGM value
represents higher importance of effect on the corre-
sponding customer requirement. The step-by-step gen-
eration of the degree of grey relation for each
categorized customer requirement matrix is shown in
Figure 2.

The cause and effect diagram is employed to extract
the primary design characteristics of a timer. All the
design characteristics are generated by two designers
and three manufacturing engineers through discussion
and brainstorming sessions. Each tester will judge the
selected design characteristics based on the following
four attributes: process, material, operation, and envir-
onment. The objective of the diagram is to achieve high

Table 1. The HCT in CR categories.

Panel A: The CRi and corresponding ATb

Item Customer requirement (CRi) Average semantic attribute indices (ATb)

1 Light weight 2.16
2 Rigid body 1.92
3 Humidity resistance 4.61
4 User friendly 3.58
5 Timer accuracy 3.36
6 Heat resistance 2.68
7 Low noise 2.59
8 Plug location 3.19
9 Setting switch reliability 4.27
10 Heavy loading 1.56

Panel B: CRs categorized using the HCT

Category Category name CRi name of each category (corresponding ATb value)

1 Usage method (User friendly, timer accuracy, plug location) (3.58, 3.36, 3.19)
2 Physical property (Light weight, rigid body, heavy loading) (2.16, 1.92, 1.56)
3 Reliability (Humidity resistance, setting-switch reliability) (4.61, 4.27)
4 Environment (Heat resistance, low noise) (2.68, 2.59)
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accuracy for the timer. In other words, the goal is to
minimize the difference between the time set in the
device and the calibrated standard time. In the timer
design example, the set of design characteristics repre-
senting the product feature is denoted as [DC1,
DC2, . . . ,DC18]¼ [material selection, rotating pin

length, surface plating, . . . , on/off switch, rigid setting
rod]. The individual categories are listed in Table 2.

The targeted performance satisfaction TPS denotes a
10-dimensional column vector and the surveyed values
from the interviewees are averaged with typical elements
TPS10¼ [3.08, 4.92, 4.01, 2.97, 3.69, 2.82, 3.72, 3.93,
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Figure 2. The grey relation reasoning of CRs.
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4.82, 3.13]. The vector expresses a competitive assess-
ment of the product based on comparisons of customer
perception between the existing company’s product and
those of its competitors. The market niche MN is also a
10-dimensional column vector with values assessed as
MN10¼ [1.2, 1.5, 1.5, 1.0, 1.5, 1.0, 1.5, 1.5, 1.2, 1.0]. The
summed weight of customer requirements are calculated
as a 10-dimensional column vector with elements
ROICRM10¼ [2.892, 6.620, 4.492, 1.853, 3.630, 2.224,
3.702, 5.033, 3.736, 2.010] and the relative overall
importance ROIDC10¼ [7.99, 18.29, 12.41, 5.12, 10.03,
6.15, 10.23, 13.91, 10.32, 5.55]. The evaluated values are
illustrated in Table 2.

To create the relationship between the customer
requirements and design characteristics RCRDC10, 18,
the rated values of the relationships matrix are generated
by giving the weights from the survey at the rating scales
of 1, 3, and 5 representing weak relation, moderate
relation, and strong relation, respectively. If no relation-
ship exists, then the rated value is left blank or assigned
the numerical value ‘0’. Thus, the relationships between
customer requirements and the design characteristics for
the timer design example have been evaluated as
illustrated in Table 2.

The summed weight of each design characteristic is
calculated by the multiplication summation of relative
overall importance degrees ROICRM10 and the relation-
ship matrix cell RCRDC10, 18. Considering the example
of calculation of material selection, the summed weight
of the design characteristics is 74.6 with a relative overall
importance degree of 6.67%, which is calculated as
shown in the equation below. The results of the summed
weight of design characteristics and relative overall
importance degrees ROIDC18 are calculated as shown in
Table 2.

X
ROICRM1 � RCRDCi,1 ¼ 2:891� 2:8þ 6:620

� 3:1þ 4:492� 1:5þ � � � þ 3:736� 1:6þ 2:010

� 1:5 ¼ 74:6

ROIDC1% ¼ 6:67% ¼ 74:6=½74:6þ 83:7þ 59:1

þ 93:0þ 47:8þ 53:9þ � � � þ 45:8þ 57:1�

From the relative overall importance of customer
requirement, accuracy is found to be the highest
customer concern with an importance weight of
18.29%. The second and third concerns are reliability
of the setting-switch and the location of the plug with
importance weights of 13.91% and 12.41%, respectively.
With respect to design characteristics, the highest
relative importance weight of ROIDC is 8.31%, given
to assembly clearance, and is followed by support
distance, which is rated at 7.89%. The third design
characteristic concern is switch contact pressure, which
is rated at 7.78%. The 4th, 5th, and 6th concerns are

rotating-pin length, material selection and surface
roughness. The remaining scores are too small to be
considered. Thus, in this timer example, the following 6
factors are used as critical design characteristics to guide
quality experiment design and product development:
assembly clearance, support distance, switch contact
pressure, rotating pin length, material selection and
surface roughness.

7.2 Experiment Design and Analysis

Due to a full factorial approach being applicable only
with limited factors, Taguchi has developed a family of
experimental arrays to minimize the number of total
experimental runs. At the beginning of the method, the
designer uses the six selected critical design character-
istics and defines the parameter levels of developing the
product based on a combination of past experience,
engineering theorems, and functional requirements. In
this study, the six selected critical design characteristics
are designated A–F, respectively. Material selection is
the only characteristic with two levels. The remaining
design characteristics all have three levels. The six
critical design characteristics listed in Table 3 are
stated in the following:

1. Material selection denoted by A – Two-level factor:
two selections are available, polytetrafluoroethylene
(PTFE) and polyethylene (PE) used on the gears for
transmission inside the timer.

2. Surface roughness denoted by B – Three-level factor:
the roughness of the pad used on the swing rod
affects the sensitivity of the switch. In this timer
example, three levels are available at 1.6, 3.2, and
6.3� , m.

3. Rotating pin length denoted by C – Three-level
factor: excessive length of the rotating pin will reduce
the accuracy, whereas an insufficient length will be
over-sensitive. In this timer example, three levels are
available at 14.0, 15.0, and 16.0mm.

4. Support distance denoted by D – Three-level factor:
the support distance of the main gear ensures that the
force is correctly transferred to the followers. Due to
the design limitations of the space and rigidness of

Table 3. The six critical DCs of all levels.

Critical DCs Level 1 Level 2 Level 3

A: Material selection (PTFE or PE) PTFE PE
B: Surface roughness (mm) 1.6 3.2 6.3
C: Rotating pin length (mm) 14.0 15.0 16.0
D: Support distance (mm) 8.0 9.0 10.0

E: Assembly clearance (mm) 0.08 0.10 0.12
F: Switch contact pressure (g/cm2) 120 150 180

Note: Bold values denote the critical DCs.
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the gears, the original value of 10mm is specified as
the maximum, and the remaining two levels are set at
8.0 and 9.0mm.

5. Assembly clearance denoted by E – Three-level
factor: although low clearance may increase the
accuracy, also it will also increase manufacturing
cost and the risk of unqualified. The clearances of the
level are set at 0.08, 0.10, and 0.12mm.

6. Switch contact pressure denoted by F – Three-level
factor: the on/off switch is controlled by contact
pressure which is affected by the length of the switch
arm. Currently, the pressure is set at 150 g/cm2 and
taken as middle value. The lower and upper limits are
set at 120 and 180 g/cm2, respectively.

All the levels available for each design characteristic
are summarized below. The values in bold and under-
lined text represent the critical design characteristic
levels that are used currently.
According to these six critical design characteristics

and corresponding levels, the timer example in this
research uses an L18 (21 � 35) orthogonal array. The
chosen array has 18 rows corresponding to the number
of tests with one design characteristics at two levels and
five design characteristics at three levels.
The timer is tested under the test chamber shown as

Figure 3. It is tested in the following three conditions: high
temperature, low temperature and high humidity. The
high temperature condition (708C� 38C) and low tem-
perature condition (�108C� 38C) are at the humidity
level (50%� 5%). The high humidity condition
(90%� 5%) is at a temperature of 408C� 38C. The
standard setting time is 150min and the deviation is
denoted as�EU,V, whereU¼ 1, 2 andV¼ 1, 2, and 3. The
setting time is defined as the time difference measured
between calibrated standard timer and tested timer, where

the suffix U represents the scenario series number and V
represents the test chamber condition number. Scenario 1
is measured under a specific set of environmental
conditions and scenario 2 is measured under identical
conditions but by putting the timer into the chamber 2 h
prior to the test. In the timer example, the first run
condition of the experiment is measured under the level
A1B3C1D2E1F3. The measured deviations are denoted as
½�E1,1, �E1,2, �E1,3, �E2,1, �E2,2, �E2,3� and equal to
[15.2, 17.9, 13.3, 12.7, 14.6, 14.9], respectively. The
average setting time is 14.77 s and the standard variation
sd is calculated using Equation (9) below as 1.8151 s. All
the deviations and standard variations of the 18 tests are
illustrated in Table 4 (Panel A).

sd ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nt
P

�E2
U,V �

P
�EU,V

� � 2
nt nt � 1ð Þ

s
ð9Þ

where sd is the standard deviation (SD), nt the number
of experiments in each orthogonal array, here nt¼ 6,
�EU,V the measured value of test at chamber
condition V.

The parameter ðS=NÞnt , nt ¼ 1, 2, . . . , 18 represents
the S=N value of each test run. The value can be
obtained from Equation (8) and is calculated as listed in
Table 4 (Panel A). The parameter ðS=NÞCdc,Dv,

,Cdc ¼

A, B, . . . , F and Dv ¼ 1, 2, 3 is the averaged ðS=NÞnt
ratio that is affected by the value level Dv of critical
design characteristics Cdc. In this timer example,
ðS=NÞA,1 is the average of ðS=NÞntof each test run with
critical design characteristics equal to A and under
test chamber condition 1. In other words, ðS=NÞA,1 ¼
�20:1653 is generated from the average of ðS=NÞnt ,
nt ¼ 1, 2, . . . , 9 and ðS=NÞA,2 ¼ �18:8247 is calculated
by averaging the ðS=NÞnt from nt ¼ 10, 11, . . . , 18.
Considering the smaller-the-better characteristic,
Table 4 (Panel B) gives the S=N value, where it can be
noted that the S=N is strongly affected by design
characteristics E and F, i.e., assembly clearance and
switch contact pressure.

7.3 Validation of Optimal Controlled Critical
Design Characteristics Set Points

The optimal set of critical design characteristic
combination parameters has been determined by select-
ing the level with the highest S=N value for each critical
design characteristics. This combination should provide
the best response that is minimally affected by noise.
This optimum result is a superior operating point for
this experimental arrangement only. Note that the
optimum set points, A2B2C1D3E3F2, are not identified
in any arrangement in the experiment. The statistical
nature of designed experiments warrants that the
optimal result is pieced together from the maximum
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Figure 3. The connections of the QE experiment test chamber.

48 M.-S. CHEN ET AL.

 



T
a
b

le
4

.
T

h
e

o
rt

h
o

g
o

n
a
l

a
rr

a
y

a
n

d
c

o
rr

e
sp

o
n

d
in

g
S

/N
va

lu
e

s.

P
a
n

e
l

A
:

T
h

e
o

rt
h

o
g

o
n

a
l

a
rr

a
y

a
n

d
c

o
rr

e
sp

o
n

d
in

g
S

/N
va

lu
e

s
fo

r
e

a
c

h
e

xp
e

ri
m

e
n

ta
l

ru
n

R
u

n
S

c
e

n
a

ri
o

1
S

c
e

n
a

ri
o

2

n
o

.
A

B
C

D
E

F
"

E
1
,

1
"

E
1
,

2
"

E
1
,

3
"

E
2
,

1
"

E
2
,

2
"

E
2
,

3
A

ve
ra

g
e

S
D

ðS
=N
Þ n

t
T

e
s
t

c
h

a
m

b
e

r
c
o

n
d

it
io

n

1
1

1
1

1
1

1
1

5
.2

1
7

.9
1

3
.3

1
2

.7
1

4
.6

1
4

.9
1

4
.7

7
1

.8
1

5
1

�
2

3
.4

4
0

0
�

E
U

,
1
:7

0
�

3
8C

,
h

u
m

id
ity

4
5

–5
5

%
2

1
1

2
2

2
2

8
.9

9
.4

8
.6

9
.2

8
.6

8
.6

8
.8

8
0

.3
4

8
8

�
1

8
.9

7
7

1
�

E
U

,
2
:�

1
0
�

3
8C

,
h

u
m

id
ity

4
5

–5
5

%
3

1
1

3
3

3
3

6
.3

7
.8

7
.9

6
.3

6
.1

7
.2

6
.9

3
0

.8
0

6
6

�
1

6
.8

6
7

6
�

E
U

,
3
:4

0
�

3
8C

,
h

u
m

id
ity

8
5

–9
5

%
4

1
2

1
1

2
2

5
.3

8
.0

6
.8

7
.2

6
.8

6
.8

6
.8

2
0

.8
7

7
3

�
1

6
.7

3
1

0
5

1
2

2
2

3
3

5
.0

7
.2

6
.3

5
.2

4
.8

5
.6

5
.6

8
0

.9
1

3
1

�
1

5
.1

8
4

5
6

1
2

3
3

1
1

1
9

.4
1

6
.3

2
1

.3
2

0
.2

1
9

.5
1

8
.1

1
9

.1
3

1
.7

3
9

7
�

2
5

.6
6

5
6

7
1

3
1

2
1

3
1

5
.3

1
4

.1
1

5
.0

1
6

.8
1

5
.1

1
4

.3
1

5
.1

0
0

.9
5

7
1

�
2

3
.5

9
4

1
8

1
3

2
3

2
1

1
2

.9
1

5
.8

1
2

.1
1

4
.2

1
4

.5
1

1
.6

1
3

.5
2

1
.5

9
4

3
2

2
.6

6
7

5
9

1
3

3
1

3
2

8
.3

6
.2

8
.9

7
.4

9
.8

8
.6

8
.2

0
1

.2
5

3
8

�
1

8
.3

6
0

1
1

0
2

1
1

3
3

2
3

.2
4

.8
5

.2
4

.6
4

.5
5

.6
4

.6
5

0
.8

1
9

1
�

1
3

.4
5

9
9

1
1

2
1

2
1

1
3

1
0

.3
1

0
.2

1
2

.4
1

1
.4

1
1

.6
1

2
.3

1
1

.3
7

0
.9

4
8

0
�

2
1

.1
3

7
8

1
2

2
1

3
2

2
1

1
3

.3
1

4
.1

1
3

.5
1

3
.0

1
2

.6
1

2
.8

1
3

.2
2

0
.5

4
1

9
�

2
2

.4
2

8
5

1
3

2
2

1
2

3
1

7
.0

7
.8

6
.5

7
.4

6
.9

7
.3

7
.1

5
0

.4
5

0
6

�
1

7
.1

0
0

5
1

4
2

2
2

3
1

2
5

.4
6

.3
5

.0
4

.7
5

.0
5

.2
5

.2
7

0
.5

5
7

4
�

1
4

.4
7

1
1

1
5

2
2

3
1

2
3

1
5

.6
1

4
.5

1
7

.5
1

5
.4

1
5

.3
1

6
.2

1
5

.7
5

1
.0

1
7

3
�

2
3

.9
6

0
7

1
6

2
3

1
3

2
3

8
.2

7
.2

8
.4

7
.3

7
.5

7
.8

7
.7

3
0

.4
8

8
5

�
1

7
.7

8
1

8
1

7
2

3
2

1
3

1
1

0
.3

9
.8

1
0

.7
1

1
.3

9
.4

1
0

.2
1

0
.2

8
0

.6
6

7
6

�
2

0
.2

5
7

9
1

8
2

3
3

2
1

2
8

.4
9

.2
9

.1
7

.9
8

.3
9

.4
8

.7
2

0
.5

9
8

1
�

1
8

.8
2

4
0

P
a
n

e
l

B
:

S
/N

) C
d

c
,D

v
a
t

d
if

fe
re

n
t

c
h

a
m

b
e

r
c

o
n

d
it

io
n

D
v

o
f

c
ri

ti
c

a
l

D
C

s
C

d
c

C
ri

ti
c
a

l
D

C
C

d
c

(w
h

e
re

C
d

c
¼

A
,

B
,

C
,

D
,

E
,

F
)

L
e

ve
l

o
f

C
d

c
A

B
C

D
E

F

D
v
¼

1
�

2
0

.1
6

5
3

�
1

9
.3

8
5

1
�

1
8
.6

8
4
5

�
2

0
.6

4
7

9
�

2
1

.1
8

8
8

�
2

1
.9

2
6

7
D

v
¼

2
�

1
8
.8

2
4
7

�
1
8
.8

5
2
2

�
1

8
.7

8
2

6
�

1
9

.3
5

1
4

�
2

0
.4

2
4

4
�

1
6
.8

0
3
9

D
v
¼

3
�

2
0

.2
4

7
5

�
2

1
.0

1
7

7
�

1
8
.4

8
5
6

�
1
6
.8

7
1
7

�
1

9
.7

5
4

4

N
o

te
:

B
o

ld
va

lu
e

s
d

e
n

o
te

th
e

o
p

tim
u

m
le

ve
l

o
f

cr
iti

ca
l

D
C

s.

Grey Relation Approach to QFD and QE 49

 



S=N ratios determined irrespective of the experimental
runs from which they originate. To validate the
optimum set points, nine tests at the same levels of
critical design characteristics have been tested and
recorded as given in Table 5 (Panel A). The SD is
0.7013 and optimum S=N level is �11.708. It should be
noted that the S=N value is larger than any value in the
L18 test.
The development of an interval estimate of a

population mean for the small sample case requires the
sampling distribution of �, which depends on the
distribution of the population. The population has a
normal distribution, and the SD �d is estimated by
sample SD Sv. The interval estimate of a population can
be expressed as shown in Equation (10). Due to the
small sample size, the population SD is unknown. The
sample SD Sv is therefore used to estimate �d when
sample size nt5 30 and Equation (11) is used to
calculate Sv [41] as shown below.

�E� t�
2,nv�1

�
Svffiffiffiffiffi
nv
p � � � �Eþ t�

2,nv�1
�

Svffiffiffiffiffi
nv
p ð10Þ

Sv ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
�E��E
� �2
nv � 1

s
ð11Þ

where �E is the average ofS=N, Sv the sample SD of the
validation test, nv the number of the validation test, in
this case nv¼ 9, t the t-value providing an area of �=2 in
the upper tail of the t-distribution with nv � 1 degrees of
freedom.
In this research, estimation of the population mean is

under the 95% confidence interval. The t-distribution
with nv � 1 ¼ 8 degrees of freedom is the
appropriate probability distribution for the interval
estimation procedure. The value of t is calculated as

follows: t�=2,nt�1 ¼ t0:025,8 ¼ 2:306. The range of S=N of
the validation test within 95% confidence interval is
calculated as follows:

� 11:708� 2:306�
0:7013ffiffiffi

9
p � � � �11:708

þ 2:306�
0:7013ffiffiffi

9
p

� 12:2471 � � � �11:1689

Table 5 (Panel B) gives the comparison between the
original and the optimal design characteristic levels. The
characteristics that remain unchanged are surface
roughness, support distance, and switch contact pres-
sure. The changed characteristics are material selection,
rotating pin length, and assembly clearance. The
material is changed from PTFE to PE. The rotating
pin length is adjusted from 15.0 to 14.0mm to increase
the sensitivity. The assembly clearance is enlarged from
0.1 to 0.12m. The average error of the nine trials with
adjusted level is 3.79 s, which is less than the original
value of 10.18 s. The improvement in the accuracy is
62.8%. The SD of the error is reduced from 0.9108 to
0.7013, which corresponds to an improvement of 23%.
The S=N ratio is also reduced from –19.495 to –11.708,
corresponding to an improvement of 39.9%. The
redesigned product is shown in Figure 4(b). It should
be noted that the number and location of the plug is
modified because the plug location is also found to be
significant during investigation of CRs.

8. Conclusions

Product design is critically important to manufactur-
ing. Even though most manufacturers do not explicitly

Table 5. Comparison of the original and redesigned timers.

Panel A: Deviation between calibrated time and set time of validation tests

Run no. 1 2 3 4 5 6 7 8 9 Average "E SD of "E (s)

Validation test �E (s) 4.51 3.44 3.63 5.11 2.82 3.20 3.86 3.44 4.12 3.79 0.7013

Panel B: Performance improvement comparisons

Original level Optimum level A2B2C1D3E3F2 Improvement rate (%)

Critical DCs:
A: Material selection PTFE PE
B: Surface roughness (mm) 3.2 3.2
C: Rotating pin length (mm) 15.0 14.0
D: Support distance (mm) 10.0 10.0
E: Assembly clearance (mm) 0.1 0.12
F: Switch contact pressure (g/cm2) 150 150
Test result:
Average error �E (s) 10.18 3.79 62.8
SD of �E 0.9108 0.7013 23.0
S/N ratio �19.495 �11.708 39.9
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stress enhancing product design, their efforts to improve
product quality, increase productivity, and employ
computer-aided design/computer-integrated manufac-
turing systems have integrated some of experience,
knowledge, and related technology that might be used
to increase the efficiency and effectiveness of product
design. If these efforts can be channeled toward the
integration of design and manufacturing, it should be
possible to make better use of design resources and at
the same time produce better products. The research
tried to use the concept of grey relation in prioritizing
CRs of QFD, so that CRs and DCs can be more
effective linked and then the Taguchi method in
determining the optimum combination of DCs.

The application of grey theory in QFD and the
subsequent integration with QE for the proposed
process has led to a distinct improvement in the
development of the product. The CRs have been
acquired and clustered through customer survey and
HCT, respectively, and their weights have been obtained
by incorporating grey theory into the evaluation
process. The critical design characteristics can be
identified by adding the multiplication of summed
customer requirement weight and the rating in relation-
ships matrix from the QFD process. To reduce the large
number of required experiments, this study further
employs an optimized experimental design using the
Taguchi method for setting up the different combina-
tions of the respective controlled critical design char-
acteristics. The optimal parameter combination is
identified from the assessment of loss function.

Applying the proposed process to the actual design
work, six design characteristics of a timer are identified
as critical characteristics, and three of these are modified
from their original setting. The optimal setting scenario
determined in this study improves the quality of
accuracy by changing material selection, rotating pin
length, and assembly clearance. Validation tests have

verified that the proposed procedure has yielded
encouraging results that have translated into an
improvement in customer satisfaction at Nan-Cheng
Precision Corp.

The proposed robust design process has been validated
with encouraging result with respect to the optimization
problem. However, this procedure is not limited to a
specific area of manufacturing. The process has been
applied successfully to manufacturing of plasma coating
used in aero engine components, leading to significant
improvements in hardness and bonding force. It is
believed that this research effort incorporating QFD
and QE into the design work will assist designers in
linking customer requirements and manufacturing pro-
cesses during product development, thereby enhancing
customer satisfaction and increase manufacturing effi-
ciency. However, the complexity of customer require-
ments and products in the current diversified market may
require simultaneous consideration of a larger number of
responses. Further research is required to refine the
proposed process using the Fuzzy-model and multi-
response methodologies to extend these applications.
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