Research on the Correlation between

Industry 4.0 and Sustainable

LAt Development in the Machine Tool
Sy ke industry — Application of QFD and
Fuzzy MADM methods

YMC Management Review
Volume 16, No.1, 2023 pp. 43-80

Research on the Correlation between Industry 4.0 and Sustainable
Development in the Machine Tool industry — Application of QFD
and Fuzzy MADM methods

An-Yuan Chang

Professor of Department of Industrial Management & Institute of Industrial Engineering and Management,

National Formosa University, Taiwan, R.O.C.

Po-Yen Lai*

PhD student of Smart Industry Technology R&D Doctoral Program, National Formosa University, Taiwan, R.O.C.
* Corresponding author: 10379101@gm.nfu.edu.tw

Abstract

Starting in 2025, Taiwan will introduce a requirement that listed companies with a paid-in capital of less than
2 billion NTD need to prepare a sustainability report. Most of the actual income scale of Taiwan's machine tool
industry falls within this range. In response to the requirement, the machine tool industry must reduce its impact
on the environment and society and strike a balance while increasing economic returns. This is undoubtedly a
major challenge for the machine tool industry, which is one of the most internationally competitive industries in
Taiwan. If sustainable development (SD) can be successfully implemented, it will set a benchmark for Taiwan's

traditional industries.

The machine tool industry has continued to improve its industrial competitiveness in recent years, especially
after Germany proposed the concept of Industry 4.0 in 2013, which accelerated the pace of industrial upgrading
and transformation. Studies have shown that the adoption of Industry 4.0 technology can effectively enhance the
sustainable performance of enterprises. Additionally, in the literature on SD, it has been confirmed that there is a

significant positive relationship between corporate social responsibility and profitability.

This study will propose a reasonable and feasible model framework to demonstrate the relationship between

SD factors and Industry 4.0 technical indicators, aiming to identify the key Industry 4.0 technologies to improve
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SD. This study uses the Quality Function Deployment (QFD) method as the basic structure and adopts the Fuzzy
Delphi Method (FDM) of the Multiple Attribute Decision Making (MADM), the improved Fuzzy Extended
Analytic Hierarchy Process (FEAHP), and the Technique for Order Preference by Similarity to Ideal Solution

(TOPSIS) for prioritizing performance index factors.

Keywords: Machine Tool Industry, Industry 4.0, Sustainable Development, Quality Function Deployment, Multiple

Attribute Decision Making
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1. Introduction

1.1 Research Background

Garbie (2015) emphasized that corporate sustainability goals are multidimensional and challenging to define.
These goals must be broken down into various departments and business areas for effective promotion. In the
process of achieving this goal, companies must invest considerable efforts in achieving effective communication
and optimizing value strategies (Hansen & Schaltegger, 2016). Silvestre & Tirca (2019) pointed out that without
innovation, a company cannot achieve sustainable performance. The innovation in enterprises is undoubtedly
related to technological advancements. Many studies have shown that since Germany proposed the fourth
industrial revolution (also known as Industry 4.0) in 2013, it has provided innovative tools to assist enterprises in
technological transformation (Lopes de Sousa Jabbou et al., 2018; Nara et al., 2021). As enterprises strengthen
their competitive advantages and undergo technological transformation, they must consider their responsibilities
to the environment (Handfield et al., 2001) and to society in their manufacturing practices as sustainability issues
arise. It is a big challenge for enterprises, but the challenge is the turning point. Helleno et al. (2017) pointed out
that achieving a balance between the economic, social, and environmental levels brings many benefits to

enterprises.

Sustainable Development (SD) is defined as the enterprise reducing and balancing its impact on the
environment and society while increasing economic returns (Helleno et al., 2017). Moreover, the impact on the
environment from its production process and finished products must be minimized (Stock & Seliger, 2016).
Jamaludin et al. (2013) also emphasized that when managing corporate sustainability, one must be aware of the
economic, social, and environmental impacts. Therefore, the sustainability perspective is often referred to as the
Triple Bottom Line (TBL), covering three aspects: environmental, social, and economic (Barber et al., 2012; Chang

& Cheng, 2019; Hsu et al., 2017; Seuring & Muller, 2008).

Bonn & Fisher (2011) suggested that in the strategic decision-making process, managers need to combine
different factors with various sustainability measures so that companies can identify opportunities for sustainability
improvements. However, Sharma et al. (2020) pointed out that if companies can effectively implement Industry
4.0 technology, it is entirely possible to achieve a win-win situation at the three levels of economy, society, and
environment. Therefore, the impact of Industry 4.0 on SD has received increasing attention from scholars
(Ghobakhloo, 2020). While the environmental and economic impacts of smart manufacturing have been studied
(Gu et al., 2019), further research is needed on the impact of practices on sustainability (Ford & Despeisse, 2016;

Miiller et al., 2018).
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This study chooses the machine tool industry as the object of research and demonstration. The reason is that
the machine tool industry can be regarded as an indicator of a country's industrialization level. Moreover, the
supply chain system of the machine tool industry is comprehensive, with the number of suppliers ranging from
dozens to hundreds. Faced with such a large total, the machine tool industry is a major target for promoting
sustainability. The research conclusions obtained will better reflect the current status of Taiwan's machine tool

industry in SD.
1.2 Research Purpose

The growth of the manufacturing industry is crucial for a country's economic development. The
manufacturing industry is facing an important challenge: balancing the economic development needs of
organization with environmental protection and social responsibility (Burke & Gaughran, 2007; Diab et al., 2015;
Shultz & Holbrook, 1999). Numerous recent studies have emphasized that economic development cannot overlook
the significance of SD. Taiwan, a former model of economic development in Asia, and its machine tool industry,
which once ranked among the top five machine tool manufacturers in the world (Yeh & Chang, 2003), need to
align with the current international trend of pursuing sustainability. Bonn & Fisher (2011) pointed out that the SD
of enterprises covers quite complex content and therefore requires comprehensive strategic considerations at
different organizational levels. However, in reality, there is a significant difference between manufacturing and
SD. Addressing how to develop an industry that considers environmental protection, social fairness, justice,
economic efficiency, and strikes a balance to prevent the continued expansion of gaps while building a suitable
environment for industrial development is a significant challenge. Adopting a sustainable business model is a

necessary development path.

The implementation of SD in industry is a necessary choice for humans to achieve Sustainable Manufacturing
(SM). However, implementing SD is not easy, it is more difficult, especially in developing and underdeveloped
countries. Faced with this serious issue, this study proposes a novel structural model to solve the above problems,
demonstrates the relationship between SD factors and Industry 4.0 technical indicators, and thereby finds key
Industry 4.0 technologies to improve SD. To sum up, how to assist the machine tool industry in finding key Industry

4.0 performance indicators is the topic of this study.

The study combines Industry 4.0 technology with SD factors, formulates a key performance indicator
structure through Quality Function Deployment (QFD), and employs the FDM of MADM, FEAHP, TOPSIS to
identify key Industry 4.0 technical indicators. Next, prioritize and reveal potential ways in which key performance
indicators can enhance the sustainability of Taiwan’s machine tool industry. The method proposed in this study

can also be used in different companies or industries. This is the original value of this study.
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2. Literature Review and Discussion

2.1 Quality Function Deployment Literature Review

QFD was developed by Japanese scholars Yoji Akao and Shigeru Mizuno in the 1960s. The primary function
of QFD is to convert customer demands into appropriate technology requirements during the phases of product

development and manufacturing (Sullivan, 1986).

In recent years, QFD, synthesized from various theories, has found widespread application across diverse
fields. For instance, Vinodh and Chintha (2011) integrated QFD with fuzzy theory, effectively assisting enterprises
in defining a sustainable competitive basis, scope, and key factors. Chang (2012) employed the interplay between
supply and demand to apply QFD in analyzing the uncertainty and flexibility of manufacturing systems. Anwar et
al. (2013) utilized the QFD structure to delineate customers’ needs, thereby enhancing the service quality of cafes.
Biiyiikozka and Cifci (2013) used QFD as a tool to improve product or system planning. Zaim et al. (2014)
integrated QFD with FANP to explore product development. Lin et al. (2015) also applied QFD to improve the
service process of Taiwanese banquet culture. Hsu et al. (2017) utilized QFD to identify key performance factors

for SMEs, thereby promoting SD.
2.2 Sustainable Development

Environmental damage and climate change pose a serious threat to the future survival of human beings,
eliciting great concern among academics, practitioners, and government units (Shove et al., 2015). Various
international conventions emphasize the need to protect environmental resources and reduce the challenges of
industrial environmental pollution through diverse means. In addition, governments worldwide are formulating
stricter laws and regulations to restrict environmental pollution problems (Wang et al., 2016). SD was initially
introduced in the "World Conservation Program" by the "International Union for the Conservation of Nature and
Natural Resources" in 1980. Later, in 1987, the World Commission on Environment and Development (WCED)
proposed a definition of SD: it can meet the needs of the present without compromising the ability of future
generations to meet their own needs (Chang & Cheng, 2019; Helleno et al., 2017; WCED, 1987). Tanguay et al.
(2010) identified three major aspects of SD: economy, society, and environment. For SD to be realized, it must be
based on fairness and reasonableness (overlap of economy and society), appropriateness for survival (overlap of

society and environment), and feasibility (overlap of environment and economy), as shown in Figure 1.

People have gradually realized that sustainability is one of the advantages of future competition; therefore,

investment in SD is increasing in all industries (Hopkins et al., 2011). In the SD literature, it has been confirmed
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that there is a significant positive relationship between corporate social responsiveness and profitability (Waddock
& Graves, 1997; Margolis & Walsh, 2001; Ciliberti et al., 2008). Stocchetti (2012) pointed out that both academia
and industry are emphasizing that improving SM and performance is an opportunity for corporate development

and growth. The benefits of improving sustainability can enhance corporate image and reputation (Lee, 2012).

Environmental

Livable
Sustainable
Equitable

Figure 1.
Classic dimensions of sustainable development.

Resources: Tanguay et al. (2010)

2.3 Literature Review on SD Indicators and Factors

In the realm of sustainability literature, SD has become the most discussed topic in the 21st century (Di Fabio
& Peir6, 2018; Sen, 2014). Currently, the SD Triple Bottom Line (TBL) perspective, introduced by Elkington
(1997), serve as the primary framework for measurement adopted by most scholars. However, alternative indicator
factors have been proposed by scholars based on empirical industries or unique perspectives (Hsu et al., 2017). To
meet the needs of practical applications and assist the machine tool industry in carrying out sustainable operations,
this study summarizes relevant and appropriate economic, social, and environmental SD indicator factors through
a literature review. Table 1 is a literature collection of SD indicator factors in the economic aspect. Table 2 is a
literature collection on SD indicator factors in the social aspect, and Table 3 is a literature collection on the SD

indicator factors of the environmental aspect.

2.4 Literature Review of Industry 4.0 Technical Indicators

Nowadays, Industry 4.0 is ushering in a new revolution worldwide. The term 'Industry 4.0' signifies the 4th
industrial revolution, a concept introduced by the federal government of Germany in 2011 (Upadhyay et al. 2021).
This revolution encompasses advanced manufacturing techniques and information technologies that converge to
create smart systems (Wei et al., 2017). Manufacturing systems are now undergoing transformative changes in
operations, design, product services, and production systems. This illustrates how industry 4.0 is introducing novel
and intelligent advancements. (RiiBmann et al., 2015). The entire industrial chain is embracing a new technological
and future-oriented perspective with the aim of enhancing effectiveness and efficiency (Lu, 2017; Dalenogare et

al., 2018). Fundamentally, Industry 4.0 is rooted in the emergence of new technologies, including additive
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manufacturing, cloud computing, the Internet of Things (IoT), Cyber-Physical Systems (CPS), sensor technology,
3D printers, internet of thinking technology, artificial intelligence, and big data (Ghobakhloo, 2018; Goodell et al.
2021; Jabeen et al. 2019; Moeuf et al., 2018; Mittal et al., 2019; Roy & Roy 2019).

Improved control of operations, allowing for real-time adaptation and flexibility depending on demands, can
be provided by these technologies. These ideas are also capable of generating small, customized production batches
(RiiBmann et al., 2015; Zhong et al., 2017). The crucial features of these technologies include the creation of smart
systems at the factory level, providing better energy consumption efficiency, and consequently, having a positive
environmental impact (Dalenogare et al., 2018). Therefore, these systems have the ability not only to assist
companies in achieving Circular Economies (CE) but also to pursue brand-new, eco-friendly, and environmentally-
friendly strategies for product development. (de Sousa Jabbour et al., 2018; Tseng et al., 2018). In other words,
Industry 4.0 technologies encourage and promote SD by influencing industrial systems, environmental resources,
and wider society, both for the present and future generations. (Ghobakhloo, 2018). Lastly, an analysis and closer
examination of the impact of Industry 4.0 technologies from a sustainability perspective, considering economic,
environmental, and social aspects, was conducted with thorough thought. The study concluded relevant and

suitable Industry 4.0 technology indicators through a literature review, as shown in Table 4.
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3. Methodology and steps

The methods employed and operational steps are organized as follows. Firstly, this study used the fuzzy
Delphi method (FDM) to select important SD criteria and Industry 4.0 performance indicators. Secondly, we used
a modified fuzzy extent analytical hierarchy process (FEAHP) to evaluate the weighted importance of SD criteria,
and the fuzzy theory measures the correlations among the performance indicators and the relations between SD
criteria and performance indicators. Finally, this study used the technique for order preference by similarity to

ideal solution method (TOPSIS) to prioritize performance indicators.

A schematic illustration and steps of the proposed approaches for prioritizing the performance indicators is

shown in Figure. 2.

Step 1: Fuzzy Delphi Method
h 4 l
Determine sustainability Determine Industry 4.0 Performance
Development criteria (DRs) Indicators (Cs)
Step 2: Step 3:
L 4 Y ) 4
Use 1\1/[0(111ﬁed FEA}E) to " Useli:“ulzz.y se{ themy to Use Fuzzy set to form Performance
.ca culate weighte orm Relational matrix (R) Indicators correlation matrix (C)
importance of DRs between (DRs) and (Cs)
Step 4: A J
Calculate Integrated Relational matrix (TR)
(TR=C)x(R)

Step 5:

=I Use TOPSIS to prioritize the performance indicators

Figure 2
The scheme of the proposed approaches

3.1 Quality function deployment

Quality function deployment uses a series of associated matrices to construct a house of quality as the
development structure. This study is referred to as the house of quality used by Anwar et al. (2013), who expanded

upon it. The main structure (Figure. 3) and steps are as follows:
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@ Performance Index

Correlation matrix (C;;)

@ Industry 4.0 performance evaluation criteria (C;)

® Relational matrix (R;;)

(*yq) euad

Juswdolanap ajqeurelsnS &
(*m) swyBram eLieIId

[e91308) JUSWAO[9A3P d|geuleIsnS @

® Grades of importance of enterprise performance indicators

Figure 3

Organizational chart of the house of quality in this study.

Step 1: Use FDM to recover the expert questionnaires to determine @ sustainable development criteria and @
performance indicators.

Step 2: Use revised FEAHP to evaluate ® the relative weights of sustainable development criteria (W).

Step 3: Use fuzzy theory to evaluate the expert questionnaires to obtain @ the correlation matrices of performance
indicators (C), and ® the relational matrices of enterprise performance indicators and sustainable
development criteria (R).

Step 4: Calculate the integrated relational matrix (IR) by multiplying the correlation matrices (C) and the relational
matrices (R).

Step 5: Use the TOPSIS method to find the final weighted values of performance indicators ® and sort priority.
3.2 Fuzzy set theory

The main purpose of the fuzzy set theory is to express clearly objects of subjectivity and uncertainty through
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the membership function. 4 is set as the fuzzy set of U, and Jiz(x;) is called x in the membership function of
A. When the membership degree is 1, it implies that the fuzzy prediction completely complies with the objective;
when the membership degree is 0, it means that the fuzzy prediction does not fit this objective (Figure. 4). This
study used triangular fuzzy numbers expressed as fiz(x;) = (a, b, c), where the p ofa < b < canda = 0Ois

called the positive triangular fuzzy number.

Suppose two triangular fuzzy numbers, 4 = (a4, by,¢;) and B = (ay, by, ¢3), and the fuzzy values of 4

and B are greater than 0,then the four arithmetic operations are as follows:

Addition : A +B = (a;+a,, by+b,, c1+c;) 1)
Subtraction : A —B = (a; — ¢;, by — by, ¢1-a;) 2)
Multiplication : A xB = (a; X a,, by X by, ¢4 X ¢3) (3)
Division: A =B = (a; =~ ¢5, by = by, ¢; + ay) (4)

Defuzzification method: This study adopted the relative distance formula (Chen, 2000) for defuzzification.
The equation is:
R; = 4
Td+d

©®)

ma(x)

Figure 4
Membership function

~ ~x% ~

where d* = (U,7") and d- = (¥,77). The variable ¥* is the best fuzzy value, and the variable ¥~ is

the worst fuzzy value. According to the above equation, if R = 1, then it represents that d* = 0, meaning that the

distance between fuzzy values ¥ and ¥ isequal to 0. That is, the fuzzy value ¥ is the best value. If R =0, then

d~ = 0, meaning that the distance between fuzzy values ¥ and ¥~ is equal to 0. That is, the fuzzy value ¥ is
the worst value. This conversion formula can defuzzify the fuzzy evaluation value ¥; = (a;, b;, ¢;), using

M expression as follows:
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o
Ml(xi) d'_ T d: L= 1, 2, W, n (6)
where
- 1
d; = \/m )
* 1 2 2 2

and, 0 < M, < 1. The best fuzzy evaluation value is defined as 7* = (1,1, 1), and the worst fuzzy evaluation

value is 7~ = (0,0,0).

In the evaluation of the correlation matrices of the performance indicators in QFD, this research adopted the
semantic fuzzy evaluation, which expresses mild, medium, and strong correlation. Table 5 shows the evaluation
values of varying degrees that represent the corresponding semantic descriptions, semantic symbols, and triangular

fuzzy values. Through the fuzzy operations and after the defuzzification steps, crisp values were obtained.

Table 5
Semantic fuzzy evaluation of the direct evaluation method

Degree Semantic Symbols Triangular Fuzzy Numbers
Mild correlation O (0,0.1,0.4)
Medium correlation A (0.2,0.5,0.8)
Strong correlation © (0.6,0.9,1.0)

3.3 The Fuzzy Delphi Method

Ishikawa et al. (1993) used the fuzzy theory concept to introduce the Delphi method and established two
methods: the cumulative frequency distribution method with max-min values and the fuzzy integral method. The
experts’ opinions are integrated into a fuzzy number process called the fuzzy Delphi method (FDM). The

calculation steps are as follows:

Step 1: For the confirmation of evaluation items, the researcher invites expert scholars and industry managers of
related fields to construct an expert group and to give an interval of values to measure the degree of
importance of the evaluation objectives. The "minimum value" of the interval represents the "most

conservative cognitive value"; the "maximum value" represents the "most optimistic cognitive value."
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Step 2: After collecting and compiling the expert questionnaires, the researcher deletes items that fall "two standard
deviations" outside the extreme values and then calculates the minimum values, geometric means, and
maximum values of the "most conservative cognitive value" and the "most optimistic cognitive value." So,
each evaluation item i has the triangular fuzzy number of the "most conservative cognitive value," C' =
(CL,Ch,CL) , and the triangular fuzzy number of the "most optimistic cognitive value," 0! =

(0%, 0%, 0%), as shown in Figure 5.

Membership

The gray area of the
fuzzy relationship

Perceived value

Figure 5
Grey area of fuzzy relations.

Step 3: The researcher calculates the degree of consensus G°, which is the "value of importance degree of

consensus." The calculation of G* has the following three conditions:

1. If two triangular fuzzy numbers do not overlap, then (C}; = 0%). The value of importance degree of
consensus," G', of the evaluation item i is equal to the arithmetic mean of €% and 0}. This is

expressed as
G' = (Cy + 0}y)/2 9

2. If two triangular fuzzy numbers overlap, then (C}; > 0% and Z'<M‘, where Z' = 0%, — C%;, which
represents that the grey area of the fuzzy relationships is smaller than the experts’interval (M! = 0%, —
Ci,) of the evaluation item’s "geometric mean of optimistic cognition" and "geometric mean of the
conservative cognition." Although the interval values of experts' opinions have no segment of
consensus, the experts that gave opinions at the extreme end did not differ too greatly from the opinions
of other experts. Then the "value of importance degree of consensus" of the evaluation item i is

calculated using Equation (10).

G' = [(Cy * Oy) — (0L, * Ci]/[(Cy — Ciy) — (O — O1)] (10)
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3. If two triangular fuzzy numbers overlap, then (€}, > 0%) and Z' = 0%, — C%,, which represents that
the interval values of the experts have no consensus segment, and that the interval values of the experts'
opinions have no consensus, and represents that the differences in experts' opinions are too great,
leading to a divergence of opinions. Thus the non-converging evaluation items can be provided as
reference to experts to conduct another round of the questionnaire survey until the evaluation items

have all reached convergence and the "value of importance degree of consensus" has been found.

3.4. Fuzzy extended analytical hierarchy process

Chang (1992, 1996) proposed the fuzzy extended analytic hierarchy process (FEAHP). Because of the
simplicity of the implementation steps, many studies have adopted this method. However, in many studies, the
application of this method obtained a number of criteria weight values of 0, which appeared unreasonable in the

real case. Due to this disadvantage, this study proposes the modified method.

Before the introduction of the fuzzy analytical hierarchy process, we adopted the fuzzy Delphi method
proposed by Hsu & Yang's (2000) to produce the fuzzy synthetic comparison matrix from the evaluation values of
traditional AHP of experts. The method still takes the opinions of experts' maximum value and minimum value as
the two endpoints of a triangular fuzzy number, and the geometric mean as the membership degree of the triangular
fuzzy number, to compile and convert the values into the triangular fuzzy number T; = (L;, M;,U;). The

conversion pro-cess is as follows:

L; = Min(X,) (11)
n |2 (12)
Mi = HX,
=1
(13)
Ui = Max(Xl)
where, i = 1, ..., n is the number of experts, X; represents the evaluation values of pairwise comparisons of

evaluation variables by the experts, i. L; is the minimum evaluation value, U; is the maximum evaluation value,

and M; is the geometric mean of all evaluation values.

Suppose that X = {xq, x5, X3, ..., X,} is the object set, and U = {uq,u,, us,...,u,,} is the goal set.
According to the extent analysis method of Chang (1992, 1996), each object is respectively brought into each goal
for extent analysis. The fuzzy number is used to quantify the "degree." Therefore, each object gets the value of m

degree analysis, expressed as follows:
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(14)

M, M2, .. My, i=1,2,.

where M;i(j =1,2,..,m) are triangular fuzzy numbers (TFNs). The procedure for the calculation is as follows:
Step 1: The fuzzy synthetic extent value of No. i object is defined as follows:

n om -1
My, My, 15
o) (19

j=1 i=1 j=1

Ms

where Y%, M{;ﬁ is the fuzzy addition operation of m degree analysis value.

m m m m
Z Mj = Z L; Z m; z u; (16)
j= j=1 j=1 j=1
And [ L2 M ] is the fuzzy addition operation of M ;G =1,2, fum) value.
n m n n n
AR IADAH Y @
i=1j=1 i=1  i=1 i=1

Then the vector inverse matrix of Equation (15) is calculated as follows:

b - 1 1 1
ZZM{(]L = ( n 'y 'y'n ) (18)
1 i=1 Ui Zi=1mi Zi=1 L;

i=1 j=

Step 2: The possibility degree of M, = (I, my,u,) = M = (1, mq,uy) is defined as follows:
Vimyemy) = supyzx[min(uMl(x),uMz(y))] (19)

Because M; and M; are convex fuzzy numbers, therefore

1' -
0 if m, > my

V(MZEMI) = hgt(MlnMZ):l‘MZ(d) = ll —u, if ll = Uu, (20)

, otherwise,
(m; —uy) — (my — 1)

where, d value is a point D vertically extended to the value of the X axis, and point D is the highest point

of the intersection of M; and M, (Figure. 6).

In order to compare My and M,, the values of V(y,>m,) and Viy,-pm,) must be calculated in

conjunction.
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V(M,> M,)

m

Figure 6

The intersection of the triangular fuzzy numbers M, and M,
Step 3: The convex fuzzy number is greater than the possibility of other k convex fuzzy numbers,
M;(i=1,2,..., k), defined as follows:
V(Mle,MZ,...,Mk): V[(Mle),(MzMZ),...,(Msz)] = minV(MzM,-), i=1..k
If
d'(4;) = minV g5, (21)
where, k=1,2,---,n ; k#1. The weight vector obtained is:
W' = (d'(4,),d'(Az), ..., d'(4))" (22)
where, A;(i =1,2,...n) is n number of elements.
Step 4: The weight vector after normalization is
W = (d(4,),d(4y), .., d(4,))" (23)
where, W is a defuzzified weighted importance value.

3.5 The technique for order of preference by similarity to ideal solution

The Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS), developed by Hwang &
Yoon (1981). The TOPSIS method must first establish the positive ideal solution (PIS) and negative ideal solution
(NIS). PIS is composed of the maximum value of the benefit criteria or the minimum value of cost criteria.
Conversely, NIS is composed of the minimum value of the benefit criteria or maximum value of cost criteria. The
alternative closest to the positive ideal solution and farthest from the negative ideal solution is selected as the best

alternative. The steps of the TOPSIS analysis are detailed as follows:

Step 1: Establish the normalized evaluation matrix (R). The equation is:
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X

ij '72;?:1 X%j (24)

where i is the alternative, j is the evaluation criteria, and X;; represents alternate i in the evaluation value

under j criterion.

Step 2: Establish the normalized weight vector V, which multiplies by the normalized evaluation matrix (R) by W

= (Wl' Wz, ey W], ey Wn,). That iS,

Vit Viz-Via Wiryp Wal'1z - Wypl'qy,

V= Va1 Vg Vou | _ [Wi1T21 WaT2z - WiToy
T : o (25)

le VmZ an WiTmi1 W2Tmi Wil mn

where V=[vy] . i=12,..m/j=12..n

Step 3: Decide the PIS V* and NIS V~ : Under the m evaluation alternatives and n evaluation criteria, the

equations are:
PIS: V* = {vf, v}, v} (26)
NIS: V™ = {VI,UE,"',V;} (27)
Step 4: Calculate the distance of the evaluation alternatives from the positive ideal solution and negative ideal

solution. According to the Euclidean distance formula, calculate the separation measure from the alternatives

to PIS and NIS. Respectively calculate S and S; as follows:
st= (3, (vy—v)" Li=12..m j=12.,n (28)

si= (3 (vy—v)" Li=12.,m j=12,.,n (29)

Step 5: Calculate the relative performance indicator values.
C; = Si
LTS+ ST (30)
Step 6: Rank according to the value of C;. When 0 < C; < 1, the closer C; gets to 1, the better the evaluation

alternative are.

4.  Application examples

This empirical study focuses on practical applications in the machine tool industry. To achieve this, experts
from machine tool-related industries were invited to conduct a questionnaire survey. The interviewees work in

industrial categories related to metal processing machinery manufacturing and repairing industries, as well as
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special production machinery manufacturing and repairing industries. The interviewees had work experience
ranging from 8 to 20 years and held professional titles, at least at the specialist or section chief level. Respondents
possess sufficient experience and knowledge to complete the questionnaire. This study divided the questionnaire
into two stages. The first stage involved the FDM expert questionnaire designed to screen out representative
Industry 4.0 and SD indicator factors. A total of 10 questionnaires were distributed, and all 10 were recovered,
resulting in a recovery rate of 100%. In the second stage, three different types of questionnaires were designed, (1)
to evaluate the weighted importance of SD; (2) to assess the correlation between Industry 4.0 performance
indicators; and (3) to explore the comprehensive relationship between SD and Industry 4.0 indicators. A total of
10 questionnaires were distributed and 10 were recovered, with a recovery rate of 100%. The steps of this study

are as follows.
Step 1: Selection of Sustainable Development Criteria and Industry 4.0 Performance Indicators.

The research reviewed and compiled the relevant literature, summarizing the key indicators of SD and
Industry 4.0. Through the expert questionnaire survey, according to Equations (9) and (10), SD criteria and Industry
4.0 performance indicators were selected. Encode the SD criteria as (DR) and set the threshold value G%>5.85.
After the selection of SD criteria, of the original 28 items, 15 items were left; Industry 4.0 uses (C?) as the code
name and sets the threshold G%>6.20, after the selection of performance indicators, of the original 23 items, 17
items were left. The results shown in Table 6 are the criteria items Dand @, respectively, as seen in Figure. 3, the

House of quality structure.
Step 2: Sustainable Development Criteria Weight Evaluation.

This study used the modified fuzzy extended analytic hierarchy process (FEAHP) to conduct the weight
evaluation of sustainable development criteria. First, after receiving the questionnaires, this study conducted
integration and transformation into a triangular fuzzy number (a, b, ¢), in which a is the minimum evaluation value
of criterion C; ¢ is the maximum evaluation value of criterion C; b is the geometric mean in the evaluation values
of criterion C. For example, the weight evaluation of “environment compared with economy” has 10 experts. The
evaluation values are (4, 7, 3, 2, 7) respectively. Applying Equation. (11) -(13), the triangular fuzzy number of the
importance of “environment on economy” is (2, 4.11, 7). Therefore, the fuzzy evaluation of the pair-wise relative

importance of the economy (C;), society (Cs), and environment (Cs) is as shown in Table 7.

The calculation processes of the weight vector (W) of the SD dimension are as follows. The fuzzy integration

degrees of three different criteria (C1~C3) are respectively represented by Fi, F», and F3 and brought into Equation
(15).
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F1=(6.00, 10.05, 15.00)x(0.04, 0.07, 0.11) = (0.24, 0.70, 1.65).

F,=(1.46, 2.55, 7.34)x(0.04, 0.07, 0.11) = (0.06, 0.18, 0.81).

F;=(1.31, 2.05, 4.40)%(0.04, 0.07, 0.11) = (0.05, 0.14, 0.48).

The results were then brought into Equation (20) to analyze the possible degree of F; with respect to F; (17j).

V(F12F)=1,V(Fi2F3) =1, V(F2>2F;) =1

V(F,>F;)=(0.24-0.81)/ [ (0.18-0.81)-(0.70-0.24) J =0.523

V(F3 > F) = (0.24-0.48)/ [ (0.14-0.48)-(0.70-0.24) ] =0.300

V(F3 > F2) = (0.06-0.48)/ [ (0.14-0.48)-(0.18-0.06) ] =0.913

After the possible degree was explored, Equation (21) was used to obtain the weight vectors.
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Table 7
Fuzzy evaluation of importance under sustainable development.
Dimension C C Cs Wg
Ci (1.00,1.00,1.00) (0.15,0.25,0.50) (0.18,0.79,3.00) 0.2934
C (2.00,4.11,7.00) (1.00,1.00,1.00) (2.95,4.95,7.90) 0.4133
Cs (0.33,1.25,5.90) (0.13,0.30,0.34) (1.00,1.00,1.00) 0.2934

min(F{) =minV(F; = F,,F3) =min(1,1) = 1.00
min(Fy) =minV(F, = F4,F3) =min(0.523,1) = 0.523
min(F3) =minV(F3 = F4,F,) =min(0.300,0.9432) = 0.300

Therefore, after the normalization of the weight vector W, = (1, 0.523,0.300)" , we got W, =
(1,0.523,0.300)7. Finally, the weight values of the three dimensions are shown in Table 8. Following the same

procedures, the importance weight of SD criteria can be determined also as shown in Table 8.

Table 8
Degree of importance of criteria under sustainable development and the three dimensions of sustainable
development.
Sustainabilit . . S
Developmen)t/ Dlme_nsmn Sustainability Local Weight Integrated Weight
. . Weight Development Index
Dimension
DR, 0.1931 0.0567
Econom DR, 0.2887 0.0847
dimensio):] 0.2934 DR 0.2074 0.0609
() DR4 0.2727 0.0800
DRs 0.2708 0.0795
DRg 0.1884 0.0553
Societ DRy 0.1724 0.0713
dimensi)c/)n 0.4133 DR 0.3038 0.1256
() DRy 0.1975 0.0816
DRio 0.1664 0.0688
DR 0.0839 0.0246
Environment DR, 0.1368 0.0400
dimension 0.2934 DRu3 0.0513 0.0151
(Cs) DRy 0.2963 0.0869
DRis 0.2355 0.0690

Step 3: Relational Evaluation of Sustainable Development Criteria and Performance Indicators.

In order to evaluate the relations between SD criteria and performance indicators, and the correlation among
performance indicators of the semantic assessment, in terms of mild, medium, and high relation were adopted, and
converted into triangular fuzzy numbers. After the arithmetic mean was obtained, Equations (5) -(8) were used for
defuzzification. Take the relation of C; (Cyber-Physical System) and DRz (Enhance product quality) as an
example, after 10 questionnaires were integrated, the triangular fuzzy number was (0.08, 0.26, 0.56). Equation (7)
calculated d7=0.36, and Equation (8) calculated d;=0.73. Equation (5) calculated the relation of C; (Cyber-

Physical System) and DR3 (Enhance product quality) to be R, =
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d/(d +d)=0.36/(0.36+0.73) = 0.33. This step can obtain the relational matrices (Table 9) and

correlation matrices (Table 10) and complete ® and @ of the house of quality.
Step 4: TOPSIS Method to Obtain Key Performance Indicators

Step 4.1: obtain the integrated relational matrices The integrated relational matrices with all associative
factors considered must be obtained by multiplying the relational matrices and the correlation matrices.

The matrix is the calculation basis of TOPSIS. Table 11 shows the multiplication results.

Step 4.2: calculate the normalized integrated relational matrices After obtaining the integrated relational
matrices, Equation (24) and (25) are used to calculate the normalized integrated relational matrices

and the importance weight of sustainable development criteria as Table 12.

Step 4.3: prioritize the performance indicators Each associated performance indicator was compared to the
positive ideal solution and negative ideal solution in Table 13. Equations (26) and (27) were used to

find the solutions.

The distance between each performance indicator and the PIS and NIS were calculated. The Euclidean
distance equation was used to calculate the degree of separation between performance indicators being evaluated.
After Equations (28) and (29) were used to find the solutions, Equation (30) was used to calculate C;. The
performance indicators were presented in order of relative merits. The results are shown in Table 14, and all results

were compiled in the house of quality in Figure. 7.

67



RIS

3ot
’J%le

Research on the Correlation between Industry 4.0 and Sustainable Development
in the Machine Tool industry — Application of QFD and Fuzzy MADM methods

‘uone[a1 ou Ajrudis sanfea pjoq L

00°1 620 £E€0 €€0 €L0 620 (A ce0 LT0 620 €90 ce0 <o €L'0 £E0 v+°0 LSO 5
€L'0 00°1 0T0 0$°0 €L'0 13 40) 0$'0 2] 6£°0 2 190 0 LT0 6¢£°0 vro 0€0 S0 n
LTO 9¢°0 00°T L9°0 0 £€°0 6¢°0 S 0 6£°0 jadY 19°0 r0 €L°0 0 €L'0 LSO e
€L’0 £€0 IS} 00T LTO0 S A 8¢€'0 r'0 70 0€0 90 0€0 LTO LT0 ja ] 190 19°0 "o
<o 6£°0 IS] 19°0 00°1 6£°0 £€'0 0¢°0 L9°0 Iv'0 €70 19°0 190 00 S0 IS €70 )
£e0 9¢0 £€°0 19°0 19°0 00T a4\ 19°0 19°0 9¢0 L4l SL°0 19°0 ce0 L9°0 8L°0 S0 aD
g0 £€e0 o 8L°0 0€0 LTO0 00°T 70 €L°0 o ja Y] 8L°0 S 0€0 8L°0 8L°0 £€€°0 7o)
vro 6£°0 6C0 8L°0 19°0 €0 £€°0 00°1 S 9¢'0 6£°0 ja ) 0<0 vro 8L°0 0 0<0 )
e0 0€°0 LTO 19°0 0 LTO 6€°0 ¥'0 00°T 0¢°0 9¢°0 8L°0 S el 19°0 8L°0 19°0 5D
£E0 00 9¢°0 L9°0 0 9¢'0 €0 19°0 badt 00°1 €0 620 £€°0 LT0 o LTO 0 L)
£e0 £e0 <o <o €S0 <o 9¢'0 9¢°0 S 6C'0 00°T £e0 6£°0 £r'0 <o LTO 8L°0 0]
6C°0 8L°0 89°0 LT0 S¥0 89°0 €L°0 9¢°0 €0 8L°0 89°0 00°T £€€°0 00 9¢°0 6£°0 8L0 )
ot'0 €L°0 €L0 ja ] 8€'0 €L'0 €L°0 €S0 6£°0 L9°0 90 £€°0 00T 19°0 £€0 6£°0 L9°0 5o
$9°0 €L0 890 0 290 90 8L°0 9¢°0 jadY €L°0 8L°0 0 €70 00°T 620 9¢°0 8L°0 o]
6C0 €L°0 8L°0 9¢0 0<0 L9°0 €L°0 0<0 6£°0 €L°0 €L°0 14\ 0 o 00°T 0<0 €L°0 s
6C0 19°0 8L°0 680 6£°0 €L’0 €L°0 0<0 £€€°0 190 €L’0 9¢'0 9¢0 €0 £e0 00°1 8L°0 D
LSO 8L°0 8L°0 S0 19°0 8L'0 L9°0 19°0 0S°0 €L'0 8L°0 £€€°0 €70 S0 6£°0 0 00°1 D
:U c_U w—U :U m-U N_U :U SU mU wU \.U oU wU vU mU NU —U
s1ojedipur oogo.mhvm T3am]a(q SIJLIjeW UOTB[aLI0)
01 21qeL
‘uoyvja.4 ou Afiudis sanjpa pjoq ay 1
L0 €9°0 0€0 SL'0 890 000 0S'0 10 10 0 000 000 000 L9°0 <o 8SL0 o sha
000 <o o SL0 0<0 690 0S¢0 8L0 690 09°0 0€0 o 000 000 <0 000 000 " a
8L°0 89°0 (44 SL0 89°0 000 9¢'0 000 000 000 0S0 000 000 620 000 +9°0 [\ fIa
000 8L°0 <o 090 1L°0 1+°0 [\ 0€0 8¢°0 44\ 1€°0 1€°0 [4q\) 1+°0 LT0 1€°0 1€°0 Na
<0 <o 000 0€0 L0 000 000 000 000 000 9¢°0 <o 44" (14" <o +9°0 €70 a
9¢'0 9¢'0 0€0 0c'0 o 000 000 000 To o 0€0 o o o o o o ‘Na
0S0 0€0 000 9¢°0 890 <o 000 000 o <o 1¥°0 <o o L9°0 <o €0 9¢°0 4a
9¢'0 9¢°0 000 9¢°0 8L°0 <o 000 000 (440 [\ 10 <o [\ <o <o [4\] 9¢'0 A
10 10 000 000 <o 0<0 000 000 8L°0 <o 10 o 44\ <o <o o 9¢°0 Na
000 000 0€°0 050 0€°0 €0 SL'0 00 0S°0 00 9¢°0 €70 $9°0 90 £€L°0 0€°0 8L°0 A
000 0s0 000 I+'0 o 90 8L°0 0<0 o 0c0 6C°0 0¢°0 €90 L9°0 L9°0 €70 69°0 Saa
(44 0€0 <o 44 8L°0 0<°0 8L°0 0t°0 <o o 1€°0 LSO 8L°0 8L°0 8L°0 650 L0 Na
o 90 <o 8L'0 0€0 0¥'0 ot'0 90 9¢0 0S¢0 o <o o 6C0 o €0 £e'0 Na
0S0 000 9¢0 L9°0 0S0 890 0S°0 8L0 0€0 SL0 1L°0 1L°0 o¥'0 0€0 0S¢0 L9°0 90 Na
8L°0 690 19°0 0¢°0 170 L9°0 8L'0 89°0 (44 690 1€°0 13 40) 44\ <o <o o 000 Na
ay 919 1 (o) €1 an ') (e} ) (o) [59) 9 59) D £ [59) D

"s10)ed1pur adueurioptad (' ANSnpuy pue eLIdILID Juawdo[aAap [qRUIRISNS JO SAOLNEW [RUONR[aY]

62198




Research on the Correlation between

Industry 4.0 and Sustainable

VS Development in the Machine Tool
Ay, e industry — Application of QFD and
Fuzzy MADM methods

Ci7
3.55
4.53
3.00
3.68
3.27
3.25
2.40
2.05
2.32
1.97
1.60
2.69
2.23
2.18
2.79

Cis
3.98
1.94
3.40
4.12
3.77
3.67
2.64
2:177
2.44
2.13
1.63
3.17
222
2.67
2.98

Cis
3.99
4.28
3.25
3.98
3.70
4.27
2.29
1.76
1.89
1.99
1.32
2.99
1.55
3.01
2.66

Cus
4.34
4.78
3.77
3.89
4.20
4.31
1.94
242
2.66
2.34
1.89
3.43
2.36
3.10
3.24

Cis
3.46
4.53
2.98
4.80
3.46
3.92
2.07
431
4.92
1.59
5.35
5.35
492
2.82
4.92

Cn
4.51
4.92
3.77
4.36
4.24
4.57
2.60
1.94
2.09
1.95
1.35
3.35
1.85
3.69
3.00

Cu
4.34
4.53
3.47
4.00
3.94
4.31
2.18
1.69
1.81
1.73
1.18
2.98
1.68
3.44
2.78

Cio
4.67
497
3.84
4.34
4.20
4.56
2.44
1.93
2.11

0

1.39
3.33
1.92
3.64
3.18

Co
3.89
4.54
3.43
4.41
4.13
4.61
2.92
2.15
2.30
2:15
1.60
3.24
1.51
3.09
2.66

Cs
4.09
4.46
3.39
3.5
3.79
4.04
225
1.68
1.82
1.67
1.10
2.87
1.55
3.36
2.77

Table 11
Integrated relational matrices

C
3.28
5.35
3.05
4.72
4.67
2.71
2.30
2.46
4.16
2.06
3.04
4.16
4.16
2.28

4.11

Cs
3.24
5.35
3.01
4.68
4.16
4.46
2.62
2.20
2.36
2.13
1.94
3.04
1.38
2.16
2.15

Cs
3.65
4.32
3.26
5.03
4.52
4.77
2.79
2.31
2.50
2.26
1.95
3.23
1.44
2.35
2.34

C
4.12
4.83
3.68
5.37
4.78
5.05
3.08
2.58
4.30
2.53
2.18
3.57
3.68
2.63
4.30

Cs
3.34
4.83
3.15
4.80
4.30
4.63
2.69
2.28
2.44
2.22
1.97
3.16
1.40
2.30
2.25

C
3.44
4.78
3.20
4.86
4.38
4.71
2.62
2.21
2.39
2.13
495
3.15
495
2.28
5.26

Ci
4.14
4.95
3.75
5.35
4.80
5.26
3.14
2.63
2.84
2.60
2.24
3.59
1.8
2.80
2.9

DRy
DR
DRj3
DRy
DRs
DRs
DR~
DRg
DRy
DRy
DRy
DR
DRis
DR
DRis




1 LT €1 9 3 ! 91 CI 17 S1 14 L [ < 8 S 6 ued

orS0 | SI¥FO | vEV0 | S6V'0 | 9¢S0 | vEPO | 9THO | LEVO | ¥PPO | €EVO | 0SSO | ¥8V0 | 8¥FO | 8ESO | 69¥0 | LOSO | €9¥°0 )

LTO0 | TTOO | €TO0 | STO0 1€00 | ¥TO0O | ¥CO0| ¥C00 | #CO0O | #TO0O | 6CO0 | 8COO | ¥COO | 9T00 | 9T00 | 6CO0 | #COO Is

£C0°0 T€0°0 | 0€00 | STO0 | LCOO | T€00 | <TEO0 | TE€OO | 0LOO | <CEOO | 9COO | 0£0O | 0€0O0 | €CO0 | 6C00 | 8CO0O | 8CO0 Js

[ile} 91 ') (5o 3] [459) 1%} [lfe} (e} (o) Ly 9 9D [ £ [59) o)
sIojedrpur oucmﬁﬂo.tum Jo sunyuey
¥11qel
€00 €00 <00 €00 €00 €00 €00 €00 €00 00 €00 €00 €00 €00 £€0°0 -A
<00 <00 100 <00 <00 <00 <00 <00 100 100 <00 <00 <00 10°0 <00 +A
‘Ra aa Na a Na a i (et a Na aa (e a S9a aa Na
sJojRI1pUT moﬂdﬁﬁo,ﬁwm JO TOTJRIO0SSE 21]) UT SUOTINTOS [e3PT 2ANISOd
€1 21qeL

<00 <00 <00 <00 <00 <00 <00 <00 10°0 <00 100 100 100 <00 100 <00 100 ‘Na

000 00°0 000 00°0 000 00°0 000 000 00°0 000 000 00°0 000 00°0 000 000 000 aa

<00 <00 100 <00 €00 100 100 100 10°0 100 €00 100 100 <00 100 €00 100 Na

100 100 100 10°0 100 100 100 100 100 100 100 10°0 100 100 100 100 100 Na

00°0 00°0 00°0 00°0 100 00°0 000 000 00°0 000 000 00°0 000 00°0 000 100 000 R (e

100 10°0 1000 100 100 100 100 100 100 100 <00 100 100 10°0 10°0 10°0 100 a

<00 <00 100 <00 €00 100 10°0 100 100 100 10°0 <00 <00 <00 <00 10°0 <00 R2: (et

<00 <00 <00 <00 €00 <00 <00 <00 <00 <00 <00 <00 <00 <00 <00 <00 <00 SNa

<00 <00 100 10°0 100 100 100 100 <00 100 100 <00 <00 100 <00 100 <00 Na

<00 <00 <00 <00 100 <00 <00 <00 <00 <00 <00 <00 <00 <00 <00 <00 <00 Naa

<00 €00 £0°0 £0°0 <00 €00 €00 €00 €00 €00 <00 €00 €00 €00 €00 <00 €00 Na

€00 £0°0 £0°0 <00 <00 €00 €00 €00 €00 €00 €00 £0°0 €00 £0°0 £0°0 €00 £0°0 Na

<00 <00 <00 <00 100 <00 <00 <00 <00 <00 100 100 <00 100 <00 100 <00 Na

€00 100 £0°0 £0°0 <00 €00 €00 €00 €00 €00 €00 00 €00 €00 €00 €00 €00 a

<00 <00 <00 <00 100 <00 <00 <00 <00 <00 100 100 <00 <00 <00 100 <00 Na

[Ale) 91> 5] [ile) 35e) [4%0) 1nH (%) L9} (o) ’'s) 9 5o ) D 3 %) D
_uvﬁ_wqoa wﬂ_un_ Ja|Je Sa01Ijew [RUOTIR[T twuwuwﬁd_ paziTeurioN
CT2Iqel

-
c
L n
ke
ET
o<
o 9
>

3 E
o=
L Q0
o<
©

.mM
T X
5 N
32
Sd
° e
o ©
o 0
Y3
Pl
+ O
3 c
T 9
C
— @©
c 9O
¢ 3
2 <
R
c T
[SERT
i |
o ©
o C
o =
G 7o
o O
o -
c o
+~ C
c =
° 3
e

mM
3 2
%t
x £

70



Research on the Correlation between
Industry 4.0 and Sustainable

g A1 Development in the Machine Tool
Y oy, ke industry — Application of QFD and
Fuzzy MADM methods
043
043
0.33 0.78
0.50 0.78 X
0.61 0.44 0.78
04524 078 K 078
0,723 0.27 M 0.61 M 044 0.40
078w 0.27 0.22 3044 020
67 039 0.22 0.7 0.45 043 0,73
0.72 3 030036 043 @ 033 0.73 % 0.33
.73 036 ¢ 033 0 050 H0.38 X 0.29 0.44 ¢ 0.50 %¢ .33
078 0.50 020 0 0.61 0.33 033 0.67 0.20 0.29
i 100 (o) 10
Weight] C Ty Cy Cy Cs Cy Ty Ty Cis Cis Cyg
DE,; |0.0567] 0.00 0.22 0.22 0.22 .22 0.43 0.31 0.69 .22 0.58 0.78 0.67 0.41 0.50 0.51 0.69 0.78
DE; |0.0847] 0.64 0.67 0.50 0.50 040 0.71 0.71 0.78 050 0.78 0.50 0.68 0.50 0467 036 0.00 0.50
DE; Joosog] 0.33 0.31 022 029 0.22 0.22 0.22 0.50 03§ 064 0.40 0.40 0.50 0.78 0.22 0.64 0.2
DE; |0.0800] 0.71 0.59 0.78 0.78 0.78 0.57 0.31 0.2z 022 0.40 0.78 050 0.73 0.22 0.22 0.50 0.2
DE; |0.0795] 0.69 0.43 0.67 0.67 .55 0.50 0.29 0.50 022 0.50 0.78 0.64 022 0.41 0.00 0.50 0.00
DE; | 0.0533] 0.78 0.50 0.73 0.62 .65 0.43 0.36 0.50 050 050 0.78 043 0.50 050 050 0.00 0.00
DE; |0.0713] 036 0.22 0.22 022 0.22 0.22 0.41 0.2z 0.78 0.00 0.00 050 0.22 0.00 0.00 0.41 0.41
DE; ]0.1256] 0.36 0.22 0.22 0.22 .22 0.22 0.41 0.22 .22 0.00 0.00 022 0.73 0.56 0.00 0.36 0.36
DE, |0.0816] 036 0.31 0.22 0.67 0.22 022 0.41 022 022 0.00 0.00 022 0.68 0.56 0.00 0.50 0.50
DR, |oosss] 0.22 0.22 022 022 0.22 0.22 0.50 0.22 0.22 0.00 0.00 0.00 0.22 0.50 0.50 0.36 0.3§
DEy | 0.0246] 0.43 0.64 0.22 0.22 .22 0.22 0.36 0.00 000 0.00 0.00 0.00 0.71 0.50 0.00 0.22 0.22
DE,;; |ood4o0] 031 0.31 027 041 0.22 0.31 0.31 022 033 0.50 0.22 041 071 0.60 022 0.78 0.00
DE;: |00151] 0.22 0.64 0.00 029 000 0.00 0.50 0.00 000 0,00 0.36 0.00 0.63 0.78 022 0.68 0.78
DRy |0.0868| 0.00 0.00 022 0.00 0.00 0.22 0.50 0.60 069 0.78 0.50 0.69 0.50 0.78 0.22 0.22 0.00
DEys |0.0690] 0.22 0.78 0.22 0.67 0.00 0.00 0.00 0.41 041 0.41 0.50 0.00 0.63 078 0.50 0.65 071
T, 0.463 | 0.507 | 0.460 | 0.538 | 0448 | 0484 | 0.53 | 0433 | 0.444 ) 0.437 | 0426 | 0434 | 0.536 | 0405 | 0.434 | 0415 | 0.54
BANE 9 5 i 2 10 7 4 15 11 12 16 14 3 & 13 17 1
Figure 7

Organizational chart of the house of quality

5. Discussion of the results

The study shows two results as follows. Firstly, it indicates the results of the important evaluation of SD
criteria through the FEHAP. Among the SD factors introduced in the machine tool industry, social development
(Cy) is the most important dimension, and "Reduce the incidence of discrimination cases" (DRs) is the most
important criterion in (Cz). The dimensions of economic development (C1) and environmental development (Cs)
are equally matched and ranked as the second most important, while "Reduce procurement costs” (DRy) is listed
as the most important criterion in (C1). The most important of (Cs) is the "Green Supply Chain" (DR14). Further
looking at the overall importance weight, the top five factors are “Reducing the incidence of discrimination cases”
(DRs), “Green Supply Chain” (DRuis), “Reducing procurement costs” (DR:), and “Senior management’s
commitment to SD” (DRg) and “Enhance proportion of on-time delivery” (DRa4). These are the five crucial

indicator factors for the development of SD in Taiwan's machine tool industry.

Secondly, based on the C; value, the performance indicators of key Industry 4.0 technologies are obtained.
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Research results show that the top five key performance indicators that promote Industry 4.0 are; “Computer-
Aided Design and Manufacturing” (DRs) is the first indicator. Next is "Manufacturing Execution System" (DR4),
then "Automation" (DRu3), then "Big Data" (DRy), and finally "Lean Production" (DR2).

6. Conclusions, limitations and future scope of research

2013 is the first year for the enterprises to shift from precision to intelligence. Industry 4.0 is a topic pursued
by the global industries. Industrial transformation is imminent. China's machine tool industry has also embraced
this trend, proposing a transformation plan that includes intelligence, automation, and cloudization. The aim is to
reduce dependence on manpower, comprehensively upgrade manufacturing equipment, and subsequently
introduce integrated solutions. During the process of transformation and upgrading, we encounter challenges such
as the EU's Carbon Border Adjustment Mechanism (CBAM) and the impending implementation of Taiwan's
carbon fee. The net-zero trend is undoubtedly a shock bomb to enterprises. Due to the threat of climate extremes,
net-zero carbon emissions have become a global hot topic. Currently, the world has set 2030 as the medium-term
carbon emission reduction target. Achieving net-zero carbon emissions will be the top priority for governments

and enterprises worldwide in the next 10 years.

Most of Taiwan's machine tool industry belongs to SMEs, and the scale of its suppliers is even more so that.
The Taiwan government has announced that, starting from 2025, listed companies with a paid-in capital of less
than 2 billion NTD will be required to compile sustainability reports. This is undoubtedly a shock bomb because
the scale and paid-in capital of Taiwan's machine tool industry is within this range. Therefore, it is crucial to
determine how to introduce effective measures for the machine tool industry. Considering the limited resources of
SMEs, choosing appropriate technical indicators to develop sustainable measures is important. In the strategic
decision-making process, it is recommended that machine tool industry managers combine different technical
indicators with sustainability measures to find opportunities for sustainability improvements. However, in real
situations, it is difficult for SMEs to implement all performance measures simultaneously. Therefore, prioritizing
performance indicators will facilitate the systematic implementation of these performance indicators to effectively
develop sustainability. Implementing Industry 4.0 technical performance indicators will make the machine tool

industry more capable of becoming a sustainable enterprise.

This study combines TBL's SD factors with Industry 4.0 technical performance indicators, aiming to propose
a comprehensive framework to reveal feasible ways in which key performance indicators can be used to improve
the SD of Taiwan's machine tool industry. This is the first attempt to integrate sustainability factors with Industry

4.0 technology performance indicators and identify key performance indicators from them.
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