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Abstract: Globalization has created a highly competitive and diverse market, an uncertain and risky
business environment, and changing customer expectations. An effective manufacturing strategy
reduces complexity and provides organizations with a well-organized manufacturing structure.
However, existing research on manufacturing strategies appears scattered, lacking systematic under-
standing and finding no causal relationship between manufacturing strategies’ outputs (MSOs) and
their importance. Therefore, this study is a pioneer in identifying the influential factors of MSOs in
the adoption of Industry 4.0 (I4.0) technologies utilizing the decision-making trial and evaluation
laboratory (DEMATEL) approach. This method is considered an effective method for identifying the
cause-effect relationship of complex problems. It evaluates interdependent relationships among MSO
factors from the perspective of academic and industry experts. Identifying cause and effect factors
leads to increasing the market’s competitiveness and prioritizing them. To deal with the vagueness of
human beings’ perceptions, this study utilizes fuzzy set theory and the DEMATEL method to form a
structural model. Results show that customer satisfaction, cost per unit produced, and the number of
advanced features are the main factors influencing MSOs.

Keywords: manufacturing strategies; industry 4.0 technologies; competitive capabilities; fuzzy
DEMATEL method; smart manufacturing

1. Introduction

Modern manufacturing has made life easier in terms of accuracy and speed, especially
in the last two decades. It fluctuates greatly due to the complexity of customer require-
ments, the uneven state of resources (machinery and labor), and manufacturing process
constraints [1]. Manufacturing strategies (MS) can be defined as long-term plans for the
manufacturing system’s resources to be used to support the business strategy and, as a re-
sult, to accomplish company goals. MS comprises a set of manufacturing policies designed
to maximize performance while balancing competing success criteria in order to meet
manufacturing objectives. A top management duty is to ensure the manufacturing strategy
is coherent, in that all policies are designed to both support and complement the corporate
strategy [2]. Manufacturers have developed manufacturing into a strategic competitive
element through which they can differentiate themselves from their competitors [3]. As
a result, developing a manufacturing strategy for a company has become crucial. MS is
critical for establishing a firm’s competitive advantage in the market [4].

Manufacturing strategies assist organizations in establishing an efficient manufactur-
ing structure that enables them to stay competitive [5]. Manufacturing competitiveness
refers to a business’s ability to compete in the markets of other competitors by offering
world-class products or services that attract and satisfy customers [6,7]. Competitive
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advantage is dependent upon the level of manufacturing outputs or priorities that are
aligned with customer requirements, such as cost, delivery, flexibility, lead time/delivery,
and quality [8]. MSOs are also known as competitive priorities in the literature, and they
include cost, quality, delivery, flexibility, performance, and innovativeness [9].

Manufacturing is currently experiencing a paradigm shift in the way that products
are designed, produced, and serviced. The industrial revolution refers to the transition in
modern history from agrarian and handicraft manufacturing to one dominated by smart
manufacturing. The manufacturing industry’s historical development is illustrated in
Figure 1. This industrial revolution provided new methods of working and living, drasti-
cally altering manufacturing. Such developments and changes have mainly been brought
about by the extensive use of the internet and digital technologies. As a result of this
transformation, a new industrial revolution known as “Industry 4.0” (I4.0) is emerging,
promising mass customization at mass production cost [10]. I4.0 contributes to manufactur-
ing’s digitalization by promoting industrial flexibility and product customization through
automation and data sharing in a variety of settings [11]. I4.0 includes a variety of technolo-
gies, such as the internet of things (loT), cloud manufacturing (CM), big data (BD) analytics,
augmented reality (AR), automation and industrial robotics (AIR), additive manufacturing
(AM), modeling and simulation (MS), cyber-physical systems (CPS), cybersecurity (CS),
and blockchain (BC) [9,12–15].
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Manufacturers are increasingly looking for effective decision-making as manufacturing
becomes more complex. An effective solution must be based on understanding the causal
relationship of the problem, inferring the most effective approach, and ensuring an effective
action plan. Generally, DEMATEL is used to obtain a cause-and-effect scheme among the
dependent factors. Using this method is a useful way to formulate a structural model for
examining the influences among complicated factors in comprehensive studies [16]. These
factors are ranked according to the type of relationship they represent and indicate the
degree to which they influence one another. This method not only converts interdepen-
dencies into a cause and effect group via matrices, but also identifies the critical factors of
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a complex structure system via impact relationship diagrams. Through this method, all
unpredictable characteristics will be verified as interdependent, revealing the character of
an essential system and showing the interrelationship between variables by improving the
directed graph [17]. DEMATEL helps identify practical solutions, particular problems, and,
most importantly, clusters of complicated problems [18,19]. This research utilizes fuzzy
techniques in conjunction with DEMATEL (MCDM-based method) for several reasons.
First, due to the multidimensional and interactive nature of manufacturing organizations,
methods of evaluation that combine quantitative and qualitative perspectives can overcome
the limitations of subjective and inaccurate conventional methods. Secondly, in MCDM,
the fuzzy theory is widely used. By evaluating the degree of relationship or likelihood
of the occurrence of various events, experts can use natural semantics directly in fuzzy
theory. Therefore, the evaluator can easily express their subjective value judgments [20].
The DEMATEL method is also used to extract cause-and-effect relationships as well as the
intensity of barriers. It also helps to categorize them according to their significance and
relationships [21]. Additionally, DEMATEL can be used to determine the interdependence
of factors and the relative relationships within them, allowing for the investigation and
resolution of complex problems [22].

DEMATEL is more successful than other methods for analysis since it is primarily a
theory-driven approach, in contrast to data-driven models that require extensive data col-
lection. Using expert opinion, this study examines and re-examines the causal relationships
among factors and dimensions. Through graph theory and matrix calculations, DEMATEL
visualizes the importance of relations and their intensity both visually and numerically [23].
It visualizes and quantifies the degree of interrelationship between features of a complex
system [24]. DEMATEL allows for a wider and broader judgment of underlying factors in
comparison to interpretative structural modeling (ISM). DEMATEL, for example, provides
bidirectional multi-number relations, while ISM only offers 0–1 relationships [25]. Human
judgments for determining the interrelationship among factors are frequently given by
crisp values when DEMATEL is used. On the other hand, crisp values are frequently insuf-
ficient in the real world [26]. The necessity for fuzzy logic arises from the fact that human
preferences are frequently ambiguous and difficult to evaluate using exact numerical values.
To address human perceptions of vagueness, this research utilizes fuzzy set theory with
the DEMATEL method to construct a structural model that demonstrates cause-and-effect
relationships between criteria [27]. Moreover, the main advantage of fuzzy DEMATEL
is that it can take into account the condition of fuzziness and be flexible in dealing with
situations that feature vagueness [28].

This research aims to identify the factors that influence MSOs during the adoption of
I4.0 technologies. This study aims to develop a structural model for MSOs’ development to
achieve market competitiveness. MS assists organizations in establishing a well-organized
manufacturing structure, thereby reducing the complexity involved. MCDM is a well-
known method for analyzing multiple conflicting criteria. By increasing the rationality
and efficiency of the decision-making process, the MCDM approach helps to improve the
quality of these decisions. DEMATEL is used in this research to ascertain the underlying
causes and effects of manufacturing strategy outputs. The judgment of experts is used to
propose the interrelationship that corresponds to these root causes. The fuzzy DEMATEL
method is applied to address the ambiguity of experts’ decisions during the prioritization
of the selected improvement efforts. As a result of the knowledge of experts and the
interdependencies among MSOs, a suitable improvement road map for MSOs can be
created. The main research contributions are listed below.

• To propose smart manufacturing strategies outputs (basic elements) based on a thor-
ough literature review and analysis.

• Defining a deeper understanding of the MS outputs and their basic elements in relation
to I4.0.

• The outcomes of DEMATEL cause and effect criteria can greatly contribute to enhancing
managerial abilities to achieve market competitiveness through proper decision-making.
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• As a comprehensible structural model of the system, it can provide researchers and
manufacturers with a better understanding of the structural relationship among MSOs.

• To boost performance, the fuzzy DEMATEL approach can manage interdependent
relationships under uncertainty and determine the attributes of priority.

The structure of this research is as follows: Section 2 provides theoretical background
and influencing factors’ formulation. Section 3 discusses the methodology used to select
experts, collect data, and identify factors affecting MSOs during the adoption of I4.0 tech-
nologies. Section 4 contains the results and discussion. Finally, the conclusion, implications,
and recommendations for future research are presented in Section 5.

2. Theoretical Background and Influencing Factors Formulation

This section presents the MSOs and how they are measured. In addition, I4.0 tech-
nologies and how the adoption of these technologies affects manufacturing capabilities are
discussed in this section. In this section, the theoretical background for MSOs and their
basic elements are discussed. A manufacturing strategy/policy is described as “exploiting
the features of manufacturing as a competitive weapon” [29]. Manufacturing strategy out-
puts, also known as competitive priorities, are concerned with strengthening the targeted
competitive capabilities [30]. Manufacturing strategy outputs include cost, quality, delivery,
performance, flexibility, and innovativeness, also known as competitive priorities in the
literature [9]. MSOs include several measures (basic elements) that are derived from the
various functions of manufacturing systems. The competitive priorities of an organization
play a significant role in motivating it to leverage its competitors.

A comprehensive literature review is undertaken to construct the MSOs and their
basic elements, which are then discussed with academic and industry practitioners. The
description of MSOs and their basic elements are as follows.

n Cost (C): provide low overall costs at competitive prices. It can be measured by
employee training cost [31,32], cost per unit produced [33], and operating cost [34].
Other measures of cost include unit overhead cost and unit material cost [35].

n Quality (Q): the ability to maintain high standards, quality control, and supervision
while increasing customer satisfaction [5,36]. It can be measured by defective prod-
ucts [37], customer satisfaction [38], and the number of customer complaints [38].
Further quality measures include warranty claims [39], scrap rate [40], defective
product [37], and customer satisfaction [38].

n Delivery: the time required to collect and deliver an order to a customer. Additionally,
it can be defined as the ability to provide shorter lead times throughout the supply
chain, which includes logistics, manufacturing, and design [41]. It can be measured
by on-time delivery and delivery speed [42]. Additional delivery measures include
average lateness, inventory accuracy, and order entry time [43].

n Flexibility: The ability to quickly respond to customer needs by customizing goods
and services as well as increasing or decreasing the number of existing products [5,41].
The flexibility measures includes product mix flexibility [44], process flexibility [44],
volume flexibility [45], and machine flexibility [45].

n Performance: the features that enable the product to perform tasks that other goods
cannot [5]. The performance measures include standard features, advanced features,
product resale price, engineering changes, and mean time between failures [43,46].

n Innovativeness: the ability to rapidly introduce new products or redesign existing
ones [5]. The number of new products introduced each year, the time required to
design new products, the number of engineering change orders placed each year, the
level of R&D investment, and the ability to improve existing products are all measures
of innovativeness [47].

There are numerous perspectives on the relationships between the MSOs. Previous
research has reported that developing one capability can help in the development of
another and that all capabilities are positively related. Leading innovators, for example,
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compete effectively on several operational competencies at the same time to achieve the
best company performance [48]. The key decisions in a manufacturing strategy are known
as a company’s competitive capabilities; as they play a crucial role in helping the entire
organization gain an advantage over its competitors.

In summary, the collection and screening of influencing factors should be based
on six categories. This was accomplished by collecting and analyzing relevant literature.
According to previous studies, the final list of 29 basic elements was classified into six MSOs
dimensions, namely cost, quality, delivery, flexibility, performance, and innovativeness.
Table 1 presents the summary of twenty-nine basic elements and their descriptions.

Table 1. Factors of manufacturing strategies in the adoption of Industry 4.0 technologies.

Outputs Factors Names
(Basic Elements) Description Rep.

C
os

t(
C

)

Cost per unit produced What a company spends on producing every unit of the product it sells. C1

Operating cost Costs associated with running a business or using machines, components,
or facilities to prepare a product. C2

Unit material cost The cost of materials used to manufacture a product or perform a service. C3

Employee training cost The cost of training includes both the materials and the time spent training
employees. C4

Unit overhead cost It refers to all of a company’s direct and indirect operating expenses. C5

Q
ua

lit
y

(Q
)

Defective products
The entire product/service does not meet the specified criterion. When a

product or service is found to have one or more defects, the defect is
labeled (s)

C6

Scrap rate Some failed materials cannot be repaired or restored and must be
discarded. C7

Number of customer complaints A customer complaint is “a consumer’s expression of dissatisfaction to a
responsible party”. C8

Customer satisfaction An indicator measures how satisfied customers are with a company’s
products, services, and capabilities. C9

Warranty claims A company promises to repair or replace a defective product free if you
discover it within a certain period. C10

D
el

iv
er

y
(D

)

On-time delivery An indicator of how often deliveries and finished products are produced
on time. C11

Speed delivery Delivered on time or earlier than expected to the consumer. C12

Average lateness The average time between ordering and the due delivery date. C13

Inventory accuracy It is the significant difference between the amount and type of inventory
recorded or what is supposed to be ready for delivery. C14

Order entry time A way of keeping order times in a company’s system in order to view,
modify, and/or execute them on a specific date. C15

Fl
ex

ib
ili

ty
(F

)

Product mix flexibility The ability to manufacture a large number of different items or variants
with minimal changeover costs. C16

Process flexibility The ability of a manufacturing system to produce multiple parts at once. C17

Volume flexibility It is defined as an organization’s ability to change the volume of its
operations in response to changing economic conditions. C18

Machine flexibility The system’s ability to produce new products and change the order of
operations efficiently and effectively. C19
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Table 1. Cont.

Outputs Factors Names
(Basic Elements) Description Rep.

Pe
rf

or
m

an
ce

(P
) Number of standard features Several features or characteristics of anything are interesting or important

for the product. C20

Number of advanced features The new and upgraded features add value to your customers. C21

Product resale price The manufacturer sets a brand’s resale price, and retailers cannot lower it. C22

Number of engineering changes It is the number of engineering changes made to a product to improve
performance. C23

Meantime between failures Measures how long equipment runs between breakdowns or stops. C24

In
no

va
ti

ve
ne

ss
(I

)

New products introduced each
year The number of products introduced each year C25

Lead time to design new products It describes the time it takes to design, develop, and manufacture a new
product. C26

Existing-product Improvement Adding benefits to an existing product, either for new or existing
customers. C27

Number of engineering change
orders per year

A document that details a new product’s design or suggests changes to an
existing product. C28

Level of R&D investment Investing in R&D develops various
solutions to satisfy customer expectations. C29

3. Research Methodology

The concept of MSOs from the perspective of I4.0 adoption and identifying the final
influencing factors through literature research is defined in Section 2. Nonetheless, when
there are numerous factors, determining the relative importance of each factor and the
causal relationship between them remains difficult. Currently, quantitative evidence is
lacking to support a conceptualization of the critical factors affecting MSOs. The fuzzy
DEMATEL method was used to identify the main MSO factors influencing the adoption of
I4.0 technologies and the basic elements that influence MSO implementation. Additionally,
this study acknowledges their criteria interrelationships from industry and academic
experts’ perspectives. By combining fuzzy set theory and linguistic preferences, this study
deals with human judgment vagueness and knowledge loss. In this way, the direct and
indirect effects of criteria on MSOs are calculated via their links and strengths.

Experts were chosen for this study based on their level of knowledge and experi-
ence [49]. As recommended by the authors of [50], experts with a minimum of ten years of
professional experience in academia, industry, or a combination of the two were acceptable.
Experts should have a thorough understanding of manufacturing strategies, with a focus
on competitive outcomes. Additionally, professionals should have a working knowledge
of I4.0 technologies, either through practice or theory, as reported by [51]. The selected
experts from the manufacturing organizations were mostly involved in I4.0 technology
roles. They were responsible for market strategy and manufacturing, and thus possessed
an in-depth understanding of manufacturing strategies. Since these experts had worked
in manufacturing firms or provided consulting services to businesses, the data collected
through questionnaires were highly reliable. Similarly, the academic experts were chosen
from amongst professors and doctorates who had published articles in authoritative jour-
nals on manufacturing strategies and Industry 4.0. The selected academic experts had an
immense impact in this field.

Individual interviews were conducted with experts to clarify the research, and those
who were unable to participate in person due to their location were interviewed online.
The authors began by identifying 30 experts who met the criteria outlined above. They
received an initial email informing them of the study’s purpose and confirming their desire
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to participate. The email was positively responded to by twenty of them. However, fully
completed questionnaires were later received from only fourteen experts.

Fuzzy logic was developed in 1965 by Lotfi A. Zadeh, and is a method for evaluating
uncertainty, ambiguity, and human decision-making. Examining the problems of decision-
making in real-world transactions reveals that many decisions are caused by constraints
and uncertain, imprecise events [52]. It is believed that translating linguistic terms into
fuzzy numbers is more advantageous than combining opinions, ideas, or decisions that
result from the expertise of individuals or groups. A triangular fuzzy number can be
described as a set of three numbers, (l,m,r), with l representing the most conservative value
closest to the real value and r representing the most optimistic value. The triangular fuzzy
number’s membership function is illustrated in Equation (2).

Zk =

C1
C2
...

Cn


[0, 0, 0] xk

12
xk

21 [0, 0, 0]
. . .
. . .

xk
1n

xk
2n

...
...

...
...

xk
n1 xk

n2 · · · [0, 0, 0]

 (1)

µN (x)=


0, x < l
x−l
m−l , l ≤ x ≤ m
r−x
l−m , m ≤ x ≤ r
0, x > r

(2)

where l represents the left score, r is the right score, and m is the medium score of the
triangular fuzzy numbers.

The fuzzy DEMATEL method includes collecting indicators for the degree of influence,
the degree of cause for each factor, and drawing the causality map. It evaluates the
significant relationship path between each factor in terms of the set threshold and concludes
with several management implications and recommendations based on additional analysis
and discussion. This method establishes a visual structure based on the causal relationship
between various factors, calculates the center degree and cause a degree of each factor,
draws the causal diagram, classifies factors (cause group or effect group), and then identifies
key factors that will help solve problems more effectively [53]. The fuzzy DEMATEL
method consists of the following steps [27,54,55]:

Step 1: Define decision objectives, develop a fuzzy scale, and construct a list of criteria
(C1, C2 . . . Cn).

Step 2: Select professional experts with relevant knowledge and experience to evaluate
the effect of factors using pairwise comparison.

Step 3: Create a semantic evaluation form that divides the level of influence among
different factors into five levels: no influence “No” very low influence “VL”, low influence
“L” high influence “H”, and very high influence “VH”. The form should be easy to read
and understand.

Step 4: Obtain the initial matrix of direct impact. Invite experts to evaluate the direct
relationship between the factors based on their comprehension of the semantic evaluation
table and to generate a direct effect matrix.

Step 5: Define the fuzzy linguistic scale to deal with the vagueness of human assess-
ments and then convert the direct impact in step 3 to triangular fuzzy numbers as shown
in Table 1. The linguistic variable “influence” in conjunction is used with a five-level scale
containing the following scale items: no influence, a very low influence, a low influence, a
high influence, and a very high influence. Table 1 shows the fuzzy numbers for various
linguistic terms.

Step 6: Create the fuzzy direct-relation matrices ZK by having evaluators construct
fuzzy pair-wise influence relationships between components in an n x n matrix, where k is
the number of experts. As a result, the direct-relation matrix ZK = [xK

ij], where Z is an n x
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n non-negative matrix, xij reflects the direct influence of component i on factor j; and, when
i = j, the diagonal elements xij = 0.

Step 7: Use the CSCF (converting fuzzy data into crisp score) method to defuzzify
the fuzzy numbers and calculate the weighted average of the membership function’s left
and right scores to achieve an overall score. Researchers have found that this method is
more effective for obtaining precise data [56,57]. The CFCS method is used to determine
the fuzzy maximum and minimum values in a fuzzy number range. The total score is
calculated using membership functions as a weighted average. Each population score
generates a new initial matrix of direct impact. The following are the specific steps:

1. Normalize the triangular fuzzy numbers, where 0 ≤ xij ≤ 1:

xlk
ij =

lk
ij −minlk

ij

∆max
min

(3)

xmk
ij =

mk
ij −minlk

ij

∆max
min

(4)

xrk
ij =

rk
ij −minlk

ij

∆max
min

(5)

∆max
min = maxrk

ij −minlk
ij (6)

2. Calculate the left score (ls) and right score (rs) normalized values:

xlsk
ij =

xmk
ij(

1 + xmk
ij − xlk

ij
) (7)

xrsk
ij =

xrk
ij(

1 + xrk
ij − xmk

ij
) (8)

3. Compute the crisp values:

xk
ij =

xlsk
ij ∗
(

1− xlsk
ij

)
+ xrsk

ij ∗ xrsk
ij(

1− xlk
ij + xrsk

ij
) (9)

4. Generate the total normalized crisp values of the expert, k:

zk
ij = minlk

ij + xk
ij∗∆max

min (10)

5. Obtain the direct relation matrix through aggregating the normalized crisp values
from all factors:

zij =
Z1

ij + Z2
ij + . . . + Zn

ij

n
(11)

6. The standardized direct influence matrix is obtained from the initial direct influence
matrix, where X =

[
xij
]

n∗n , and 0 ≤ xij ≤ 1. The calculation is as follows:

X = s ∗ Z (12)

s =
1

max
1≤i≤n

∑m
j=n zij

, i, j = 1, 2, . . . ., n. (13)
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7. Calculate the influence matrix T =
[
tij
]

n∗n . The element tij indicates the indirect
influence relationship of factors i and j. The influence matrix T reflects the overall
impact relationship between elements. The calculation of the matrix is as follows:

T = lim
m→∞

(
X+ X2+ X3 . . . Xm )

= X∗(1− X)−1 (14)

8. Calculate the influence degree, affected degree, center degree, and cause degree of
each factor as follows:

i. The degree of influence Di denotes the extent to which various factors have a cumula-
tive effect on other factors in manufacturing strategies outputs (basic elements).

The influence degree : Di = ∑n
j=1 tij (15)

ii. The affected degree Rj indicates the extent to which each factor in a set of manu-
facturing strategies’ outputs (basic elements) is influenced by the other factors.

The affected degree : Rj = ∑n
i=1 tij (16)

iii. The center degree
(

Rj − Di
)

indicates that the importance of factors in manufac-
turing strategies outputs (basic elements).

The center degree =
{(

Rj + Di
)∣∣i = j

}
(17)

iv. For the cause degree,

o when Rj + Di is positive, the factor belongs to the cause group
o when Rj − Di is negative, the factor belongs to the effect group

The cause degree =
{(

Rj − Di
)∣∣i = j

}
(18)

9. Create a causal diagram. Within the total relation matrix M, the sum of rows and
columns are denoted independently by the vectors Rj and Di. By mapping the dataset
of (Rj + Di,Rj − Di), a cause and effect graph may be obtained. The horizontal axis
vector (Rj + Di) labeled “Prominence” is created by adding Rj to Di, indicating the
criterion’s relevance. Similarly, the vertical axis (Rj −Di) labeled “Relation” is created
by subtracting Ri from Di, which can be used to organize criteria into a cause category.
Alternatively, if (Rj − Di) is negative, the criterion is assigned to the effect group.

4. Results and Discussions

This section utilizes the MCDM method in order to determine the factors that influ-
ence manufacturing strategies while implementing I4.0 technologies. The original data
is transformed into a triangular fuzzy numbers as shown in Table 2, and the final initial
direct influence matrix is generated. Due to space limitations, this article only includes
one expert’s original data (see Table 3). The expert’s semantic evaluation is converted to
a triangular fuzzy number using Excel programming. Finally, the direct impact matrix
between the initial influencing elements is generated using the CFCS method (as shown
in Table 4, two decimal numbers are retained). The collected data was analyzed by the
DEMATEL method, and questionnaires are processed using the triangular fuzzy number
approach and defuzzification to generate a matrix of direct influence between elements,
as shown in Table 4. The average influence matrix of all experts on elements affecting the
MSOs is finally obtained, as shown in Table 5.
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Table 2. The fuzzy scale [58–61].

Linguistic Terms Symbol Corresponding Triangular Fuzzy
Numbers (TFNs)

No influence NO (0,0,0.25)
Very low influence VL (0,0.25,0.5)

Low influence L (0.25,0.5,0.75)
High influence H (0.5,0.75,1)

Very high influence VH (0.75,1,1)

Table 3. An example of original data from one of the experts.

Elements C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14 C15 C16 C17 C18 C19 C20 C21 C22 C23 C24 C25 C26 C27 C28 C29

C1 H H L H H L VH H VH H H L H VL L L H L H H L H H VH H H L L
C2 VH NO H H VH H H H H L L VL NO VL L H L H H H H H VL H L L L L
C3 VH L L L VL VL H VH H NO NO NO VL VL L VL L NO NO NO H L NO L VL L VL L
C4 L H NO NO L L L H L VL VL VL NO NO VL L NO L L H L L NO L H H L H
C5 H H NO H L L VL L L VL L VL NO NO L H L VL H VH L L H L L H L L
C6 H VL NO H L VH VH VH VH NO VL NO VL VL NO VL NO NO NO NO H H VH NO VL VL VL VH
C7 VH H L H NO VH VH H H VH VH H H L VL VL VL VL L VL H H L H NO H H VH
C8 L L VL H L H L VH L L H VL VL VL L NO VL VL VL NO VL VH NO L L VH VH H
C9 L NO NO VL VL VL NO VH H VL NO NO VL VL L L L L VL L H H H VL NO VH H VH
C10 VH H H H H H L H H NO NO NO NO NO NO NO NO VL NO L NO VH NO NO L H H
C11 VL NO NO L L NO NO VH VH NO VH VH L H H H H H VL NO L NO NO VL NO NO NO NO
C12 L L NO VL L NO NO VH VH NO VH VH L H NO VL NO NO NO NO NO NO NO VL NO NO NO L
C13 VL VL NO NO NO NO NO VH VH NO VH H L H VL NO NO VL NO NO NO NO NO NO NO NO NO VL
C14 H L VL NO VL NO NO H H NO VL H H VL NO L L L NO NO NO NO NO NO NO NO NO NO
C15 L L L L NO NO NO VL NO VL VH VH H VL NO NO NO NO VL NO NO NO NO NO NO NO VL
C16 L H NO H VH VL VL NO H NO NO NO NO VL NO VH VH VH H L NO VL NO VL H NO NO H
C17 L H NO H VH VL VL NO H NO VL NO NO NO NO H VH VH H VH VL VL NO NO H L NO L
C18 VL H NO L H VL VL NO VH NO NO VL VL VL NO H VH VH L L H NO NO L NO NO VL VL
C19 VL H NO VH VH VL VL NO H NO VL VL VL NO NO VH VH L H H NO NO VL VL VL L VL L
C20 H H NO H H L L VL H NO VL L L NO NO L H NO H VL NO VL VL NO VL L VL VL
C21 VH VH NO VH VH VL VL NO VH VH VL VL L VL NO H H VL H VL VH VL VL L L L NO VH
C22 L NO NO VL NO NO NO NO L L NO NO VL VL NO L L H VL H VH L H VL NO H VL VL
C23 H L NO H VL H L L H L VL NO VL NO VL VL VL VL VL L L NO L NO NO L NO H
C24 H L NO VL NO H H VH VH VH L L H H L VL VL NO VL NO VL L VL NO VL NO VL H
C25 NO H VL H H H L H VH H NO NO L VL NO VH H L H VL L NO H H H L VH VH
C26 NO NO NO NO L L H VL L L VL VL VH L VL VL L VL L H H VL VL NO L NO VL L
C27 L L NO VH H VL VL VL VH H L L VL NO NO L L NO L L H L L L H NO H VH
C28 H H NO H H L L L H L L VL VL NO NO VL VL NO NO VL L VL VL L L L H H
C29 H VL VL VH VH H VL H VH L NO NO VL VL NO L H L L H VH L H L H L H H

Table 4. Initial direct influence matrix after triangular fuzzy conversion.

Elements C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14 C15 C16 C17 C18 C19 C20 C21 C22 C23 C24 C25 C26 C27 C28 C29

C1 0.00 0.73 0.77 0.54 0.77 0.77 0.54 0.99 0.77 0.99 0.77 0.77 0.54 0.77 0.29 0.54 0.54 0.77 0.54 0.77 0.77 0.54 0.77 0.77 0.99 0.77 0.77 0.54 0.54
C2 0.99 0.00 0.03 0.77 0.77 0.99 0.77 0.77 0.77 0.77 0.54 0.54 0.29 0.03 0.29 0.54 0.77 0.54 0.77 0.77 0.77 0.77 0.77 0.29 0.77 0.54 0.54 0.54 0.54
C3 0.99 0.47 0.00 0.54 0.54 0.29 0.29 0.77 0.99 0.77 0.03 0.03 0.03 0.29 0.29 0.54 0.29 0.54 0.03 0.03 0.03 0.77 0.54 0.03 0.54 0.29 0.54 0.29 0.54
C4 0.54 0.73 0.03 0.00 0.03 0.54 0.54 0.54 0.77 0.54 0.29 0.29 0.29 0.03 0.03 0.29 0.54 0.03 0.54 0.54 0.77 0.54 0.54 0.03 0.54 0.77 0.77 0.54 0.77
C5 0.77 0.73 0.03 0.77 0.00 0.54 0.54 0.29 0.54 0.54 0.29 0.54 0.29 0.03 0.03 0.54 0.77 0.54 0.29 0.77 0.99 0.54 0.54 0.77 0.54 0.54 0.77 0.54 0.54
C6 0.77 0.22 0.03 0.77 0.54 0.00 0.99 0.99 0.99 0.99 0.03 0.29 0.03 0.29 0.29 0.03 0.29 0.03 0.03 0.03 0.03 0.77 0.77 0.99 0.03 0.29 0.29 0.29 0.99
C7 0.99 0.73 0.54 0.77 0.03 0.99 0.00 0.99 0.77 0.77 0.99 0.99 0.77 0.77 0.54 0.29 0.29 0.29 0.29 0.54 0.29 0.77 0.77 0.54 0.77 0.03 0.77 0.77 0.99
C8 0.54 0.47 0.29 0.77 0.54 0.77 0.54 0.00 0.99 0.54 0.54 0.77 0.29 0.29 0.29 0.54 0.03 0.29 0.29 0.29 0.03 0.29 0.99 0.03 0.54 0.54 0.99 0.99 0.77
C9 0.54 0.00 0.03 0.29 0.29 0.29 0.03 0.99 0.00 0.77 0.29 0.03 0.03 0.29 0.29 0.54 0.54 0.54 0.54 0.29 0.54 0.77 0.77 0.77 0.29 0.03 0.99 0.77 0.99
C10 0.99 0.73 0.77 0.77 0.77 0.77 0.54 0.77 0.77 0.00 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.00 0.29 0.03 0.54 0.03 0.99 0.03 0.03 0.54 0.77 0.77
C11 0.29 0.00 0.03 0.54 0.54 0.03 0.03 0.99 0.99 0.03 0.00 0.99 0.99 0.54 0.77 0.77 0.77 0.77 0.77 0.29 0.03 0.54 0.03 0.03 0.29 0.03 0.03 0.03 0.03
C12 0.54 0.47 0.03 0.29 0.54 0.03 0.03 0.99 0.99 0.03 0.99 0.00 0.99 0.54 0.77 0.03 0.29 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.29 0.03 0.03 0.03 0.54
C13 0.29 0.22 0.03 0.00 0.03 0.03 0.03 0.99 0.99 0.03 0.99 0.77 0.00 0.54 0.77 0.29 0.03 0.03 0.29 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.29
C14 0.77 0.47 0.29 0.00 0.29 0.03 0.03 0.77 0.77 0.03 0.29 0.77 0.77 0.00 0.29 0.03 0.54 0.54 0.54 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
C15 0.54 0.47 0.54 0.54 0.03 0.03 0.03 0.29 0.03 0.29 0.99 0.99 0.77 0.29 0.00 0.00 0.03 0.03 0.03 0.03 0.29 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.29
C16 0.54 0.73 0.03 0.77 0.99 0.29 0.29 0.03 0.77 0.03 0.03 0.03 0.03 0.29 0.03 0.00 0.99 0.99 0.99 0.77 0.54 0.03 0.29 0.03 0.29 0.77 0.03 0.03 0.77
C17 0.54 0.73 0.03 0.77 0.99 0.29 0.29 0.03 0.77 0.03 0.29 0.03 0.03 0.03 0.03 0.77 0.00 0.99 0.99 0.77 0.99 0.29 0.29 0.03 0.03 0.77 0.54 0.03 0.54
C18 0.29 0.73 0.03 0.54 0.77 0.29 0.29 0.03 0.99 0.03 0.03 0.29 0.29 0.29 0.03 0.77 0.99 0.00 0.99 0.54 0.54 0.77 0.03 0.03 0.54 0.03 0.03 0.29 0.29
C19 0.29 0.73 0.03 0.99 0.99 0.29 0.29 0.03 0.77 0.03 0.29 0.29 0.29 0.03 0.03 0.99 0.99 0.54 0.00 0.77 0.77 0.03 0.03 0.29 0.29 0.29 0.54 0.29 0.54
C20 0.77 0.73 0.03 0.77 0.77 0.54 0.54 0.29 0.77 0.03 0.29 0.54 0.54 0.03 0.03 0.54 0.77 0.03 0.77 0.00 0.29 0.03 0.29 0.29 0.03 0.29 0.54 0.29 0.29
C21 0.99 0.99 0.03 0.99 0.99 0.29 0.29 0.03 0.99 0.99 0.29 0.29 0.54 0.29 0.03 0.77 0.77 0.29 0.77 0.29 0.00 0.99 0.29 0.29 0.54 0.54 0.54 0.03 0.99
C22 0.54 0.00 0.03 0.29 0.03 0.03 0.03 0.03 0.54 0.54 0.03 0.03 0.29 0.29 0.03 0.54 0.54 0.77 0.29 0.77 0.99 0.00 0.54 0.77 0.29 0.03 0.77 0.29 0.29
C23 0.77 0.47 0.03 0.77 0.29 0.77 0.54 0.54 0.77 0.54 0.29 0.03 0.29 0.03 0.29 0.29 0.29 0.29 0.29 0.54 0.54 0.03 0.00 0.54 0.03 0.03 0.54 0.03 0.77
C24 0.77 0.47 0.03 0.29 0.03 0.77 0.77 0.99 0.99 0.99 0.54 0.54 0.77 0.77 0.54 0.29 0.29 0.03 0.29 0.03 0.29 0.54 0.29 0.00 0.03 0.29 0.03 0.29 0.77
C25 0.03 0.73 0.29 0.77 0.77 0.77 0.54 0.77 0.99 0.77 0.03 0.03 0.54 0.29 0.03 0.99 0.77 0.54 0.77 0.29 0.54 0.03 0.77 0.77 0.00 0.77 0.54 0.99 0.99
C26 0.03 0.00 0.03 0.00 0.54 0.54 0.77 0.29 0.54 0.54 0.29 0.29 0.99 0.54 0.29 0.29 0.54 0.29 0.54 0.77 0.77 0.29 0.29 0.03 0.54 0.00 0.03 0.29 0.54
C27 0.54 0.47 0.03 0.99 0.77 0.29 0.29 0.29 0.99 0.77 0.54 0.54 0.29 0.03 0.03 0.54 0.54 0.03 0.54 0.54 0.77 0.54 0.54 0.54 0.77 0.03 0.00 0.77 0.99
C28 0.77 0.73 0.03 0.77 0.77 0.54 0.54 0.54 0.77 0.54 0.54 0.29 0.29 0.03 0.03 0.29 0.29 0.03 0.03 0.29 0.54 0.29 0.29 0.54 0.54 0.54 0.77 0.00 0.77
C29 0.77 0.22 0.29 0.99 0.99 0.77 0.29 0.77 0.99 0.54 0.03 0.03 0.29 0.29 0.03 0.54 0.77 0.16 0.54 0.77 0.99 0.54 0.77 0.54 0.77 0.54 0.77 0.77 0.00

Complex decision problems often involve several elements influencing each other
(placed in the cause group) or influencing other elements (placed in the effect group).
Due to the general interdependence of factors, it is not true that improving one element
automatically improves the entire manufacturing strategy. To improve MSOs, it is critical
to establish a cause-effect relationship, which will allow for the identification of which
elements in the cause group can be improved while also improving the elements in the
effect group [62]. Customer satisfaction (C9) is the most critical enabler for MSOs to
achieve market competitiveness, as shown in Table 6, and previous literature supports this
finding [63,64]. Customer satisfaction can be defined as the degree to which a company’s
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products or services meet the expectations of its customers. It is the most important
indicator among all MSOs of future purchases and consumer loyalty.

Table 5. The average influence matrix of all experts on elements affecting the MSOs.

Elements C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14 C15 C16 C17 C18 C19 C20 C21 C22 C23 C24 C25 C26 C27 C28 C29

C1 0.00 0.76 0.56 0.38 0.56 0.47 0.41 0.60 0.65 0.56 0.32 0.38 0.35 0.32 0.26 0.45 0.45 0.50 0.38 0.50 0.50 0.62 0.47 0.32 0.40 0.38 0.50 0.48 0.47
C2 0.88 0.00 0.41 0.42 0.65 0.38 0.41 0.32 0.47 0.47 0.41 0.44 0.35 0.22 0.27 0.44 0.50 0.48 0.53 0.53 0.46 0.53 0.53 0.28 0.44 0.38 0.50 0.38 0.47
C3 0.83 0.44 0.00 0.38 0.47 0.32 0.32 0.35 0.52 0.44 0.23 0.26 0.26 0.26 0.21 0.38 0.35 0.35 0.28 0.31 0.28 0.38 0.35 0.25 0.32 0.23 0.32 0.29 0.29
C4 0.60 0.76 0.13 0.00 0.56 0.53 0.62 0.38 0.54 0.56 0.45 0.45 0.48 0.29 0.29 0.44 0.57 0.53 0.44 0.41 0.62 0.47 0.54 0.50 0.38 0.38 0.41 0.47 0.35
C5 0.55 0.38 0.26 0.43 0.00 0.35 0.38 0.32 0.53 0.41 0.42 0.48 0.42 0.29 0.21 0.35 0.47 0.35 0.41 0.47 0.53 0.32 0.35 0.47 0.35 0.32 0.44 0.35 0.50
C6 0.74 0.64 0.68 0.65 0.48 0.00 0.99 0.77 0.94 0.83 0.41 0.41 0.56 0.63 0.24 0.37 0.43 0.37 0.37 0.26 0.35 0.28 0.41 0.43 0.16 0.13 0.25 0.29 0.58
C7 0.62 0.60 0.47 0.23 0.53 0.86 0.00 0.68 0.71 0.52 0.68 0.50 0.50 0.55 0.28 0.47 0.44 0.44 0.44 0.48 0.50 0.57 0.54 0.66 0.22 0.10 0.31 0.32 0.49
C8 0.32 0.26 0.29 0.43 0.51 0.63 0.62 0.00 0.94 0.74 0.41 0.62 0.44 0.28 0.21 0.50 0.44 0.41 0.50 0.55 0.44 0.26 0.50 0.10 0.29 0.35 0.50 0.35 0.44
C9 0.50 0.49 0.44 0.44 0.35 0.51 0.47 0.56 0.00 0.65 0.68 0.61 0.37 0.32 0.21 0.41 0.38 0.47 0.44 0.70 0.68 0.48 0.32 0.26 0.38 0.41 0.50 0.47 0.62
C10 0.62 0.44 0.51 0.49 0.54 0.46 0.59 0.41 0.65 0.00 0.25 0.19 0.29 0.19 0.16 0.32 0.32 0.38 0.32 0.44 0.46 0.48 0.26 0.25 0.16 0.07 0.35 0.25 0.25
C11 0.32 0.26 0.23 0.35 0.45 0.19 0.16 0.49 0.80 0.16 0.00 0.91 0.94 0.67 0.46 0.53 0.44 0.53 0.53 0.32 0.29 0.32 0.19 0.19 0.32 0.25 0.25 0.25 0.32
C12 0.35 0.29 0.19 0.25 0.35 0.23 0.19 0.65 0.83 0.44 0.91 0.00 0.94 0.58 0.46 0.44 0.47 0.44 0.44 0.19 0.22 0.22 0.19 0.10 0.32 0.25 0.25 0.29 0.38
C13 0.32 0.32 0.19 0.25 0.29 0.26 0.19 0.68 0.68 0.44 0.91 0.91 0.00 0.49 0.46 0.35 0.29 0.32 0.32 0.26 0.26 0.29 0.19 0.19 0.32 0.29 0.29 0.25 0.35
C14 0.38 0.31 0.23 0.21 0.29 0.35 0.32 0.44 0.35 0.23 0.66 0.59 0.53 0.00 0.36 0.26 0.29 0.29 0.29 0.13 0.16 0.16 0.13 0.16 0.19 0.16 0.13 0.16 0.19
C15 0.41 0.38 0.32 0.20 0.19 0.16 0.23 0.44 0.32 0.13 0.74 0.80 0.57 0.47 0.00 0.40 0.47 0.49 0.47 0.35 0.41 0.26 0.26 0.29 0.19 0.25 0.19 0.19 0.22
C16 0.60 0.67 0.44 0.57 0.65 0.53 0.53 0.32 0.48 0.32 0.50 0.58 0.47 0.42 0.36 0.00 0.85 0.83 0.82 0.63 0.56 0.29 0.71 0.35 0.68 0.72 0.56 0.65 0.62
C17 0.60 0.63 0.41 0.65 0.60 0.53 0.53 0.32 0.41 0.26 0.53 0.59 0.47 0.45 0.27 0.64 0.00 0.88 0.80 0.63 0.74 0.19 0.56 0.32 0.71 0.77 0.51 0.62 0.56
C18 0.59 0.67 0.35 0.47 0.60 0.50 0.53 0.35 0.44 0.32 0.53 0.62 0.44 0.49 0.28 0.77 0.85 0.00 0.83 0.51 0.60 0.32 0.62 0.28 0.63 0.62 0.41 0.54 0.50
C19 0.60 0.63 0.35 0.59 0.59 0.47 0.47 0.29 0.42 0.38 0.56 0.62 0.53 0.48 0.27 0.64 0.83 0.74 0.00 0.68 0.71 0.23 0.53 0.38 0.77 0.66 0.54 0.56 0.38
C20 0.80 0.51 0.41 0.48 0.42 0.42 0.51 0.55 0.88 0.48 0.53 0.56 0.56 0.06 0.32 0.74 0.77 0.82 0.77 0.00 0.71 0.79 0.57 0.54 0.76 0.57 0.69 0.68 0.56
C21 0.85 0.76 0.44 0.68 0.68 0.54 0.51 0.55 0.94 0.62 0.73 0.59 0.62 0.10 0.38 0.80 0.80 0.88 0.80 0.62 0.00 0.97 0.74 0.54 0.85 0.68 0.72 0.76 0.73
C22 0.41 0.29 0.59 0.14 0.16 0.03 0.13 0.44 0.82 0.23 0.07 0.35 0.10 0.06 0.32 0.16 0.19 0.25 0.13 0.69 0.85 0.00 0.54 0.22 0.68 0.22 0.44 0.56 0.28
C23 0.77 0.70 0.22 0.69 0.50 0.72 0.69 0.56 0.54 0.62 0.59 0.73 0.59 0.37 0.12 0.88 0.68 0.74 0.82 0.69 0.72 0.65 0.00 0.68 0.74 0.62 0.63 0.79 0.74
C24 0.41 0.63 0.16 0.17 0.44 0.74 0.88 0.74 0.59 0.25 0.59 0.73 0.62 0.19 0.22 0.48 0.19 0.19 0.54 0.10 0.48 0.22 0.51 0.00 0.10 0.10 0.10 0.26 0.28
C25 0.68 0.83 0.68 0.74 0.77 0.62 0.56 0.51 0.65 0.62 0.47 0.56 0.54 0.19 0.10 0.68 0.85 0.72 0.88 0.66 0.69 0.62 0.74 0.51 0.00 0.77 0.80 0.77 0.73
C26 0.62 0.51 0.28 0.20 0.60 0.10 0.19 0.57 0.72 0.59 0.47 0.59 0.55 0.32 0.28 0.63 0.51 0.23 0.51 0.57 0.60 0.32 0.41 0.23 0.60 0.00 0.53 0.45 0.51
C27 0.54 0.61 0.19 0.70 0.54 0.62 0.62 0.50 0.71 0.68 0.54 0.54 0.50 0.19 0.10 0.63 0.60 0.59 0.62 0.68 0.69 0.68 0.69 0.26 0.74 0.51 0.00 0.77 0.71
C28 0.63 0.64 0.47 0.77 0.60 0.60 0.48 0.54 0.59 0.53 0.48 0.54 0.57 0.16 0.18 0.71 0.62 0.51 0.50 0.68 0.66 0.57 0.68 0.35 0.72 0.74 0.74 0.00 0.56
C29 0.69 0.53 0.57 0.36 0.83 0.62 0.63 0.47 0.68 0.56 0.22 0.29 0.35 0.19 0.22 0.63 0.66 0.36 0.63 0.68 0.80 0.71 0.68 0.41 0.91 0.74 0.77 0.77 0.00

Table 6. The affected degree (Rj), influence degree (Di), centrality (Rj + Di) and cause-effect degree(
Rj − Di

)
for each factor.

Factor Rj Di (Rj+Di)
(

Rj−Di

)
Category

C1 2.373(16) 2.943(2) 5.315(11) −0.57(25) Net effect
C2 2.312(18) 2.72(5) 5.032(14) −0.409(21) Net effect
C3 1.762(27) 1.932(26) 3.693(27) −0.171(18) Net effect
C4 2.406(14) 2.278(23) 4.684(19) 0.129(12) Net cause
C5 2.045(20) 2.597(9) 4.641(20) −0.553(23) Net effect
C6 2.415(13) 2.329(22) 4.743(17) 0.086(15) Net cause
C7 2.453(12) 2.394(20) 4.847(15) 0.059(16) Net cause
C8 2.267(19) 2.498(14) 4.764(16) −0.232(19) Net effect
C9 2.403(15) 3.227(1) 5.629(4) −0.825(28) Net effect

C10 1.844(24) 2.406(18) 4.249(24) −0.563(24) Net effect
C11 1.979(21) 2.587(11) 4.566(21) −0.608(26) Net effect
C12 1.925(23) 2.778(3) 4.702(18) −0.854(29) Net effect
C13 1.832(25) 2.52(13) 4.352(23) −0.688(27) Net effect
C14 1.401(29) 1.696(28) 3.096(29) −0.296(20) Net effect
C15 1.756(28) 1.38(29) 3.135(28) 0.377(8) Net cause
C16 2.911(8) 2.649(8) 5.56(6) 0.263(9) Net cause
C17 2.825(9) 2.698(7) 5.522(7) 0.127(13) Net cause
C18 2.712(11) 2.593(10) 5.304(12) 0.119(14) Net cause
C19 2.758(10) 2.709(6) 5.467(8) 0.05(17) Net cause
C20 3.049(4) 2.531(12) 5.58(5) 0.518(7) Net cause
C21 3.463(1) 2.729(4) 6.192(1) 0.734(3) Net cause
C22 1.793(26) 2.246(24) 4.039(25) −0.453(22) Net effect
C23 3.274(3) 2.416(17) 5.69(3) 0.858(1) Net cause
C24 1.966(22) 1.743(27) 3.709(26) 0.223(10) Net cause
C25 3.307(2) 2.462(15) 5.769(2) 0.846(2) Net cause
C26 2.333(17) 2.171(25) 4.504(22) 0.162(11) Net cause
C27 2.931(6) 2.342(21) 5.272(13) 0.59(4) Net cause
C28 2.927(7) 2.396(19) 5.323(10) 0.532(6) Net cause
C29 2.973(5) 2.421(16) 5.394(9) 0.553(5) Net cause
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As a result, this factor boosts economic development and provides significant compet-
itive advantages to an organization, resulting in increased profitability and growth and the
company achieving market competitiveness. In relation to I4.0 adoption, the factories and
products are smart, and customers demand to be served with all-around great customer
satisfaction [65].

Cost per unit produced (C1) is the second important enabler for MSOs in order to
achieve market competitiveness. The cost per unit produced is what a company spends
on producing each unit of a product it sells. Manufacturing organizations should provide
lower total costs with market-competitive pricing [66]. Customer satisfaction, low-cost
strategies, and differentiation are the most effective ways for companies to maintain their
competitive advantage. To preserve or enhance its market competitiveness, a low-cost
company can do a variety of things.

It can invest heavily in marketing. In comparison to its higher-cost competition, it can
pay for better positions in retail outlets. A company also has the ability to lower prices,
reducing its competitor’s margins and earnings. Manufacturing driven by I4.0 frequently
results in operational gains through lower unit production costs. I4.0 technologies have
increased production line efficiencies, resulting in more material consumption and less
waste, as well as new ways to reuse and recycle waste to bring it back into production
processes and lower package sizes, all of which leads to reducing production costs [67].

The third important enabler for MSOs in order to achieve market competitiveness is
delivery speed (C12). The ability to meet delivery dates with the correct quantities and
specifications is commonly referred to as delivery reliability [68]. Delivery speed refers
to the capacity to fulfill a customer’s order quickly [69]. The ability to accelerate time-
to-market is a significant competitive advantage for manufacturers as it can immediately
increase market share and profits. There are several competitive advantages associated with
service differentiation, including product accessibility, speed of delivery to the customer,
and reliability [70]. Manufacturing firms can introduce new products to the market faster
and more flexibly with Industry 4.0. In response to technological advances and increasingly
flexible and fast delivery services, customer expectations are changing.

The number of advanced features (C21) is the fourth MSO enabler required in order
to achieve market competitiveness. Flexibility refers to the ability to provide customized
goods and services as well as increase or decrease the availability of products to meet
customer demands [71]. Advanced product features are traits or attributes of a product
that add value to end-users and differentiate it from its competitors. The importance of an
I4.0 implementation is due to its potential to lead to improved quality, lower prices, and
increased product flexibility. As a result, other enablers appear to have a moderate to minor
impact on MSOs’ adoption of I4 technologies, as illustrated in Table 6.

To gain a thorough understanding of the most prevalent critical MSOs, it is necessary
to concentrate on their root causes, which should be treated with extreme caution. For this
purpose, a cause-effect relation diagram is plotted and shown in Figure 2. Figure 2 reveals
that the number of engineering changes (C23) has the highest Ri − Di value (0.858) among
all elements in the cause group. This indicates that C23 has more impact on the MSOs. With
the implementation of I4.0 technologies, it is possible to enhance (improve) or transform
(renovate or innovate) a manufacturing process in response to product changes during de-
velopment in order to create new advanced features and maintain market competitiveness.
As result, the number of engineering changes is the most critical MSO element that should
be taken into consideration to provide an organization with huge competitive advantages.
Thereafter, new products introduced each year (C25) is the second most important causal
factor among the manufacturing strategies in the adoption of I4.0 technologies followed by
the number of advanced features (C21) which comes the third most critical factor among
all elements since its Ri − Di value is 0.58. This sequence continues with existing-product
improvements (C27) and level of R&D investment (C29). As a result, other factors appear
to have a moderate effect on MSOs’ adoption of I4 technologies, as illustrated in Figure 2.



Processes 2022, 10, 987 13 of 16

Processes 2022, 10, x FOR PEER REVIEW 13 of 16 
 

 

second most important causal factor among the manufacturing strategies in the adoption 
of I4.0 technologies  followed by the number of advanced features (C21)  which comes the 
third most critical factor among all elements since its 𝑅 − 𝐷  value is 0.58. This sequence 
continues with existing-product improvements (C27) and level of R&D investment (C29). 
As a result, other factors appear to have a moderate effect on MSOs’ adoption of I4 
technologies, as illustrated in Figure 2. 

 
Figure 2. Cause-effect strategy map. 

The factors that are easily influenced by other factors can be called effect factors. 
However, it is still necessary to analyze the effect factors that could lead to serious 
consequences in manufacturing strategies’ outputs (basic elements). According to the 
cause-effect relation diagram in Figure 2, it is very clear that customer satisfaction (C9) 
has the highest 𝑅 + 𝐷  value (5.629) among all effect groups. Furthermore, among all 
elements, its influenced impact index (𝐷 ) has the highest value (3.227). Moreover, cost 
per unit produced (C1) and operating cost (C2) have a great influence on the 
manufacturing strategies as effect factors. Other effects seem to have a moderate to low 
effect on the MSOs in the adoption of I4 technologies, as shown in Figure 2. 

5. Conclusions and Future Study 
This research uses the fuzzy DEMATEL method to analyze MSOs’ adoption of I4.0 

technologies. This method discovers the root causes-effects of MSOs and creates a strategy 
map based on those factors. The strategy map reveals interdependencies and their 
strengths among MSOs’ outputs. This research raises market competitiveness through 
well-organized and planned manufacturing strategies. The effect of MSOs was measured, 
and the cause-effect relationship between MSOs was clarified. Additionally, this research 
can assist organizations in considering the root causes and effects of MSOs, emphasizing 
how the right decisions can play a significant role in motivating the company to maintain 
a competitive advantage. Several conclusions have been drawn about the effect of MSOs 
based on expert opinion: 
 Among all the factors, customer satisfaction is the most important enabler for 

manufacturing strategy outputs. Then comes the cost per unit, delivery speed, and 
advanced features. 

 Regarding the root causes of manufacturing strategy outputs, the number of 
engineering changes has the highest influence among all elements in the cause 
element group. Other important causes are the number of new products introduced 
each year, the improvement of existing products, the number of engineering change 
orders per year, and the number of advanced features. 

Figure 2. Cause-effect strategy map.

The factors that are easily influenced by other factors can be called effect factors. How-
ever, it is still necessary to analyze the effect factors that could lead to serious consequences
in manufacturing strategies’ outputs (basic elements). According to the cause-effect relation
diagram in Figure 2, it is very clear that customer satisfaction (C9) has the highest Rj + Di
value (5.629) among all effect groups. Furthermore, among all elements, its influenced
impact index (Di) has the highest value (3.227). Moreover, cost per unit produced (C1)
and operating cost (C2) have a great influence on the manufacturing strategies as effect
factors. Other effects seem to have a moderate to low effect on the MSOs in the adoption of
I4 technologies, as shown in Figure 2.

5. Conclusions and Future Study

This research uses the fuzzy DEMATEL method to analyze MSOs’ adoption of I4.0
technologies. This method discovers the root causes-effects of MSOs and creates a strategy
map based on those factors. The strategy map reveals interdependencies and their strengths
among MSOs’ outputs. This research raises market competitiveness through well-organized
and planned manufacturing strategies. The effect of MSOs was measured, and the cause-
effect relationship between MSOs was clarified. Additionally, this research can assist
organizations in considering the root causes and effects of MSOs, emphasizing how the right
decisions can play a significant role in motivating the company to maintain a competitive
advantage. Several conclusions have been drawn about the effect of MSOs based on
expert opinion:

n Among all the factors, customer satisfaction is the most important enabler for man-
ufacturing strategy outputs. Then comes the cost per unit, delivery speed, and
advanced features.

n Regarding the root causes of manufacturing strategy outputs, the number of engineer-
ing changes has the highest influence among all elements in the cause element group.
Other important causes are the number of new products introduced each year, the
improvement of existing products, the number of engineering change orders per year,
and the number of advanced features.

n The results reveal that customer satisfaction has the highest influence of all the ele-
ments in the effect element group. Moreover, the cost per unit produced and operating
cost have a great influence on manufacturing strategies as effect factors.

There are certain limitations and shortcomings in this paper. Firstly, due to a shortage
of respondents, future studies should perform more surveys in order to gain a deeper under-
standing of the topic. Secondly, as no case study or empirical study has been conducted to
evaluate how factors influence MSOs’ adoption of I4.0 technologies, future research should
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conduct an empirical study in specific industries. Thirdly, WINGS (weighted influence
non-linear gauge system), which is an improvement on the DEMATEL method, could be
used in the future to find out how strong a factor is, instead of the intensity of its influence.
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