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Abstract: The concern of sustainable supplier selection has been raised recently in organizations’ de‑
cisionmaking to enhance their competitiveness. Many tools have been developed to support supplier
evaluation, yet the factors of Industry 4.0 (I4.0) have been ignored despite their impact on sustainable
performance. Hence, this paper aims to include the technology of I4.0 as the criteria to evaluate the
competence of suppliers in sustainability. Multiple‑criteria decision making (MCDM) has been used
to build decision‑making systems; thus, this study employed two advanced methods of MCDM, the
ordinal priority approach (OPA) and measurement of alternatives and ranking according to com‑
promise solution (MARCOS) in a fuzzy environment. To test the feasibility of the proposal, five
manufacturers of Vietnam’s leather and footwear industry were hypothetically assigned. Firstly,
the evaluation criteria were weighted by OPA. Then, the ranking of alternatives was determined by
fuzzy MARCOS. The results show that “green image”, “green product innovation”, “cloud comput‑
ing”, “service level”, and “blockchain” are the topmost significant criteria in evaluating sustainable
practices in the supply chain from the I4.0 perspective. Furthermore, sensitivity and comparison
analyses were carried out to verify the robustness of the methodology. The outcomes of this paper
contribute a new model of decision making with respect to the involvement of sustainability and I4.0.

Keywords: MCDM; sustainable evaluation; Industry 4.0; OPA; fuzzy MARCOS

1. Introduction
Sustainable supply chain management (SSCM) is the term referring to supply chain

management that is mostly driven by economic, environmental, and social interests, or
the three pillars of sustainability [1]. The logistics industry is experiencing a number of
difficulties due to the COVID‑19 pandemic, leading to large‑scale supply chain disruptions.
Experts stated that the industry has passed the worst period, and businesses are planning
to enter a new era with new technologies, methods, and standards to transform. As the
complexity of modern transportation and logistics increases, it is important to understand
where the short‑ and long‑term focus is and what to invest in. Moreover, the 4.0 revolution
and the popularity of the IoT system also require logistics enterprises to capture and make
optimal use of the huge data source coming from all links in the supply chain.

To achieve SSCM, organizations have been pushed to be more agile, efficient, and
smart. In this direction, Industry 4.0 (I4.0) has been widely adopted to efficiently manage
the increasing complexity of systems. The benefits of I4.0 technologies are also mentioned
in [2] as the enabler of sustainable manufacturing, and thus SSCM, by reducing indus‑
trial wastes and contaminants. Many advanced technologies have emerged to meet the
demands of the market, as summarized in (Table 1). The impacts of those applications on
the supply chain were also concluded in [3], including more accurate demand forecasts,
the minimization of manufacturing wastes, more sustainable and robust processes, and
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effective inventory management and collaboration, reducing errors in material flow infor‑
mation and optimizing logistics systems.

Table 1. The summary of technologies.

No. Technology

1 Artificial intelligence
2 Augmented reality
3 Beacon
4 Big data
5 Blockchain
6 Cloud computing
7 Cloud manufacturing
8 Collaborative robot
9 Cyber‑physical system
10 Data analytics
11 Digitalization
12 Internet of things
13 RFID
14 Sensors
15 Smart factory/smart manufacturing
16 Virtual reality

Technology plays a crucial part in firms’ strategies to reach their goal of competitive‑
ness and sustainability. To obtain sustainable development, clean technology, which is any
kind of technical method that can serve the purpose of saving the economy and environ‑
ment with respect to resources, has been the optimal option for organizations to acquire [4].
However, the adoption of technological changes in businesses has remained insignificant.
Khatri et al. [4] claimed that the problem is not technology availability or innovation but
rather the risks to business stability. To implement new technology, technological, eco‑
nomic, and social parameters are considered with the organization’s resource limitations.
Adopting changes makes firms exposed to many strategic decisions, and therefore, they
are applied at a low rate. As a matter of fact, technology selection is one of the impor‑
tant decisions made by a company. Technology selection, in fact, is a process that starts
with the recognition of technological changes, followed by evaluation and ending with
absorption [4]. As mentioned in [5], there are some considerations during technology se‑
lection, such as manufacturing constraints and customer requirements. Since sustainabil‑
ity has become a great concern, ecological aspects have appeared to be an additional, but
not minor, criterion to evaluate the right technology. To support the assessment, some
decision‑making tools have been used, for instance, Life Cycle Assessment, Life Cycle Cost‑
ing, or multi‑criteria decision making (MCDM) [5]. In the paper by Rinaldi et al. [5], the
authors indicated several issues in the technology selection process, which are the lack of
either a qualitative solution or quantitative analysis in the model, the combination of qual‑
itative and quantitative approaches but the exclusion of normalization, and unavailable
practical computational procedures to estimate indicators. The technological supplier se‑
lection problem, on the other hand, pays less attention to the performance of outbound
suppliers, thus leading to low sustainable levels of companies [6]. MCDM, as discussed
in [6], has been employed to measure the competence of technological suppliers, yet the
I4.0 point of view is not being taken into consideration in criteria, expert ideas, and other
linguistic variables. Considering the current concerns, this research intended to present
a decision‑support system comprising the ordinal priority approach (OPA) and measure‑
ment of alternatives and ranking according to compromise solution (MARCOS) in a fuzzy
environment, two advanced variants of MCDM. OPA was utilized to calculate the weights
of criteria, expertise, and alternatives, while fuzzy MARCOS was implemented to rank the
alternatives. To test the feasibility of the system, a case study of five sustainable supplier
selections in Vietnam’s leather and footwear industry with a focus on the technology drive
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was performed. The results of this research are expected to contribute a new model to
decision‑making tools, especially for sustainable supplier selection. Furthermore, a refer‑
ence point of technological criteria was created to evaluate supplier competence.

This paper is constructed as follows. The next part provides a review of the relevant
literature regarding approaches to sustainable or green supplier selection. After that, the
details of materials and methods are described in Section 3, including the research pro‑
cess, the applied methods, OPA, and fuzzy MARCOS. The results analysis is presented
in Section 4 with a description of the case study, criteria weighting, and alternative rank‑
ing. Finally, the conclusions include the main findings, research limitations, and further
suggestion for reproducible works.

2. Literature Review
Over the years, many scholars have dedicated their works to building decision‑support

systems for sustainable supplier selection or green supplier selection, which focus primar‑
ily on environmental performance [6]. As can be seen in Table 2, from 2017 to 2020, while
there was a variety of approaches, most of them were hybrid methods to compensate for
the weaknesses of each other [7]. For instance, Data Envelopment Analysis was combined
with the Differential Solution algorithm (DEA‑DE) [8], Decision‑Making Trial and Evalu‑
ation Laboratory (DEMATEL) was utilized with pairwise comparison [9] or Taguchi loss
functions [10], and various uses of fuzzy inference systems are reported in [11–14]. In
contrast, a few researchers employed traditional methods, such as Critical Success Factors
(CSFs) [15], qualitative research [16], a supply chain model [17], gray relational analysis [18],
and a programming model and tractable approximation for optimization [19]. It is notice‑
able that MCDM was the popular choice as a decision‑making tool since the rest of the
solutions are a mix of MCDM variations and other types of measures (Table 2). For in‑
stance, Hoseini et al. proposed a hybrid method of the best–worst method (BWM) and an
inference system model to select sustainable suppliers in the construction industry [20].
Alternatively, Kuo et al. integrated the Kano model into the Fuzzy Analytical Hierarchy
Process (FAHP) and the Decision Matrix Method to evaluate sustainable suppliers in palm
oil companies [21]. Among MCDM methods, TOPSIS (technique for order of preference by
similarity to ideal solution) was mostly applied. In recent years, some advanced methods
of MCDM have been proposed to overcome the disadvantages of MCDM. For example,
Ecer et al. developed an approach using the Full Consistency Method (FUCOM) and the
Mixed Aggregation by Comprehensive Normalization Technique (MACONT) with a fuzzy
set under the concept of stratification for sustainable circular supplier selection [22]. As de‑
scribed in [22], the weights of criteria can be obtained more consistently but with fewer pair‑
wise comparisons with FUCOM, while MACONT appears to be a robust ranking method
due to its three‑step normalization. Also addressing MCDM’s drawbacks, Ataei et al. [23]
introduced OPA to address MADM’s (Multiple‑Attribute Decision Making) problems by
handling the weight calculation of experts, criteria, and alternatives, dealing with incom‑
plete data and group decision making simultaneously. Therefore, the application of OPA
can be useful for evaluating sustainable suppliers, as suggested by Mahmoudi et al. [7], in
which the combination of gray system theory and OPA was observed in their megaprojects.
Another algorithm, the well‑known MARCOS, was developed by Stankovi’c et al. [24]
to offer a robust sorting of alternatives in the fuzzy environment despite the large scale.
Ecer et al. applied MARCOS simultaneously with Evaluation Based on Distance from Av‑
erage Solution (EDAS) and Multi‑Attributive Ideal Real Comparative Analysis (MAIRCA)
for weighting and ranking cryptocurrency [25]. Campilho et al. [26] employed MARCOS
to find the optimal design of a passive compliance mechanism in a robot manipulator as
the result of the Non‑dominated Sorting Whale Optimization Algorithm (NSWOA), an op‑
timization algorithm. Since the technique works best in an uncertain environment where
most cases of sustainable supplier selection have been solved [7,24], the implementation of
MARCOS has been applied in the field. It was evidenced in the research of Stević et al. [27]
when they measured the sustainable candidates in the healthcare supply chain with MAR‑
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COS. The authors also claimed that the robustness and stability of MARCOS outperformed
TOPSIS in assessing the decision‑making units [27].

Table 2. The summary of relevant literature on sustainable supplier selection [6,7].

No. Author Year Method

1 Govindan et al. [28] 2017 Revised Simos procedure and PROMETHEE
2 Qin et al. [29] 2017 TODIM with interval type‑2 fuzzy set
3 Mousakhani et al. [30] 2017 Interval type‑2 fuzzy TOPSIS
4 Yazdani et al. [31] 2017 DEMATEL, QFD, COPRAS, and MOORA
5 Luthra et al. [32] 2017 AHP–VIKOR
6 Jauhar and Pant [8] 2017 DEA‑DE
7 Song et al. [9] 2017 Pairwise comparison—DEMATEL
8 Banaeian et al. [33] 2018 Fuzzy TOPSIS, VIKOR, and GRA
9 Erdogan et al. [34] 2018 Fuzzy AHP and VIKOR
10 Cheraghalipour and Farsad [35] 2018 BWM–MILP
11 Kannan [15] 2018 CSF theory
12 Awasthi et al. [36] 2018 Fuzzy AHP–VIKOR‑based approach
13 Gören [10] 2018 DEMATEL–Taguchi loss functions
14 Ghadimi et al. [11] 2018 Fuzzy inference system
15 Amindoust [12] 2018 Fuzzy inference system–assurance region DEA
16 Khan et al. [13] 2018 Shannon entropy–fuzzy inference system
17 Mondragon et al. [37] 2019 AHP and fuzzy AHP
18 Wu et al. [38] 2019 Interval type‑2 fuzzy BWM and VIKOR method
19 Gupta et al. [39] 2019 Fuzzy AHP, MABAC, WASPAS, and TOPSIS
20 Liang and Chong [40] 2019 Hesitant fuzzy QUALIFLEX approach
21 Mishra et al. [41] 2019 Hesitant fuzzy WASPAS
22 Ulutag et al. [42] 2019 Fuzzy extension of range of value and a new MADM model
23 Yucesan et al. [43] 2019 BWM and interval type‑2 fuzzy TOPSIS
24 Liou et al. [44] 2019 DEMATEL, DANP, and MOORA‑AS
25 Demircan Keskin et al. [45] 2019 AHP and TOPSIS
26 Nascimento et al. [16] 2019 Qualitative research
27 Liu and De Giovanni [17] 2019 Supply chain model
28 Sachdeva et al. [46] 2019 Shannon’s entropy and intuitionistic fuzzy TOPSIS
29 Rashidi and Cullinane [47] 2019 TOPSIS‑DEA
30 Liu et al. [48] 2019 BWM and alternative queuing method
31 Yadavalli et al. [49] 2019 TOPSIS‑optimization
32 Yu et al. [50] 2019 TOPSIS
33 Xu et al. [51] 2019 AHPSort II
34 Abdel‑Baset et al. [52] 2019 ANP‑VIKOR
35 Memari et al. [53] 2019 TOPSIS
36 Li et al. [54] 2019 TOPSIS
37 Diba and Xie [18] 2019 Gray relational analysis
38 Rouyendegh et al. [55] 2020 Intuitionistic Fuzzy TOPSIS

39 Hasan et al. [56] 2020 Decision‑support system, TOPSIS, and Multi‑Choice Goal
Programming

40 Chen et al. [57] 2020 DEMATEL‑TOPSIS
41 Jia et al. [19] 2020 Optimization methods
42 Jain and Singh [14] 2020 Fuzzy Kano philosophy–fuzzy interference system
43 Tirkolaee et al. [58] 2020 ANP–DEMATEL–TOPSIS
44 Hendiani et al. [59] 2020 Fuzzy BWM
45 Ahmet [6] 2020 Fuzzy AHP and fuzzy TOPSIS
46 Stević et al. [27] 2020 MARCOS
47 Mahmoudi et al. [7] 2021 Gray OPA
48 Kuo et al. [21] 2021 Kano model–fuzzy AHP–decision matrix
49 Hoseini et al. [20] 2021 BWM–inference system
50 Ecer et al. [22] 2022 MARCOS‑EDAS‑MAIRCA

From the review, the OPA technique considerably decreases decision‑making time
and processing costs by avoiding the usage of pairwise comparison matrices, decision‑
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making matrices, and normalization procedures that are typical in many existing tradi‑
tional MCDM systems. However, OPA cannot account for uncertainties, which are a key
issue for decision makers in this study, which is connected to determining the optimal
choices. To address these shortcomings, fuzzy MARCOS for sustainable supplier selection
with technology 4.0 evaluation is proposed. Fuzzy MARCOS revitalizes the MCDM do‑
main by utilizing an algorithm to investigate the links between options and reference points.

From the literature reviewed, the following points are recognized: (1) the optimal
decision‑making system is a hybrid method that can satisfy both qualitative and quan‑
titative aspects; (2) MCDM has proved to be a suitable tool to support decision makers
in sustainable supplier selection; (3) MCDM has evolved with more innovative methods.
Nonetheless, work that can cover all of the above points has not been conducted suffi‑
ciently. Hence, this paper aims to make the following contributions:
• An exploration of a hybrid method between OPA and fuzzy MARCOS with a case

study of sustainable supplier selection in the Vietnamese garment industry. The weights
of criteria focused on technology elements, three experts, and five alternatives were
calculated by OPA before the candidates were ranked by fuzzy MARCOS for the
final decision.

• A new decision‑support system based on advanced MCDM is proposed not only for
sustainable supplier selection but also for multi‑purpose assessment.

• A set of criteria, including I4.0 and sustainable factors, was built for further evaluation
of supplier performance.

3. Methodology
3.1. Ordinal Priority Approach (OPA)

The ordinal priority approach (OPA) is a unique breakthrough in multi‑criteria deci‑
sion making (MCDM). It offers numerous advantages over other MCDM approaches, such
as not requiring a pairwise comparison, a normalization procedure, averaging methods for
integrating expert assessments, and data completeness [7]. The OPA technique is based on
the linear programming model, and the sets, indexes, and decision variables are as follows.
The parameters of the OPA model should be supplied by experts.

The OPA calculations for criteria weighting consist of (1) identifying and ranking ex‑
perts based on their years of experience or academic degrees, (2) determining and ranking
the criteria based on experts’ opinions, and (3) solving the OPA model below to determine
the weights of criteria [23].

Sets
I Set of experts ∀i ∈ I
J Set of criteria ∀j ∈ J
Indexes
i Index of the experts (1, . . . , p)
j Index of preference of the criteria (1, . . . , n)
Decision variables
Z Objective function

Wij
r Weight (importance) of jth criteria by ith

expert at rth rank

The linear mathematical model is presented as follows.

Maximize Z
Such that

Z ≤ i
(

j
(
Wij

r − Wij
r+1)) ∀i, j, r

Z ≤ ijWij
j ∀i, j

p
∑

i=1

n
∑

j=1
Wij = 1

Wij ≥ 0 ∀i, j

(1)
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where Z is unrestricted in sign.
After solving Model (1), in order to calculate the weights of criteria, Equation (2)

should be utilized.

Wj =
p

∑
i=1

Wij ∀j (2)

The weights of criteria calculated by the OPA model will be used to rank alternatives
with fuzzy MARCOS in the next phase.

3.2. Fuzzy MARCOS
The fuzzy triangular numbers (TFNs) can be described as (l, m, u), indicating the least

likely (l), most promising (m), and largest conceivable (u) values of TFNs. TFNs can be
defined as in Equations (3) and (4) below [60].

(
a
M̃

)
=


0 i f a < m,

a−l
m−l i f l ≤ a ≤ m,
u−a
u−m i f m ≤ a ≤ u,

0 i f a > u,

(3)

M̃ =
(

Mo(y), Mi(y)
)
= [l + (m − l)y, u + (m − u)y], y ∈ [0, 1] (4)

where o(y) and i(y) denote the left and right sides, respectively, of a fuzzy number.
The following Equations (5)–(9) illustrate fundamental computations involving two

positive TFNs [61], M̃1 = (l1, m1, u1) and M̃2 = (l2, m2, u2).
Addition:

M̃1 ⊕ M̃2 = (l1, m1, u1) + (l2, m2, u2) = (l1 + l2, m1 + m2, u1 + u2) (5)

Subtraction:

M̃1 ⊖ M̃2 = (l1, m1, u1)− (l2, m2, u2) = (l1 − u2, m1 − m2, u1 − l2) (6)

Multiplication:

M̃1 ⊗ M̃2 = (l1, m1, u1)× (l2, m2, u2) = (l1 × l2, m1 × m2, u1 × u2) (7)

Division:
M̃1

M̃2
=

(l1, m1, u1)

(l2, m2, u2)
=

(
l1
u2

,
m1

m2
,

u1

l2

)
(8)

Reciprocal:

M̃1
−1 = (l1, m1, u1)

−1 =

(
1
u1

,
1

m1
,

1
l1

)
(9)

Fuzzy measurement of alternatives and ranking according to compromise solution
(fuzzy MARCOS) is suitable for solving MCDM problems with more criteria and alterna‑
tives under uncertainty. This method has three starting points, namely, reference points,
the relationship between alternatives, and the utility degree of alternatives, which help de‑
cision makers improve the robustness of MCDM in a fuzzy environment [27]. The process
of fuzzy MARCOS is as follows [24].

Step 1: Define an initial fuzzy decision‑making matrix including a set of n criteria
(i.e., criteria) and m alternatives.
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Step 2: Define an extended initial fuzzy decision‑making matrix by introducing the
fuzzy ideal Ã(ID) and anti‑ideal Ã(AI) solutions.

X̃ =

Ã(AI)
Ã1
Ã2
· · ·
Ãm

Ã(ID)

C̃1 C̃2 · · · C̃n︷ ︸︸ ︷

x̃ai1 x̃ai2 · · · x̃ain
x̃11 x̃12 · · · x̃1n
x̃21 x̃22 · · · x̃2n
· · · · · · · · · · · ·
x̃m1 x̃m2 · · · x̃mn
x̃id1 x̃id2 · · · x̃idn

 (10)

The fuzzy Ã(ID) is an alternative with the best performance, while the fuzzy Ã(AI)
is the worst alternative. Depending on the type of criteria, Ã(ID) and Ã(AI) are defined
by applying Equations (11) and (12):

Ã(ID) = max
i

x̃ij i f j ∈ B and min
i

x̃ij i f j ∈ C (11)

Ã(AI) = min
i

x̃ij i f j ∈ B and max
i

x̃ij i f j ∈ C (12)

where B and C are the sets of benefit and cost criteria, respectively.
Step 3: Determine the normalization of the extended initial fuzzy decision‑making

matrix, which is Ñ =
[
ñij
]

m×n, using Equations (13) and (14):

ñij =
(

nl
ij, nm

ij , nu
ij

)
=

(
xl

ij

xu
id

,
xm

ij

xu
id

,
xu

ij

xu
id

)
, j ∈ B (13)

ñij =
(

nl
ij, nm

ij , nu
ij

)
=

(
xl

id
xu

ij
,

xl
id

xm
ij

,
xl

id

xl
ij

)
, j ∈ C (14)

where elements xl
ij, xm

ij , xu
ij and xl

id, xm
id, xu

id represent the elements of matrix X̃.
Step 4: Determine the weighted fuzzy matrix Ṽ =

[
ṽij
]

m×n, which is calculated by
multiplying matrix Ñ with the fuzzy weight coefficients of criterion w̃j as follows.

ṽij =
(

vl
ij, vm

ij , vu
ij

)
= ñij ⊗ w̃j =

(
nl

ij × wl
j, nm

ij × wm
j , nu

ij × wu
j

)
(15)

where w̃j =
(

wl
j, wm

j , wu
j

)
represents the elements of the fuzzy weights of the criteria.

Step 5: Calculate fuzzy matrix S̃i using Equation (16) below.

S̃i =
n

∑
i=1

ṽij (16)

where S̃i =
(

sl
i , sm

i , su
i

)
is the sum of the elements of weighted fuzzy matrix Ṽ.

Step 6: Calculate the utility degree of alternative K̃i using Equations (17) and (18):

K̃−
i =

S̃i

S̃ai
=

(
sl

i
su

ai
,

sm
i

sm
ai

,
su

i

sl
ai

)
(17)

K̃+
i =

S̃i

S̃id
=

(
sl

i
su

id
,

sm
i

sm
id

,
su

i

sl
id

)
(18)
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Step 7: Calculate fuzzy matrix T̃i using Equation (19):

T̃i = t̃i =
(

tl
i , tm

i , tu
i

)
= K̃−

i ⊕ K̃+
i =

(
k−l

i + k+l
i , k−m

i + k+m
i , k−u

i + k+u
i

)
(19)

Then, a new fuzzy number, D̃, is determined by Equation (20):

D̃ =
(

dl , dm, du
)
= max

i
t̃ij (20)

Following that, it is necessary to defuzzify the number D̃ using the expression
d fcrisp = l+4m+u

6 , obtaining the number d fcrisp.
Step 8: Determine the utility function in relation to the ideal f

(
K̃+

i

)
and anti‑ideal

f
(

K̃−
i

)
solutions using Equations (21) and (22):

f
(

K̃+
i

)
=

K̃−
i

d fcrisp
=

(
k−l

i
d fcrisp

,
k−m

i
d fcrisp

,
k−u

i
d fcrisp

)
(21)

f
(

K̃−
i

)
=

K̃+
i

d fcrisp
=

(
k+l

i
d fcrisp

,
k+m

i
d fcrisp

,
k+u

i
d fcrisp

)
(22)

Finally, calculate the defuzzification of K̃−
i , K̃+

i , f
(

K̃−
i

)
, and f

(
K̃+

i

)
values using the

same defuzzification formula.
Step 9: Determine the utility function of alternatives f (Ki) using Equation (23):

f (Ki) =
K+

i + K−
i

1 +
1− f (K+

i )
f (K+

i )
+

1− f (K−
i )

f (K−
i )

(23)

Step 10: Rank the alternatives based on the final values of the utility degree function.
The alternative with a higher utility function value is more preferred.

A new linguistic scale for evaluating alternatives was established in addition to the
fuzzy MARCOS method, as indicated in Table 3. There are nine linguistic words specified,
each with its own triangular fuzzy number. The process of this research is presented in
Figure 1.

Table 3. Linguistic scale for evaluating potential alternatives [24].

Symbol Definition Scale of Triangular Fuzzy Number

EP Extremely poor (1,1,1)
VP Very poor (1,1,3)
P Poor (1,3,3)

MP Medium poor (3,3,5)
M Medium (3,5,5)

MG Medium good (5,5,7)
G Good (5,7,7)

VG Very good (7,7,9)
EG Extremely good (7,9,9)
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Figure 1. Flowchart of the research.

4. Results Analysis
4.1. A Case Study in Vietnam’s Leather and Footwear Industry

Vietnam’s leather and footwear industry has a high position in the world market, rank‑
ing third in the world in terms of production and second in terms of exports [62]. In 2019,
the leather and footwear industry exported USD 22 billion, accounting for 8.5% of the coun‑
try’s merchandise export turnover, creating jobs for about 1.5 million workers. Footwear
production is one of the industries most challenged by I4.0 due to its high use of labor.
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Connected automation in the Internet of Things, cloud computing, 3D printing, additive
manufacturing technology, big data analysis, and artificial intelligence will gradually re‑
place workers in production lines in factories and throughout the footwear supply chain.
Leather and footwear businesses all realize the need to strongly innovate production tech‑
nology through the application of digitization and automation technology of Industrial
Revolution 4.0. This is the most effective solution to increase labor productivity, reduce
production costs, and avoid being left behind in the context of increasing domestic labor
costs and import prices of raw materials.

In this study, the proposed two‑stage MCDM model was validated with a case study
of company ABC located in Vietnam in choosing the best suppliers that provide leather
and footwear products. It has been decided that five leather and footwear manufacturers
in Vietnam, denoted by {SUP‑01, SUP‑02, SUP‑03, SUP‑04, SUP‑05}, are potential partners.
The profiles of three experts are shown in Table 4. Along with a search of the literature
for determinants, the most important evaluation criteria were validated through relevant
experts’ opinions from the I4.0 perspective. As a result, the selection of determinants in the
evaluation process was limited to three criteria groups and 12 criteria based on the opinions
of the decision makers and the literature review, as shown in Table 5. The hierarchical tree
of the decision‑making process is presented in Figure 2.

Table 4. Details of the three experts.

Expert Education Work Experience Skilled Field

Expert 1 Doctoral Between five to ten years Logistics and Supply Chain Management
Expert 2 Master’s Between five to ten years Logistics and Supply Chain Management
Expert 3 Bachelor’s More than ten years Procurement Planning

Table 5. Criteria explanation.

Criteria Group Criteria Explanation References

Logistics management

C1. Autonomous vehicles and robots An autonomous vehicle is a vehicle that can operate and
perform its tasks without human interaction. [6]

C2. Service level
Service level is an indicator of how well the company can meet

customer requirements, delivery time, service, and
supply capacity.

[6]

C3. Blockchain

A blockchain is a chain of many blocks that comprise data on
transactions, timestamps, hash values of the previous block, and
nonce. A nonce is a random number for verifying the hash so

the integrity of the blockchain can be guaranteed.

[63]

C4. Real‑time manufacturing
analytics system

A system can process and analyze the data and related resources
of manufacturing nearly at the time the system receives them. [64]

C5. Smart containerization
Smart containers are shipping containers that are equipped with

high technology, such as IoT, sensors, GPS tracking, and
solar panels.

[65]

Production and operations
management

C6. 3D printing
A technique of additive manufacturing in which 3D models are
converted to physical objects by joining materials layer upon

layer, as opposed to subtractive manufacturing methodologies.
[6]

C7. Cloud computing
Cloud computing is a service that offers the shared use of

internet servers to store, manage, and process data, regardless of
the number of users and devices.

[6]

C8. Artificial intelligence and
machine learning

Machine learning (ML) refers to programming applications that
are intended to be more precise in interpreting results and then

accumulating the input data and performing related
assessments to foresee a yield with either current or new inputs.

Artificial intelligence (AI) refers to an electronic PC or
PC‑controlled robot that can show the ability to reason, discover
essentialness, summarize, or gain from earlier understanding.

[66]

C9. Internet of Things (IoT) The IoT is the communication of devices via the Internet. [6]

Environmental competency

C10. Green product innovation The product design is aimed at improving environment, energy
consumption, emission, and pollution. [6]

C11. Use of environmentally
friendly technology

The use of technology is meant to reduce human impacts
on nature. [64]

C12. Green image Green image is the rate of green customers to total customers. [6]
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4.2. Criteria Weighting with OPA
The OPA method is used to obtain the weights of criteria. There are three main criteria,

namely, logistics management (five sub‑criteria), production and operations management
(four sub‑criteria), and environmental competency (three sub‑criteria). Experts are graded
to enhance the accuracy of judgments based on their years of experience and academic de‑
grees [7,23]. The weights of criteria from the OPA result are shown in Table 6, and their
impact is visualized in Figure 3. From the result, in terms of criteria impact, green image
(C12) is the most important criterion among the group of criteria (wC12 = 0.156), while ar‑
tificial intelligence and machine learning is the least important among the group of criteria
(wC8 = 0.033). In Figure 3, the results show that the top five impact criteria are “Green im‑
age”, “Green product innovation”, “Cloud computing”, “Service level”, and “Blockchain”;
hence, those criteria need more attention in considering sustainable supplier selection and
evaluation in the context of Industry 4.0 in Vietnam.

Table 6. The weights of criteria from the OPA result.

Criteria Group Criteria OPAWeight OPA Rank

Logistics management

C1. Autonomous vehicles and robots 0.082 6
C2. Service level 0.099 4
C3. Blockchain 0.095 5

C4. Real‑time manufacturing
analytics system 0.060 8

C5. Smart containerization 0.038 11

Production and
operations management

C6. 3D printing 0.058 9
C7. Cloud computing 0.112 3

C8. Artificial intelligence and
machine learning 0.033 12

C9. Internet of things (IoT) 0.040 10

Environmental
competency

C10. Green product innovation 0.146 2
C11. Use of environmentally

friendly technology 0.081 7

C12. Green image 0.156 1
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4.3. Alternative Ranking with Fuzzy MARCOS
The proposed two‑stage MCDM model (OPA and fuzzy MARCOS) was tested with a

case study of a garment company in choosing the best suppliers that provide leather and
footwear products. It has been decided that five leather and footwear manufacturers in
Vietnam, denoted by {SUP‑01, SUP‑02, SUP‑03, SUP‑04, SUP‑05}, are potential suppliers.
Based on the fuzzy MARCOS process, the fuzzy ideal Ã(ID) and anti‑ideal Ã(AI) solu‑
tions according to each criterion are defined. Ã(ID) is the highest value of each criterion,
while the lowest value is Ã(AI). Following that, the linguistic matrix of experts’ judg‑
ments and the integrated matrix for the fuzzy MARCOS method are calculated, as can be
seen in Table 7. Table 8 shows the utility degree and fuzzy matrix of T̃i. Finally, the final
utility function of suppliers is calculated. Using these values, the final ranking of suppli‑
ers is determined. The utility function and final ranking of the suppliers are presented in
Table 9. The results show that the top three suppliers are {SUP‑03, SUP‑01, SUP‑04}, rank‑
ing in the first, second, and third positions with utility function scores of 0.7210, 0.5706,
and 0.4442, respectively. Figure 4 displays the final supplier ranking from the OPA–fuzzy
MARCOS model.

Table 7. The integrated matrix for fuzzy MARCOS.

Supplier C1 C2 C3 C4

l m u l m l m u l m u u

SUP‑01 9.5647 11.9698 14.5606 4.2172 5.0000 9.0246 3.5569 4.2172 5.5934 7.0000 7.6117 9.0000
SUP‑02 7.2112 10.6999 11.9698 6.0822 7.2112 10.6999 3.0000 5.0000 5.0000 4.7177 5.2776 6.8041
SUP‑03 13.3905 17.2164 18.7208 11.9698 15.8329 17.2164 6.2573 8.2768 8.2768 7.0000 8.2768 9.0000
SUP‑04 5.0000 9.0246 10.0957 6.0822 7.2112 10.6999 2.4662 4.2172 4.7177 5.0000 6.2573 7.0000
SUP‑05 4.2172 7.2112 9.0246 6.0822 8.5499 10.6999 2.0801 2.9240 4.2172 4.2172 5.5934 6.2573

Supplier C5 C6 C7 C8

SUP‑01 5.5934 7.0000 7.6117 5.0000 5.5934 7.0000 5.0000 7.0000 7.0000 5.0000 7.0000 7.0000
SUP‑02 5.0000 7.0000 7.0000 4.2172 5.0000 6.2573 3.5569 4.7177 5.5934 4.2172 5.5934 6.2573
SUP‑03 7.0000 8.2768 9.0000 6.2573 7.6117 8.2768 7.0000 7.6117 9.0000 3.5569 5.0000 5.5934
SUP‑04 5.5934 6.2573 7.6117 3.5569 4.2172 5.5934 4.7177 6.2573 6.8041 3.0000 5.0000 5.0000
SUP‑05 4.2172 6.2573 6.2573 3.5569 4.2172 5.5934 4.7177 6.2573 6.8041 3.5569 4.7177 5.5934

Supplier C9 C10 C11 C12

SUP‑01 6.2573 7.0000 8.2768 1.4422 2.0801 3.5569 5.0000 5.0000 7.0000 3.5569 4.2172 5.5934
SUP‑02 5.0000 5.5934 7.0000 2.0801 2.4662 4.2172 3.5569 5.0000 5.5934 2.0801 2.4662 4.2172
SUP‑03 3.9791 4.7177 6.0822 1.4422 2.0801 2.4662 2.4662 3.5569 4.7177 2.0801 3.5569 4.2172
SUP‑04 3.5569 4.7177 5.5934 2.0801 3.0000 4.2172 2.4662 3.5569 4.7177 2.0801 3.5569 4.2172
SUP‑05 3.5569 4.2172 5.5934 2.0801 3.0000 4.2172 2.4662 4.2172 4.7177 3.0000 3.5569 5.0000
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Table 8. Utility degree and fuzzy matrix of T̃i.

Suppliers Fuzzy S̃i Fuzzy K̃−
i Fuzzy K̃+

i Fuzzy T̃i

l m u l m u l m u l m u

Ã(AI) 0.5742 0.5742 0.5742

SUP‑01 0.6335 0.7709 1.0053 1.1033 1.3425 1.7507 0.6335 0.7709 1.0053 1.7369 2.1134 2.7559
SUP‑02 0.5274 0.6762 0.9028 0.9184 1.1776 1.5722 0.5274 0.6762 0.9028 1.4458 1.8538 2.4750
SUP‑03 0.6743 0.8877 1.0068 1.1743 1.5460 1.7533 0.6743 0.8877 1.0068 1.8485 2.4338 2.7601
SUP‑04 0.4960 0.7123 0.8794 0.8637 1.2405 1.5315 0.4960 0.7123 0.8794 1.3597 1.9528 2.4108
SUP‑05 0.5100 0.6963 0.8864 0.8882 1.2127 1.5437 0.5100 0.6963 0.8864 1.3982 1.9090 2.4300

Ã(ID) 1.0000 1.0000 1.0000 d fcrisp =2.3906

Table 9. Utility functions and final ranking of suppliers.

Suppliers Fuzzy f(K̃−
i ) Fuzzy f(K̃+

i ) K−
i K+

i f(K−
i ) f(K+

i ) f(Ki) Rank

l m u l m u

SUP‑01 0.2650 0.3225 0.4205 0.4615 0.5616 0.7323 1.3707 0.7871 0.3292 0.5734 0.5706 2
SUP‑02 0.2206 0.2828 0.3776 0.3842 0.4926 0.6577 1.2002 0.6891 0.2883 0.5020 0.4235 5
SUP‑03 0.2821 0.3713 0.4211 0.4912 0.6467 0.7334 1.5186 0.8720 0.3648 0.6352 0.7210 1
SUP‑04 0.2075 0.2980 0.3678 0.3613 0.5189 0.6406 1.2262 0.7041 0.2945 0.5129 0.4442 3
SUP‑05 0.2133 0.2913 0.3708 0.3715 0.5073 0.6457 1.2138 0.6969 0.2915 0.5077 0.4343 4
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5. Results Validation
5.1. Sensitivity Analysis of Criteria Weights

InMCDM, sensitivity analysis can successfully aid inmaking sound judgments [67–69]. In
this work, we applied a sensitivity analysis of all criteria to explore the influence of criteria
on the decision‑making result for the suppliers, namely, {SUP‑01, SUP‑02, SUP‑03, SUP‑
04, SUP‑05}, which can prove the practicality and robustness of the proposed OPA–fuzzy
MARCOS model.

To that end, the elimination of criteria one by one and their influence on the final
supplier rating was carried out [70]. As a result, the sensitivity analysis of criteria weight
included 12 scenarios. Table 10 shows the weights of criteria in all scenarios. Table 11
displays the potential values of options in all scenarios, and Figure 5 depicts their ranking.
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While the prospect values of the alternatives fluctuate, the final supplier’s rating remains
steady, with {SUP‑03} being the ideal supplier across all scenarios. The sensitivity phase
findings indicate that, in this case study, the supplier’s ranking is consistent regardless of
the criteria weight change. As a result, the suggested OPA–fuzzy MARCOS model has a
high level of reliability and applicability.

Table 10. The weights of criteria for all scenarios.
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C1 0.0818 0 0.0908 0.0904 0.0871 0.0850 0.0869 0.0922 0.0846 0.0852 0.0958 0.0891 0.0969
C2 0.0990 0.1078 0 0.1093 0.1053 0.1029 0.1051 0.1115 0.1024 0.1031 0.1159 0.1078 0.1173
C3 0.0946 0.1030 0.1049 0 0.1006 0.0983 0.1004 0.1065 0.0978 0.0985 0.1107 0.1029 0.1120
C4 0.0602 0.0656 0.0668 0.0665 0 0.0626 0.0640 0.0678 0.0623 0.0627 0.0705 0.0656 0.0713
C5 0.0379 0.0412 0.0420 0.0418 0.0403 0 0.0402 0.0427 0.0392 0.0394 0.0444 0.0412 0.0449
C6 0.0584 0.0636 0.0648 0.0645 0.0622 0.0607 0 0.0658 0.0604 0.0608 0.0684 0.0636 0.0692
C7 0.1123 0.1223 0.1247 0.1241 0.1195 0.1168 0.1193 0 0.1161 0.1170 0.1315 0.1223 0.1330
C8 0.0328 0.0358 0.0365 0.0363 0.0350 0.0341 0.0349 0.0370 0 0.0342 0.0385 0.0358 0.0389
C9 0.0398 0.0433 0.0442 0.0440 0.0423 0.0414 0.0423 0.0448 0.0412 0 0.0466 0.0433 0.0471
C10 0.1460 0.1591 0.1621 0.1613 0.1554 0.1518 0.1551 0.1645 0.1510 0.1521 0 0.1590 0.1730
C11 0.0814 0.0887 0.0904 0.0899 0.0867 0.0846 0.0865 0.0917 0.0842 0.0848 0.0954 0 0.0964
C12 0.1557 0.1695 0.1728 0.1719 0.1656 0.1618 0.1653 0.1753 0.1609 0.1621 0.1823 0.1695 0
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SUP‑01 0.5706 0.5863 0.6597 0.6194 0.5618 0.5725 0.5797 0.5703 0.5541 0.5510 0.5642 0.5334 0.5061
SUP‑02 0.4235 0.4360 0.4582 0.4415 0.4317 0.4206 0.4294 0.4496 0.4142 0.4130 0.3665 0.3928 0.4369
SUP‑03 0.7210 0.7049 0.7004 0.6999 0.7156 0.7181 0.7143 0.7099 0.7253 0.7285 0.7557 0.7406 0.7423
SUP‑04 0.4442 0.4734 0.4825 0.4786 0.4459 0.4441 0.4607 0.4410 0.4413 0.4426 0.3639 0.4414 0.4200
SUP‑05 0.4343 0.4741 0.4612 0.4876 0.4430 0.4368 0.4498 0.4298 0.4311 0.4350 0.3538 0.4214 0.3934
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5.2. Comparative Analysis of MCDMMethods
In addition to the sensitivity analysis of criteria, the applicability and reasonableness

of the employed MCDM method must be validated by comparing it with certain mature
and stable commonly used MCDM methods in relevant research. In this step, six different
combined fuzzy MCDM methods were considered to validate the results obtained by the
proposed OPA–fuzzy MARCOS model; these are the fuzzy multi‑attributive border ap‑
proximation area comparison (fuzzy MABAC) [71], the fuzzy weighted aggregated sum
product assessment (fuzzy WASPAS) [72], the fuzzy complex proportional assessment of
alternatives (fuzzy COPRAS) [73], the fuzzy combined compromise solution (fuzzy Co‑
CoSo) [74], the fuzzy technique for order of preference by similarity to ideal solution (fuzzy
TOPSIS) [75], and fuzzy simple additive weighting (fuzzy SAW) [76].

During the comparative analysis of MCDM approaches, the same weights of criteria
were employed, and the results are provided in Table 12. Figure 6 depicts a comparison
of OPA–fuzzy MARCOS with different MCDM approaches. The findings of the various
MCDM approaches demonstrate that there is no significant difference in the ranking of the
ideal provider. {SUP‑03} was consistently regarded as the best supplier. All of the MCDM
approaches used had similar findings, confirming the suggested OPA–fuzzy MARCOS
model’s findings.

Table 12. Results of the comparative analysis of MCDM methods.
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6. Discussions
This study presents a two‑stage MCDM model to choose the best provider of leather

and footwear products in Vietnam in terms of sustainable performance. With a focus on
I4.0 factors, three main criteria, namely, logistics management (five sub‑criteria), produc‑
tion and operations management (four sub‑criteria), and environmental competency (three
sub‑criteria), were introduced to OPA to find the weights of criteria. Then, the ranking of
five candidates in the Vietnamese textile industry was obtained by MARCOS. The results
of OPA revealed that the top five crucial criteria are “Green product innovation”, “Cloud
computing”, “Service level”, “Blockchain”, and particularly “Green image”, the most sig‑
nificant criteria (wC12 = 0.156). Based on the acquired criteria, the top three suppliers,
denoted as {SUP‑03, SUP‑01, SUP‑04}, were found with utility function scores of 0.7210,
0.5706, and 0.4442. The results of the sensitivity analysis of criteria and comparative anal‑
ysis of methods show that the priorities of the experts are reliable and practical.

This paper’s findings confirm the results of Çalık et al. [6] that “Service level” is one of
the most important factors in selecting sustainable suppliers in I4.0. Nevertheless, “Cloud
computing” and “Green image” were not more significant than “IoT” in the study by Çalık
et al. [6], which is in contrast to our outcomes. To achieve global net zero by mid‑century,
as defined in COP26 in Glasgow [77], the green concept is in demand for supplier per‑
formance, and thus, “Green image” and “Green product innovation” have become great
concerns in sustainable supplier selection. The growth of the global trade network and the
impact of COVID‑19 have driven the increased requirement for “Cloud Computing” to
maintain supply chain information collaboration despite the distance of stakeholders [78].
Though sharing information is the core of supply chain information collaboration, the au‑
thenticity of products can be exposed to information leakage. Hence, “Block Chain” has
emerged as a technological breakthrough to secure the competitiveness and cybersecu‑
rity of enterprises [79]. Regarding the Vietnamese industry, technology has been defined
as one of the key drivers of the national strategy for sustainable development until 2030;
thus, around 1.2–1.5% of GDP is promised to be invested by 2025 [80]. “Cloud Comput‑
ing” and “Block Chain” are the focus of information technology applications in Vietnam, as
claimed in [81]. The textile industry, therefore, has adopted key technologies in I4.0, such
as “Cloud Computing” and “Block Chain”, to promote innovation and environmentally
friendly strategies, such as “Green image” and “Green product innovation”, to achieve
sustainability [82,83].

This paper demonstrates the key criteria to evaluate supplier performance in the con‑
text of both sustainability and I4.0. As a result, this set of criteria can guide suppliers and
partners to focus on what value they should obtain to meet customer demands and gain
competence. In addition to the contribution of this research, by combining OPA and fuzzy
MARCOS, a new approach to assessing sustainable suppliers for adapting to I4.0 was developed.

7. Conclusions
This paper presents a new model of decision making to support decision makers in

the selection of sustainable suppliers by applying a hybrid method of OPA and fuzzy MAR‑
COS, two variants of MCDM. The weights of criteria were calculated by OPA before rank‑
ing the suppliers by fuzzy MARCOS. Technological factors regarding sustainable perfor‑
mance were taken into account to build the criteria. A case study of five suppliers in Viet‑
nam’s leather and footwear industry was illustrated to prove the feasibility of the model.
The results show that “green image”, “green product innovation”, “cloud computing”,
“service level”, and “blockchain” are the topmost significant criteria in evaluating sustain‑
able practices in the supply chain from the I4.0 perspective. This work introduces not only
a new tool for decision making but also the discovery of a combination of OPA and fuzzy
MARCOS. In addition to its contribution, this study can be a reference for research on sus‑
tainable supplier selection with attention to I4.0 elements. The scope of research, on the
other hand, was the limitation of this study in terms of alternatives, number of factors, and
geography. For research in the future, it is suggested that the area of investigation be ex‑
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panded to the global scale. In addition, more technological concepts should be included
to obtain a wider range of criteria.
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