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Abstract: The COVID-19 pandemic has led to major disruptions in workflows across all industries.
All sectors are trying to sustain operations during this extremely difficult time and the healthcare
sector is the most important of them. It is unthinkable to stop the operations of the health system
because it serves human life. Health institutions must supply the products such as masks, gloves,
and ventilators subject to service on time for certain activities to continue indefinitely under all
conditions. By adopting modern logistics activities and technologies, healthcare organizations can
provide sustainable diagnosis and treatments to patients by automating their various operations. With
the COVID-19 pandemic, how to select an appropriate sustainable supplier has become an important
task in the era of Logistics 4.0. From this viewpoint, a sustainable supplier selection framework is
implemented for a health institution under the effect of the pandemic. To determine the direct effects
of the pandemic in the health sector, fuzzy Multi-Criteria Decision-Making (MCDM) methods are
utilized in the application. After a thorough review of the literature and interviews with experts, the
criteria are organized in a comprehensive hierarchical structure. The fuzzy Best-Worst Method (F-
BWM) technique is employed to find the weights for the determined criteria. Consequently, the fuzzy
Additive Ratio Assessment Method (F-ARAS) method was applied to rank the alternative suppliers.
In addition, with a comprehensive sensitivity analysis, alternative situations are examined against
possible breaks in the supply chain. Thus, from the perspective of Logistics 4.0 and sustainability,
this study contributes to the literature with an analysis of the health system’s survival in difficult and
fragile periods, such as COVID-19. Investigating the importance of SSS can be a road map for the
policymakers and the decision-makers is beneficial since the impact of COVID-19 on SSS is studied
from the perspective of Logistics 4.0.

Keywords: fuzzy MCDM,; healthcare system; logistics 4.0; sustainable supplier selection

1. Introduction

The COVID-19 pandemic has altered the world order to a considerable extent since it
started at the beginning of 2020, and new orders have been formed in many areas all over
the world. After the pandemic was declared, each country took different steps to protect its
own people, such as closing borders, social distancing, curfew, and stopping production.
Undoubtedly, the most devastating effect of this pandemic has been the recorded fatalities.
But on the other hand, global crises have emerged in line with the measures taken and have
begun to have a devastating effect [1]. The most devastating effects were on the supply
chain order due to the length of the quarantine period and the closure of borders. Never
before has the supply chain been under such stress, and product flow has been impossible
to achieve due to multiple constraints [2]. Many companies were unable to manufacture
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during this period owing to a scarcity of raw materials or intermediate products, resulting
in a wide range of unmet product and service demands.

As a result, the disruption in the supply chain and global trade system has also affected
various sectors. The most critical area in this scenario, however, is the healthcare sector.
Because during the pandemic, a disruption in the supply chain for healthcare goods or
medical products produced not just health problems, but also a public outrage. Several
health institutions have confronted shortages in the procurement of medical supplies, such
as personal protective equipment, ventilators, or drugs. However, the need for a long-term
supply chain in the field of public health has to be highlighted once more, particularly at
this time. Because hospitals and healthcare providers have had difficulty finding medical
equipment and obtaining medications [3-6]. For example, personal protective equipment
shortages have been observed in US healthcare systems, jeopardizing their capacity to keep
healthcare workers safe. Additionally, China produces more than 70% of the respiratory
protection products utilized in the United States. Orders could not be completed since
manufacturing in China was substantially decreased due to COVID-19. Needed supplies
for other healthcare systems, on the other hand, took 3 to 6 months to arrive [7,8]. Hence,
health institutions have found new adaptations to improve their operations and supply
chain system.

With the COVID-19 pandemic, the importance of supply chain sustainability in aiding
satisfactory lifestyles during periods of crisis has become clearer to the world. This sus-
tainability is also important for companies to continue making profits even during crisis
times with minimal disruptions in target revenues, as in normal times. Additionally, envi-
ronmental sustainability is also another important part of the discussion. During this time,
companies that achieve a sustainable supply chain have seen short-term environmental
sustainability improvements [9]. The sustainability of the supply chain may be ensured by
every actor’s sustainability. Consequently, companies wishing to manage long-term supply
chain operations must ensure that all chain links are sustainable. Sustainable Supplier
Selection (SSS) is the most important issue in a sustainable supply chain since it is via
supplier selection that companies ensure their chains are sustainable [10-12]. SSS is a
viable topic to tackle since it entails analyzing and selecting suppliers in unpredictable
and complex situations based on particular criteria [13,14]. Criteria and decision-making
procedures are part of this process.

Notably, some disruptions, such as COVID-19 and global trade wars, have forced
healthcare institutions to develop new strategies. While great attention has been paid to
SSS by researchers and practitioners, the impact of advanced technologies and supply chain
performance enhancers such as Logistics 4.0 has rarely been investigated [15,16]. However,
smart technologies such as smart supply chain, big data analytics, cloud systems, and the
Internet of Things (IoT) offer new and enormous opportunities, especially to the problem
of sustainable supplier evaluation [17,18]. From this perspective, it is expected that health
institutions will adapt new technologies into operations and supply chain systems.

In these contexts, the research questions of this study are as follows:

RQ1: Which adjustments have occurred in the health system in terms of SSS as a result of
the COVID-19 process in the era of Logistics 4.0?

RQ2: Have innovative criteria been developed in the selection of SSS as an aspect of the
COVID-19 process?

RQ3: Has the significance of the concept of sustainability in the scope of the SSS diminished
during the COVID-19 process?

RQ4: What impact does the sensitivity analysis have on the supplier selection rankings
that occur throughout the COVID-19 process?

RQ5: What is the impact of BWM, and ARAS approaches have on ranking in the selection
of SSS when there is uncertainty situation, as determined by their fuzzy state or scale?

Within the framework of these five questions, the health system’s SSS evaluation was
conducted using F-BWM and F-ARAS methods. The study investigates the influence of the
COVID-19 procedure on supplier selection. This paper’s reminder is as follows: Section 2
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examines related literature, while Section 3 focuses on the research framework and method-
ologies. Section 4 contains the application, the application’s results, the findings, and the
sensitivity analysis. Moreover, Section 5 continues with conclusions and recommendations
for further research.

2. Materials and Methods

This section contributes the literature on the factors which are performing a remarkable
role for increment the healthcare system survivability of SSS pre and post COVID-19
pandemic by the operating purchaser and supplier relationship.

2.1. Factors for Incrementing Sustainability of Healthcare Supply Chains Pre-Pandemic Period

The survival of the healthcare system in chaotic times is of vital importance for a
sustainable supply chain (SSC). Before the COVID-19 epidemic, certain criteria came to
the fore in the sustainable supplier selection (SSS). It includes economic, environmental,
and social criteria that regulate the relationship between suppliers and purchasers [19].
In the models of SSS studies, economic, social, and environmental criteria are included
in mathematical models [20,21]. To determine the change in healthcare system SSSs after
the pandemic, the pre-pandemic supplier selection criteria should be analyzed within the
scope of Logistics 4.0. In a study in which the AHP method was applied in pre-pandemic
conditions; a healthcare center in Nigeria had determined respectively quality, service,
delivery, and price criteria for supplier selection [22]. In the SSS study applied with the
Marcos method in the medical sector, 3 main and 21 sub-criteria were determined in the
study. According to the results of the application, price and quality came to the fore as
the most important criteria [23]. Application with Fuzzy Inference System (FIS) in the
medical device industry; 3 mains, 9 middle and 24 sub-criteria have been determined in
the production of medical devices. In addition to the main criteria, such as environmental,
social and economic, there are sub-criteria, such as waste control, green image, customer
complaints, and safety procedures [24]. An application has been employed for the supplier
selection of certain medical devices with a group decision-making approach. The supplier
selection problem was applied with 3 main and 16 sub-criteria. In the study, the most
important criteria in SSS for medical devices were determined as accuracy, trust and safety,
response time, precision, and provider reputation [25]. A study was conducted to determine
the most suitable supplier for hospitals. AHP, TOPSIS, ELECTRE, GRA, SAW methods,
which are MCDM (multi-criteria decision-making methods), were applied in the study.
5 main criteria and 15 sub-criteria were designated in a hierarchical structure. Logistics
(0.513) was deduced by the decision-makers as the most important main and serves as the
most important sub-criteria [26]. An application was enforced for the supply of orthopedic
materials in a hospital in Andalusia, Spain. DEMATEL, BWM, EDAS methods were
applied in supplier evaluation. The most important criteria are respectively in the study
as price, quality, technology, stock capacity, degree of flexibility and batch volume [27].
Fuzzy MCDM methods were carried out in the study for the most potential supplier
selection of health organizations. In the study, analysis was fulfilled with F-DELPHI,
F-SWARA and F-COPRAS methods. Institutional trust, transformation and information
technology expertise are the most important criteria in the supplier selection of healthcare
organizations in the study. Company C has been selected as a potential supplier according
to application [28]. In the supplier selection problem for a hospital in Istanbul, Turkey.
Type-2 fuzzy set application from MCDM methods was performed in the study. Conclusion
section demonstrated that the most important criteria in the hospital’s supplier selection
were found price, quality, product suitability, customer support and the effectiveness of
corrective action. According to these criteria, the most suitable supplier was determined as
the 7th supplier company [29]. In another study, an application was performed with the
F-VIKOR method for hospitals to find the best supplier. The application demonstrated that
quality is the most important factor of hospitals” SSS [30].
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2.2. Factors for Incrementing Sustainability of Healthcare Supply Chains Post-Pandemic Period

Supply chains (SC) have become fragile after the COVID-19 outbreak. SC with the
effect of the epidemic; started to be designed within the framework of a more agile, sus-
tainable, and Logistics 4.0 concept [9]. The necessity of surviving SC during the pandemic
period has affected the SSS in the healthcare system [31]. Research on green supplier selec-
tion (GSS) in the healthcare sector during the pandemic period, simultaneously considers
the green and agile indicators in the sustainable supplier problem (SSP). While flexibility,
green, and technology criteria are among the 5 main criteria, there are important factors
such as green satisfaction, environmental performance evaluation, re-use, and after-sales
service costs in the (25) sub-criteria [32]. In another study, pandemic factors in SS in the
COVID-19 pandemic were analyzed with Fuzzy Geometric Mean (FGM), Fuzzy Weighted
Intersection (FWI), F-TOPSIS (Chen, Wang, and Wu 2021). The Study demonstrated criteria
affecting SS in the COVID-19 period, respectively, pandemic containment performance,
pandemic severity, vaccine acquisition speed [33]. Some of the prominent criteria during
the COVID-19 period in the application of health systems for vaccine supply are logistics,
storage conditions, and price [34]. In research on SS in the COVID-19 period, some SS
criteria for the pandemic period come to the fore. These criteria are delivery speed, buyer-
supplier cooperation level, company reputation, and pandemic control performance [35].
Another COVID-19 study mentions a novel decision-making approach using Measuring
attractiveness through a categorical-based evaluation technique (MACBETH) and a new
combinative distance-based assessment method to address the supplier selection problem
during the COVID-19 pandemic. There are 3 main and 16 sub-criteria in the study. The
study demonstrated that training about green practices for stakeholders (5O14), ensur-
ing rights of the stakeholders (SO15), and job creation (SO11) are top three criteria with
highest weight coefficients for sustainable SSP [36]. In the study investigating increasing
the agility of the supply chain after COVID-19, agile practices are included as the most
important factors [37]. In the COVID-19 period, a model application was made for the SSC
of hospitals with neutrosophic numbers. The results are for SSC efficiency and resilience in
the COVID-19 era, demonstrating that fewer vehicles should be used to reduce Logistics
4.0 costs [38]. The existence of smart hospitals during the COVID-19 period facilitates
the SSS. For this purpose, the AHP method was applied to the study. Among the main
criteria, artificial intelligence, service technology innovations are important for SSS [39].
In the study conducted on supply chain resilience (SCR) in the Pakistani health system
during the COVID-19 period, leadership and governance capacity was detected as the most
important resilience criterion [40]. Another study was conducted on the resiliency of the
US health system with MCDM methods during the COVID-19 period. Among the criteria
that increase resiliency; agility, SC network design, speed, flexibility, collaboration, SCR
management have come to the fore in terms of SSS [41].

2.3. Research Gap

Many researchers have examined supply chain affairs, network design, barriers, infor-
mation system, system integration, buyer-supplier relationship [42—46]; supply chain risk [47];
crisis [48]; supply chain orientation [49]; resiliency [50-53]; sustainable SCM [9,16,54]; sup-
ply chain agility [55-58]. Technological advances affect the functioning and structure of
SCs [59]; SCs waste management [60]; green management [61,62]; social issues and social
responsibility [63].

The current literature addresses many issues related to SSS. However, there are very
few studies on SSS in the healthcare industry. This study deals with the SSS of the healthcare
system especially before and after the COVID-19 period. Thus, this study fills this gap and
analyses factors that will provide new insights for the healthcare system to redesign SSS
systems to survive in pre and post-COVID-19 situations. The implementation part of this
study was carried out in a developing country thereby making a unique contribution to
the literature.
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3. Research Framework

Figure 1 illustrates the different steps for implementing the proposed integrated
MCDM framework. The methods used in the implementation of the proposed framework
are explained in the following sections, along with the processing steps. To convert qualita-
tive variables into quantitative variables and apply simple relative comparisons F-ARAS
method is utilized. Additionally, BWM is chosen due to include fewer and easier pairwise
comparisons. Both methods are handled in the fuzzy environment to reflect uncertainties
in human judgment more effectively.

STAGE I: F-BWM Method STAGE II: F-ARAS Method

Assessment of the alternatives
according to sub-criteria

Y

Literature Survey

Y

Construction of the evaluation
committee

Y

Identification of the criteria and
alternatives

Y

Determining the most important
criteria

Creating the decision matrix

Y

Normalize the decision matrix

Y

|
|
|
|
|
|
|
|
|
|
|
|
|
|
>} Obtain weighted decision matrix
|
|
|
|
|
|
|
|
|
|
|
1
|
|

Y Y

Determining the least important Determine values of optimality

criteria function in Eq. (10)
A4 4
Development of the model in Eq. Defuzzify optimality function
(1 values in Eq. (11)
Y. Y

Calculate fuzzy importance
weights

Initial ranking of alternatives

Analysis of the change of the
criteria weights

Y

Comparative analysis of existing
rusults

!

Final ranking

v

Managerial Implications

Figure 1. Proposed integrated MCDM framework.
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3.1. The Calculation Procedure of the F-BWM Method
The steps of F-BWM are delineated as follows:

Step 1: Identify decision criteria for the decision-making problem. The criteria (Cq, Cy, - - - , Cp)
are defined to reach a decision.

Step 2: Determine the best (most important) and the worst (least important) criteria.

Step 3: Execute the fuzzy reference comparisons for the best criterion. As a result, fuzzy
Best-to-Others (BO) vector would be Ap = (ap1,dpy, ..., dpy,), where apj demonstrates the
fuzzy preference of the best criterion over criterion (j =1,2,...,n), and it is clear that
apg = (1,1,1).

Step 4: Execute the fuzzy reference comparisons for the worst criterion. As a result,
fuzzy others-to-Worst (OW) vector would be Aw = (avw, dow, - - - ,Enw)T, where @y
demonstrates the preference of the criterionj (j =1,2,...,n) over the worst criterion and
it is clear that ayyw = (1,1,1).

Step 5: Calculate the optimal fuzzy weights of criteria. Concerning Guo and Zhao [64],
the following nonlinear programming model can be constructed based on the BO and OW
vectors’ obtained elements.

. *

min &

w w w
Iy, m%, ug

w w w
l]. ;M U

— (Igj, mpj, ugj)| < (K%, k¥, k)

wuw

i7"
Ly, miy, uiy,

w
l]-,m

_ (Z]Wr mjw, M]W) < (k*’ k*, k*)

i=12...,n 1)

where & = (15, mé, uf): 16 < mb < uéve&* = (k*, k*, k*); k* < I6.

By solving model (1), the optimal weights (w}, w3, ..., w};) and the optimal consis-
tency index (CI) ¢* can be obtained. Considering a given (CI), the consistency ratio (CR)
can be calculated based on the formula, CR = ¢*/ClI. Finally, fuzzy weights are defuzzified
as given in Equation (2) [64]:

w]L + 4'w§VI + w]u
R(w;) = < )

3.2. The Calculation Procedure of the F-ARAS Method

The F-ARAS method has been introduced in the literature by [65]. Because the method
is based on basic relative comparisons by comparing alternative values to optimal values,
it is quite straightforward to implement. The method’s steps are as follows: [65]

Step 1: The fuzzy decision-making matrix is created as the first step as given in Equation (3).
The rows of the matrix represent m alternatives, while the columns perform n criteria.

X = [5501 5{0713 E5Eml e Xy ]} i=0mj=1n 3)

where Xj; is the fuzzy value performance value of the i alternative in terms of j criterion, Xo;
is the optimal value of j criterion. If the optimal value of j criterion is unknown, then:
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Xoj = maxX;j, if maxx;jis preferable, and
1 1

4)

Xoj = minX;;, if minx;; is preferable
1 1
Step 2: The normalized decision-making matrix is determined as given in Equation (5):

X=[Xo1 ~  Xou: "+ Xl X ), i=0mj=1n 5)

The criteria with maxima as preferred values are normalized as follows (6):
fi i = m (6)
A two-stage method is used to normalize the criteria whose preferred values are minima:
Xij =1/ @)

Step 3: The normalized-weighted matrix is defined as follows (7) in the third stage. The
weight of the criterion is developed with 0 < w; < 1. The sum of the weights is limited as

given in Equation (8):
n
Y =1 ®)

All of the criteria’s normalized-weighted values are determined as follows in Equation (9):

~

Xij=Xjwj ;i=0,m 9

Step 4: The optimality function values are calculated as shown in Equation (10).
S = Z;:1 %j i

where §; is the value of the optimality function of i-th alternative. Furthermore, because
the found values are fuzzy, defuzzification is necessary. The defuzzification is carried out
according to Equation (11).

; (10)

|
=
3

1
Si=3 (Sia + Sip + Sip) (11)
The utility degree of an alternative is calculated using Equation (12).
K; = Si i=0,m; (12)
So

where: S; and Sy are the optimal criterion values. The calculated K; is [0, 1]. As a result, the
values can be sorted in ascending order.

4. Case Study

The identification of main and sub-criteria for the SSS has started through a compre-
hensive literature review of “Sustainable Supplier Selection”, “Healthcare System”, and
“MCDM” keywords through the Scopus, Web of Science, and Google Scholar databases.
Then, an evaluation committee consisting of three decision-makers working in a hospital in
Turkey was formed for criteria detection and evaluation. Extraction process of evaluation
criteria is performed by nominal group technique. It became determined that having at
least 15 years of experience in the field is necessary for the study’s conclusions to be reliable.
Because there are so few experts with this degree in the healthcare sector, three qualified
experts are chosen for the study. Expert 1 has 15 years of experience in the healthcare
industry. Currently, she works in a 600-bed capacity hospital in Istanbul, Turkey. Expert
2 has 24 years of experience in the healthcare industry. Currently, he works in a hospital
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with a capacity of 850 beds in Istanbul, Turkey. Expert 3 has 28 years of experience in
the healthcare industry. Currently, he works in a hospital with a capacity of 1000 beds in
Ankara, Turkey.

Among three experts, one of them is the hospital manager, one is the purchasing
director, and one is a doctor. After that, a meeting was planned to narrow the main and
sub-criteria. At the beginning of the meeting, various criteria were determined and pre-
sented to the evaluation committee, and after the negotiations -with the MDCM assessment
form-, a consensus was reached, and the main criteria were divided into five main dimen-
sions. Table 1 shows the main and sub-criteria identified, with their brief descriptions
and references.

Table 1. Criteria of Healthcare SSS.

S . . Healthcare SSS
Criteria Sub-Criteria Apply Meaning Outcomes Reference
. Finding affordable Reducing costs in
Product Price (Cy1) medical products medical purchases [23,26,27,54]
Determination of the most Optimizing the
Process Costs (C1—3) suitable supplier for procurement process by [22,26]
process costs reducing costs
Obtaining the maximum Reducing costs by
Quantity Discount Rate ~ amount of discount from the purchasing medical [26,66-68]
purchase price of products at the most !
medical products affordable price
Agility & On-time Int;gfe?ealifigrlrlneiﬁ;ry, Providing perfect and
Lty P e complete health services [23,69-72]
delivery (C1_4) essential, as human life is
to people
at stake.
C Supplier’s response to Ensuring the continuity
Economic Resiliency (Cq_5) unexpected conditions of supply processes by [19,20,41,73-75]
reducing fragility
Reliability (C;_¢) The trust rgla’uonshlp between Smooth and optimal [23,26,28,76]
purchasing and supplier supply process
Providing the best
Technology Capability Having the most up-to-date treatment services [22,23,70]
medical equipment against all kinds of o
medical diseases
- Continuation of the
. Communication of the .
After-Sale Services . . service flows of the
supplier with the company e [30,32,77]
health institution
after the sale process . . .
without interruption
Obtainine financial Health institution does
Payment Terms (Cy_9) ng not have problems in [30,78,79]
convenience in payments . .
paying financially
. Obtaining the maximum
Quality (C1-19) Standards of the supphed benefit throughout the [22,23,26]
product and service .
product life
How it is perceived in the HTJ:};?Z?EZSZI; S;es
Reputation (Cp—_1) work env1r21;1rrll1§tr;t. Trustable collaborating with the [33,80,81]
G ) wrong supplier
Social
Information disclosure Supplier sharing critical Ease of use and
information about process prevention of [23,82]

and products

technical failures
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Table 1. Cont.

Criteria

Sub-Criteria

Apply Meaning

Healthcare SSS
Outcomes

Reference

G
Social

Training After
Purchasing (C;_3)

Training of medical staff on the
products supplied according to
their specialization

Professionalization of
medical workers by
gaining basic knowledge
of products

[19,83]

Work safety (Cy_4)

The company’s procurement
processes create the necessary
occupational health conditions

The absence of work
disruptions due to work
accidents and the
unaffected supply
processes

Cs
Environmental
Sensitivity

Green Product (C3_1)

Producing the medical
products to be supplied with
green processes

Environmental
awareness of
medical products

[19,23,36]

Pollution Control
(C3-2)

Products do not harm the
environment after use

Minimal pollution of
the environment

[32,85]

Recyclability (C3_3)

Re-production of
medical products

Reduction in production
costs and being sensitive
to the environment

[23,36]

Cy
Health measures

Health Measures
(Cs—1)

Production and supply chain
measures against
epidemics etc.

Timely execution of
production and
supply activities

EO (expert
opinion)

Covid-19 Innovations

(Cs2)

Innovations applied to prevent
disruption of the supply
process during the epidemic

Contactless logistics
and manufacturing

[86,87]

Untouched Packaging
(Cs-3)

Packaging of products under
hygienic conditions before
sending them to the supplier

Epidemic disease etc.
prevention of the spread
of the disease

EO (expert
opinion)

Cs
Logistics 4.0

Transporting quality
(Cs-1)

Safest transportation of
medical products

In order to prevent
damage to medical
products caused
by transportation

[30,88]

Velocity & Logistics
speed (Cs_2)

Rapid transportation of
products such as vaccines,
masks, especially in cases of
epidemics, etc.

Preventing the spread of
the disease by providing
faster and optimal
service by medical
centers, especially in
cases of epidemics.

[41,89]

Adaptation of complex
situations (Cs_3)

Emergency preparedness of
logistics systems

Ensuring the continuity
of supply chains

EO (expert
opinion)

The study has been evaluated according to these alternatives according to expert
evaluations; there are seven other suppliers who can supply these massive demands.

4.1. Results of F-BWM

After the main and sub-criteria are determined, F-BWM is used to determine the
importance levels of the criteria. Using the opinions of the experts, the best and worst
criteria were determined, and the importance levels of the relevant criteria were calculated.
First of all, the best and worst main criteria opinions were obtained by three experts. After
determining the best and worst criteria, the experts were asked to indicate their BO and
OW preferences using the linguistic scale shown in Table 2. Table 3 shows the results from
all experts. Then, the evaluations shown in Table 2 are converted into triangular fuzzy
numbers. Later, the F-BWM model specified in Equation (1) is created with these numbers.
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Equation (1) is solved with the Sparse Nonlinear Optimizer (SNOPT) solver in the General
Algebraic Modelling System (GAMS) software. The fuzzy weights of the criteria are
calculated and are presented in Table 4. Finally, the fuzzy weights are defuzzified, and the
crisp weights are presented in Table 4.

Table 2. Fuzzy linguistic scale [64].

Linguistic Terms Membership Function Consistency Index (CI)

Equally importance (EI) (1,11 3.00
Weakly important (WI) (2/3,1,3/2) 3.80
Fairly Important (FI) (3/2,2,5/2) 5.29
Very important (VI) (5/2,3,7/2) 6.69
Absolutely important (AT) (7/2,4,9/2) 8.04

Table 3. F Linguistic assessments of decision-makers.

Best Criterion Worst Criterion Economic Social Env1r(?r}n}enta1 Health Logistics
Sensitivity Measures 4.0
Expl Economic EI VI VI FI WI
Expl Environmental N Wi EI Vi VI
Sensitivity
Exp2 Health measures WI Al FI EI FI
Exp2 Social VI EI WI Al FI
Exp3 Health measures WI Al FI EI VI
Exp3 Social WI EI VI Al FI
Table 4. Fuzzy and crisp weights of criteria.
Expert 1 Expert 2 Expert 3 Fuzzy Weights Crisp Weights
G (0.2671,0.2928, 0.3340) ~ (0.2671, 0.3501, 0.3501)  (0.1408, 0.1801, 0.1992)  (0.2250, 0.2743, 0.2944) 0.2695
Cy (0.1069, 0.1195, 0.1331) ~ (0.0707, 0.0812, 0.0873)  (0.0870, 0.1005, 0.1005)  (0.0882, 0.1004, 0.1070) 0.0995
Cs (0.0825, 0.0825, 0.0876)  (0.0977,0.1176, 0.1374) ~ (0.1718, 0.2664, 0.3351)  (0.1173, 0.1555, 0.1867) 0.1543
Cy (0.1707, 0.2020, 0.2585)  (0.2678, 0.2881, 0.2881)  (0.2911, 0.3226, 0.3227)  (0.2432, 0.2709, 0.2898) 0.2694
Cs (0.2671, 0.2928, 0.3339)  (0.1398, 0.1843, 0.2086)  (0.1191, 0.1460, 0.1701)  (0.1753, 0.2077, 0.2375) 0.2073
CR 0.0685 0.0559 0.0984
Similar procedures are implemented for the sub-criteria, and the relative weight of
each sub-criterion is obtained. The global weights of each sub-criteria are obtained by
multiplying the relative weights of the relevant main criteria. Table 5 shows the relative
and global weights of the main and sub-criteria.
Table 5. The priority weights of the SSS criteria.
Criteria Fuzzy Weights Sub-Criteria Local Fuzzy Weights Global Fuzzy Weights
E1 (0.1287, 0.1475, 0.1677) (0.0290, 0.0405, 0.0494)
E2 (0.0866, 0.1061, 0.1133) (0.0195, 0.0291, 0.0334)
E3 (0.1038, 0.1202, 0.1284) (0.0234, 0.0330, 0.0378)
E4 (0.0888, 0.1010, 0.1104) (0.0200, 0.0277, 0.0325)
C (0.2250, 0.2743, 0.2944) E5 (0.0665, 0.0841, 0.0995) (0.0150, 0.0231, 0.0293)
! E6 (0.0661, 0.0843, 0.0964) (0.0149, 0.0231, 0.0284)
E7 (0.0592, 0.0729, 0.0940) (0.0133, 0.0200, 0.0277)
E8 (0.0810, 0.0902, 0.0974) (0.0182, 0.0248, 0.0287)
E9 (0.0640, 0.0738, 0.0853) (0.0144, 0.0203, 0.0251)
E10 (0.1101, 0.1247, 0.1335) (0.0248, 0.0342, 0.0393)
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Table 5. Cont.
Criteria Fuzzy Weights Sub-Criteria Local Fuzzy Weights Global Fuzzy Weights
S1 (0.3386, 0.3700, 0.3789) (0.0299, 0.0372, 0.0405)
C (0.0882, 0.1004, 0.1070) 52 (0.1915, 0.2297, 0.2585) (0.0169, 0.0231, 0.0277)
2 S3 (0.1367, 0.1646, 0.1825) (0.0121, 0.0165, 0.0195)
S4 (0.2223, 0.2426, 0.2635) (0.0196, 0.0244, 0.0282)
Envl (0.3330, 0.3776, 0.3966) (0.0391, 0.0587, 0.0740)
Cs (0.1173, 0.1555, 0.1867) Env2 (0.3418, 0.3919, 0.4107) (0.0401, 0.0609, 0.0767)
Env3 (0.1899, 0.2447, 0.2713) (0.0223, 0.0381, 0.0507)
H1 (0.3560, 0.3917, 0.4161) (0.0866, 0.1061, 0.1206)
Cy (0.2432, 0.2709, 0.2898) H2 (0.3810, 0.4201, 0.4476) (0.0927, 0.1138, 0.1297)
H3 (0.1669, 0.1922, 0.2164) (0.0406, 0.0521, 0.0627)
L1 (0.2681, 0.3639, 0.4638) (0.0470, 0.0756, 0.1102)
Cs (0.1753, 0.2077, 0.2375) L2 (0.3295, 0.3986, 0.4409) (0.0578, 0.0828, 0.1047)
L3 (0.1981, 0.2469, 0.2625) (0.0347, 0.0513, 0.0624)
4.2. Results of F-FARAS
Among the alternatives, the key sustainable supplier is selected using the F-ARAS
method. The assessment matrix of the alternatives is created using the linguistic rating
scale given in Table 6. Then, the evaluations of the experts are obtained as seen in Table 7.
After that, the evaluations are collected, and the decision matrix was formed, as shown
in Table 8. Finally, the steps of F-ARAS given in Section 3.2 are followed and rankings of
suppliers are calculated as shown in Table 9.
Table 6. Linguistic scale and fuzzy numbers.
Linguistic Term Fuzzy Numbers
Very Poor (VP) 0,1,2)
Poor (P) (1,2,3)
Medium Poor (MP) (2,3.5,5)
Fair (F) 4,5,6)
Medium Good (MG) (5, 6.5, 8)
Good (G) 7,8,9)
Very Good (VG) (8,9, 10)
Table 7. Assessment matrix of the alternatives.
El E2 E3 B4 E5 E6 E7 E8 E9 EI0 SI S2 S3 S4 Envl Env2 Envd HI H2 H3 L1 L2 L3
MG, (VP (G, (. (MP, (MP, (VP ( (G (MG MP ( (VR (E (® (VB ( M™MBE (B (VP (G (MG, (P,
Al E P E MG VPR G P MR MPR E MP VR P G VB E G MR E VP E MP P
V) P) F MG VP) G G MP) MPD F F P F MP) F F G P VP VP) MP) MG) VP)
(MP, (F  (MP, (F (G (G (MG (. (MP MP ( (E (MG (G B MP MPE (E MP MG (E (F
A2 MP G G VB E MP E MP G G MG E MP P VG G E G MR E VB E G
Pp) G G VP FH MP) FH G G P P MG G MG MG MP G F F P P G B
Mp, (P (VG (E  MP, (E  (MPE (B (VP ¢ E G MG ¢ F G M™MP (B (VR [ (MP (E (G
A3 E MP MG, G P G E MP E P VB G E E P E G FE MR P MB G, VP
MP) MP) MG) G P VG F MP) ) G F F VG P MP G F G MP) MG F G MP)
(VG, G, (MG, (G, (G (VG, MG, E ( MG G (G (VG ( ( (MG MG, (VG (G, (G, (MG, (VG (G,
A4 G G VG VG E MG G G VG G G VG MG MG E E G VG G MG G E G,
MG) MG) G G G MG VG G VG B F MG VG G G G G VG G B G VG VG
G, (VP (& (VF, (MF (P, ( (MP (ME (E (G (G (MP (VB (G MG, (G (E (@ (P & E E
A5 MP, MG, VR G VB E VB MR P ME G P E MR G VG E , MB VP VE P MP
MG) MG) V) G) VP) P) VP MP) P) F VG P VP P) F MG F VP P F F P MP
G G G (VG MG, (G (MP (F (MP (G (G (MG (E (G (G ( (MG (MP (G ( (G (MP (MP,
A6 E G MG E E G VG MG G E G G VG E VG G MG FE MG G MP MP F
G G PBH MG VG G MG H FH G MPD G FH FH G G MG BH G VG P G MG
VG, G G G MG MR (E (G (VG (VG (E E G MG MP (E (G (G MG MG, (VG (G, (F
A7 G, VG, MG, VG, MG, G, E MG G E G VG VG G MG E FE MG VG E E MG F
VG) P) MG) VG) P) B F MG MG G P FH P P G MG MG VP P) MP) MP) F G
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Table 8. Aggregate fuzzy decision matrix of the alternatives.
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533, 650, 7.67, 133, 233, 333, 500, 6.00, 7.00, 367, 500, 633, 433, 550, 667, 433, 550, 6.67,
6.50) 7.67) 1.33) 233) 333) 500) 6.00) 7.00) 3.67) 500) 6.33) 4.33) 550) 6.67) 4.33) 550) 6.67) 533)
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6.00, 7.33, 867, 600, 7.0, 800, 1.33, 250, 3.67, 633, 733, 833, 333, 450, 567, 1.67, 3.00, 4.33,
7.33) 867) 600) 7.00) 800) 133) 2.50) 3.67) 633) 7.33) 833) 333) 450) 567) 1.67) 3.00) 4.33) 2.67)
(867, (6.67, (7.83, (9.00, (7.33, (833, (9.33, (6.00, (7.00, (8.00, (6.00, (7.33, (8.67, (6.67, (7.83, (9.00, (6.00, (7.00,
6.67, 7.83, 9.00, 7.33, 833, 933, 600, 7.00, 800, 6.00, 7.33, 867, 667, 7.83, 9.00, 600, 7.00, 8.00,
7.83) 9.00) 7.33) 833) 9.33) 6.00) 7.00) 8.00) 6.00) 7.33) 8.67) 6.67) 7.83) 9.00) 6.00) 7.00) 8.00) 6.67)
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Table 9. Ranking of suppliers with F-ARAS method.

Suppliers S; S; K; Ranking
Ideal Values (0.1026, 0.2025, 0.3604) 0.2218 1
Al (0.0449, 0.1117, 0.2448) 0.1338 0.6032 6
A2 (0.0640, 0.1413, 0.2777) 0.1610 0.7257 4
A3 (0.0581, 0.1315, 0.2605) 0.1501 0.6765 5
A4 (0.0946, 0.1906, 0.3437) 0.2096 0.9450 1
A5 (0.0531, 0.1165, 0.2250) 0.1315 0.5930 7
A6 (0.0832, 0.1690, 0.3077) 0.1866 0.8413 2
A7 (0.0736, 0.1556, 0.2894) 0.1728 0.7792 3

4.3. Sensitivity Analysis

How the alternative rankings affect the results of the proposed integrated fuzzy model
was investigated by sensitivity analysis. While adjusting the scenarios, the weight of the
most effective (important) criterion is changed. 50 scenarios are simulated by reducing the
weight of the criterion C; with a rate of 2%. The new rankings of alternatives are shown in
Figure 2.

The results display that the first three alternatives (A4, A6, and A7) keep their posi-
tions through all 50 scenarios, i.e., they depict a set of dominant alternatives. The worst
alternative (A5) has placed its position to Al for the values below C; < 0.60.

Since fuzzy numbers were used in this study for expressing opinions of decision-
makers, two different MCDM methods were chosen to compare the results: E-TOPSIS and
F-COPRAS. The comparative result obtained as a result of applying these fuzzy MCDM
methods is shown in Figure 3. When observed from Figure 3, it is clear that the results of the
three fuzzy methods utilized are very equivalent. In all three fuzzy MCDM methods, the
same results are obtained in the application. A4 should be selected as the health provider
based on F-ARAS, F-TOPSIS, F-COPRAS findings. During and after the COVID-19 process,
A4 is the best supplier for healthcare providers” solutions. The pandemic process, on
the other hand, is a process marked by vulnerabilities and extraordinary circumstances,
particularly in terms of supply. It must maintain active business relations with A6, the
second-best supplier, in order to be prepared for these possibilities. As a result, it may be
able to provide some health-related products from this supplier on a sporadic basis.
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Figure 3. The results of the fuzzy MCDM.

4.4. Managerial Implications

The COVID-19 outbreak has deeply affected the dynamics of many industries around
the world. The healthcare system is among the most affected sectors by the epidemic.
Therefore, measuring the dynamics of the health system is important for the sustainability
of the health supply chain. In this study, the effects of the health system on the supply chain
process were examined during the COVID-19 pandemic period. Since such an examination
should include detailed decision-making processes, F-MDCM methods have been applied
as a decision-making method in the literature. The weights derived from these approaches
were calculated using the F-BWM method, and supplier alternatives were determined
using the F-ARAS, F-TOPSIS, and F-COPRAS procedures. The results acquired in unusual
scenarios, such as COVID-19, are analyzed utilizing sensitivity analysis.
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The most essential criteria in the SSS process in the health system is established in the
F-BWM study. The most important main criteria are found in Table 5 to be Economic (C;)
and Health Measures (C4) (0.2250, 0.2743, 0.2944—0.2432, 0.2709, 0.2898). The economic
and health-related criteria were found to be quantitatively quite near to each other. Many
pieces of research in the literature on health have used economic factors [23,26,27,30,32]
to arrive at conclusions. However, health measurements are one of the most relevant
parameters in this study throughout the post-COVID-19 period. COVID-19 Innovations
(C4-2); (0.0927, 0.1138, 0.1297), Health Measures (Cy4.1); (0.0866, 0.1061, 0.1206), Velocity and
Logistics Speed (Cs.5); (0.0578, 0.0828, 0.1047) are the most important sub-criteria, according
to the global weight results. Other important major sub-criteria include Transport Quality
(Cs.1), Complex Situation Adoption (Cs.3), and Pollution Control (C3.3). Health measure-
ments have been determined as the most essential criterion in the selection of sustainable
providers for the health system, according to these findings, while the repercussions of the
COVID-19 epidemic continue. Simultaneously, because time is such a key notion in the
healthcare industry, logistics criteria are one of the most important findings, emphasizing
the importance of speed and automation in the COVID-19 process.

Alternative 4 is chosen as the best provider based on the F-ARAS analysis results.
According to the findings, Alternatif-4 is the provider that can best adapt to the COVID-19
pandemic and complicated situations. The Alternative 6 firm is the second-best supplier
that can adapt to these conditions.

The first managerial implication concerns economic and health measures from the
main criteria. With COVID-19, healthcare centers’ need for medical supplies such as gloves,
face masks, and ventilators has increased. The expenditures of health centers on medical
supplies have increased significantly due to the sudden increase in COVID-19 cases. For
this reason, the main economic criterion has emerged as the most important. In fact, since
the sudden increase in demand for medical supplies caused prices to rise, the price of the
product (Cy.1) took first place among the economic criteria. Some executives noted that
procurement costs had doubled [90]. For this reason, some companies even went to search
for new suppliers.

When we look at the social dimension, reputation is weighted as the most significant
sub-criteria. While hospitals were experiencing a serious shortage of ventilators at the
beginning of the COVID-19 pandemic, they cooperated to overcome this problem. Health
centers lacking respirators were supplied from other centers, even from centers in other
countries. Examples demonstrating the importance of cooperation in supplier selection
became more visible with the COVID-19 pandemic. The partnership needs to be leveraged
to optimize and overcome procurement challenges [91].

While the COVID-19 pandemic has been challenging for many societies and indus-
tries, it has also unlocked new opportunities for innovation through collaborations and
technological advances. In just a few months, innovators have come up with countless
solutions. For example, many digital health approaches were targeted towards reducing
the negative impacts of the COVID-19 pandemic. Surveillance tools, testing (diagnostic)
solutions, therapeutic innovations, and communication aids and isolation mechanisms are
examples [92]. In times of crisis like this, we need innovative tools and skills.

The results obtained in the sustainable supplier selection studies for the health sector
support the results of this study. In the study conducted for the health industry related to
this study, the technical main criterion, including the economic sub-criteria, is obtained
as the most important main criteria [36]. The price criteria determined to be the most
significant sub-criteria in another important study SSS for the healthcare industry. The
outcome supports up the findings of this investigation [23]. In the study, the results of
which are illuminating for the health sector, logistics and cost criteria is obtained as the
most important criteria. This result supports the results of the study by showing similarities
with the results of this study [26]. Results show that the study is inclusive for the healthcare
industry compared to other leading SSS studies.
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5. Conclusions

The COVID-19 pandemic has caused disruptions and changes in all sectors, from
manufacturing to service. Especially in the health sector, there has been an increase in
demand for medical supplies such as gloves, face masks, ventilators, and other personal
protective equipment with the pandemic. Demand increases have caused disruptions in
supply chains and difficulties in the supply of such products have made health centers face
various challenges. In order to overcome the challenges, the adoption and implementation
of sustainable operations by all actors in the supply chain provide an opportunity for
modern manufacturing processes. Thus, SSS is a strategic key to an inefficient supply chain.

The importance levels of some criteria in the COVID-19 process were addressed with
expert opinions in this study, and some F-MDCM methods available in the literature were
used for sustainable supplier selection. This study aims to examine the impact of COVID-19
on SSS. The SSS may change depending on expert opinion. As a result, this system utilizes
multi-criteria decision-making methods. In this study, the COVID-19 process’s SSS was
performed with expert advice, so that the impacts of COVID-19 on sustainable supplier
selection could be detected through comparisons with previous studies. The F-BMW
method was implemented to determine criterion weights, and the F-ARAS method was
utilized to select suppliers among the multi-criteria decision-making methods. Moreover,
the results of the F-ARAS method were compared to those of the F-TOPSIS and F-COPRAS
methods in order to evaluate their effectiveness. Additionally, sensitivity analysis including
50 scenarios was performed to evaluate how the rankings of alternatives affect the fuzzy
model’s results.

This study contributes to the literature by analyzing the healthcare systems’ surviv-
ability in complex and fragile processes like COVID-19 from the perspective of Logistics
4.0 and sustainability. In this study, since innovations have been detected to protect and
avoid the effects of COVID-19 during the pandemic period, Logistics 4.0 has come to the
forefront. Because Logistics 4.0 tries to minimize supply chain disruptions and create
digital systems. This ensures better healthcare administration, especially during times of
pandemics. The results of this study can also be useful to experts in the field because they
provide information about SSS.

Limitations and Directions for Future Studies

This study has some limitations. First, this study was conducted in a hospital in Turkey,
and generalizing the results to every healthcare provider can be a challenge. In addition,
criteria were determined by literature review and expert opinions. According to other
experts, different criteria may be included in the studies. In addition, new Logistics 4.0 for
sustainable supplier selection is based on Logistics 4.0 criteria. Finally, since this study was
carried out during the pandemic period, a comparison can be made by researching it in the
pre-pandemic period.

This study can be extended to some points. Firstly, different fuzzy set theories (e.g.,
fuzzy neutrosophic, pentagonal fuzzy) may be employed to get results that can be compared
to the findings of this study. Secondly, a system that exclusively evaluates Logistics 4.0
and the health system may be developed, and the results compared to the findings of this
study. Furthermore, this study was only conducted using one major hospital; however, this
analysis might be expanded to examine several hospitals throughout a region.
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