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Abstract
Industry 4.0 has the potential of growing industrialization and, on the other hand, disrupting the sustainability of prevailing 
manufacturing supply chains through inducing great challenges such as higher resource consumption that, in turn, results 
in global warming and climate change. As a result, researchers working in the area of sustainable supply chain 4.0 need to 
make deep evaluations on the challenges arising for manufacturing supply chains contemplating the improvement of their 
sustainability levels and having a digital transformation toward Industry 4.0. To fill this gap, the current paper designs an 
innovative framework on the basis of the Stepwise Weight Assessment Ratio Analysis (SWARA) technique and the Complex 
Proportional Assessment (COPRAS) approach to evaluate the challenges that may arise for supply chain 4.0 in the q-Rung 
Orthopair Fuzzy Sets (q-ROFSs) setting. The proposed method uses an extended SWARA process to determine the criteria 
importance degrees considering the experts’ preferences. The performance of the proposed method was assessed by con-
ducting an empirical case study under the q-ROFSs condition. Further, a sensitivity analysis was executed to check whether 
the proposed method is stable enough to be relied on parameter values. Finally, the results obtained were compared to those 
of currently used methods to verify the obtained results’ reliability. As revealed by the comparative results, the framework 
proposed in this article was of higher consistency and strength compared to other prevailing approaches.

Keywords Supply chain 4.0 · Industry 4.0 · Circular economy · q-rung orthopair fuzzy sets · Stepwise weight assessment 
ratio analysis · Complex proportional assessment

1 Introduction

The circular economy is an extensively discussed topic 
(Kurdve and Bellgran 2021; Velenturf and Purnell 2021) 
helps to identify different opportunities that could be made by 

Industry 4.0 and sustainable practices (Kumar et al. 2021b; 
Massaro et al. 2021). Industry 4.0, on the other hand, is 
responsible for a number of disrupting technologies that are 
discussed under the circular economy (Kumar et al. 2021a). 
Two widely recognized instances of such technologies are the 
internet of services (IoS) and the internet of things (IoT). The 
triple bottom line of sustainability (i.e., economy, environ-
ment, and society) has resulted in the 3R concept that encom-
passes recreating, recycling, and reusing (Daú et al. 2019; 
Tseng et al. 2018a). Transforming a linear concept into a 
circular concept brings a broader sense of motion to the pro-
cess by altering it into a cycle. Ranta et al. (2018) confirmed 
that sustainable performances act as an alternative for the 
transition between two economic models. Such a cycle helps 
reverse the process by delivering an already transformed item 
to either the customer or the supplier. This way, this cycle 
absorbs and allows for reverse logistics.

Industry 4.0 essentially involves automation and informa-
tion technology as well as a number of key technological 
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innovations in these fields (Birkel et al. 2019). Luthra and 
Mangla (2018) stated that Industry 4.0 creativities are big 
assistance for different industries in incorporating actions 
to have control on the environment and protect it properly. 
Moreover, these creativities can mitigate the risks associated 
with supply chains and improve their sustainability. A supply 
chain (SC) of high sustainability level projects, plans, and 
operates SCs in a way to well guarantee the market require-
ments; it takes into account both economic profits and social/
environmental concerns simultaneously (Barbosa-Póvoa 
et al. 2018). At present, Industry 4.0 is one of the key topics 
that is receiving a great deal of attention from the academic 
community and practitioners (Oztemel and Gursev 2020). 
As Liao et al. (2017) reported, many articles published 
in this study area surged dramatically from 2013 to 2015. 
Industry 4.0, presented as the 4th Industrial Revolution 
(or 4IR) in Germany, in 2011, during the Hannover Fair 
(Ghobakhloo 2018). The abrupt enhancement of Industry 
4.0 popularity is its high potential for answering significant 
questions such as how value is generated and carried and 
how firms take part in the market (Frederico et al. 2020). 
The term “the 4th industrial revolution” highlights the high 
importance of this concept compared with the other indus-
trial revolutions witnessed previously in history, where: the 
first Industrial Revolution occurred between 1760 and 1860 
delivered the steam engine facilitating the mechanization 
of production; then, the second one occurred between 1870 
and 1914 led to manufacturing in huge dimensions, which 
was well supported by other advancements that happened 
like railways, electric power etc. (Mokyr and Strotz 1998); 
after that, the third one introduced electronics and internet 
and communicaton technology (ICT) that enabled automa-
tion in 1984 (Gray 1984; Fitzsimmons 1994). At the pre-
sent time, Industry 4.0 is offering a range of high-tech and 
disruptive technologies, e.g., cyber-physical systems (CPS), 
the internet of things (IoT), and cloud computing (Frederico 
et al. 2020). This confirms that only those countries with the 
intention and ability to instigate Industry 4.0 plans will per-
sist strongly in a globally competitive environment. In recent 
years, many researchers have attempted to find how Industry 
4.0 affects other topical areas of research like sustainabil-
ity, lean manufacturing, organizational structure, small and 
medium enterprises (SMEs), strategic management, product 
development, production planning and control, etc.

Industry 4.0 makes available a vigorous warehouse and 
reliable systems for exchanging information and commu-
nication; it also helps managers to effectively decrease the 
costs and increase the consumers’ satisfaction (Mostafa 
et al. 2019). Stock et al. (2018) believe that the use of Indus-
try 4.0 can lead to creating industrial value from a sustain-
ability perspective. Stock et al. (2018) also highlighted the 
social dimension of this industry and the ways it can deliver 
a combination of these contributors; they emphasized the 

capability of Industry 4.0 in increasing value added to prod-
ucts and services, the possibility of providing more helpful 
education to employees, and harmonizing between profes-
sional and family lives of employees. A 4.0 sustainable sup-
ply chain (SSC) employs the Industry 4.0 tools to close the 
material and energy cycles, supporting the information flow 
and injecting more efficiency, intelligence, precision, and 
quickness into business operations. Kovacs (2019) intro-
duced Industry 4.0 as a concept reinforcing education and 
provided the information required for effectively dealing 
with the digital economy. Such educational aspects endorse 
the changes occurred by Industry 4.0 to companies and their 
productions (Hamada 2019). Therefore, industry 4.0 has the 
prospective to upgrade the ways that SCs perform.

The predictions indicate that Industry 4.0 will result in 
an incredible development of industrialization, but, at the 
same time, it has the potential to interrupt the sustainabil-
ity of currently-used industrialized organizations (Hermann 
et al. 2016; Liao et al. 2017). Furthermore, it could lead to 
deteriorating global climate change and enhance resource 
consumption rates (Tseng et al. 2018b). As a result, there 
is a pressing need (especially for manufacturing SCs) to 
adopt management practices for the production and SC 
systems in a way to take into consideration all the sustain-
ability aspects (i.e., economic, environmental, and social) 
and exploit the digital transformation characteristics brought 
about by Industry 4.0. Numerous scholars have focused on 
the significance of incorporating sustainability into SCs 
(Ghadimi et al. 2019; Wang et al. 2019); while, the litera-
ture still lacks adequate practical efforts that encompass both 
SSC and Industry 4.0 (Ghadimi et al. 2019). In this sense, 
a conceptual model was introduced by Duarte and Cruz-
Machado (2018), integrating the concepts of Industry 4.0 
into green and lean SCs. However, numerous studies have 
focused on Industry 4.0-related tools, not Industry 4.0 as a 
whole approach. In the present article, supply chain 4.0 is 
addressed as an extended version of the Industry 4.0 defini-
tion, which incorporates the value chain construction prac-
tices that involve producers, retailers, traders, and end cus-
tomers to harmonize supply and demand (Stefanou 1999). 
Luthra and Mangla (2018) mentioned that most articles con-
ducted into Industry 4.0 focused on the manufacturing sector 
and overlooked the SC systems. Although numerous studies 
have addressed Industry 4.0, no study has clearly conceptu-
alized Industry 4.0 considering the SC issues. The present 
research proposes the term “supply chain 4.0” together with 
an innovative conceptual model capturing the essence of 
Industry 4.0 in the context of SC. Inherently, Industry 4.0 
can be recognized as a revolution, in this sense, as revo-
lutions are typically evolutionary events; the current paper 
aims to capture the development of supply chain 4.0 from 
maturity levels to help the supply chain 4.0 strategies to be 
formulated and developed.
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The literature consists of many efforts made to convey 
the high significance of sustainability and environmental 
issues and the necessity of incorporating these issues into 
SCs (Belhadi et al. 2021; Hendiani et al. 2020; Rajesh 2020). 
Although, there are only a few studies into the ways to incor-
porate sustainability into the context of Industry 4.0 SCs. For 
that reason, there is a need for further studies to make clear 
the research trends in this field. Duarte and Cruz-Machado 
(2018) discussed this gap in the literature and managed the 
relationship between Industry 4.0 and green and lean SCs by 
designing a theoretical and conceptual model to incorporate 
Industry 4.0 into green and lean SCs. These efforts have 
provided great opportunities for realizing the digital SCs 
and considering the sustainability-related issues simultane-
ously, particularly with a focus upon the sustainable sup-
plier assessment and selection problem, which has led to the 
formation of theories and practices toward the Industry 4.0 
supply chains. Therefore, this study considers this domain a 
great opportunity for research and development.

Generally, during the process of multi-criteria decision-
making (MCDM), criteria weights have been given high 
importance by the decision experts (DEs). Criteria weights 
are generally divided into objective and subjective weights 
(Kersuliene et al. 2010). The former is measured using the 
decision-matrices that are normally defined on the basis of 
the knowledge given by DEs (Dehnavi et al. 2015), while 
the latter enlightens the experts’ thoughts, who concern the 
attributes relative significance (Karabasevic et al. 2015). 
To measure the subjective weights, an innovative stepwise 
weight assessment ratio analysis (SWARA) approach was ini-
tiated by Kersuliene et al. (2010). The advantage of SWARA 
is that its computational work is simpler than that of different 
tools such as the analytic hierarchy process (AHP) (Yang 
et al. 2021; He et al. 2021). Currently, to estimate the criteria 
weights, the analytic network process (ANP) (Saaty 1999) 
and AHP (Saaty 1977) are the most popular methods, while 
amongst the novel approaches to determining the criteria 
weight, the most considerable methods include SWARA, 
full consistency method (FUCOM) (Pamučar et al. 2018), 
best–worst method (BWM) (Rezaei 2015), and level -based 
weight assessment (LBWA) (Žižović and Pamucar 2019). 
Excluding SWARA, the other above-noted methods work on 
the basis of pairwise comparison; in addition, notable dif-
ferences exist in the way of computing the criteria weights.

AHP requires to perform n(n − 1)∕2 comparisons in pairs 
of criteria. Executing many comparisons causes the model 
to be more complicated while being applied, particularly 
when a huge number of attributes are to be acquired into 
account. On the other hand, BWM quickly became so popu-
lar due to its smaller number of pair comparisons (2n − 3) 
compared to AHP. Though, numerous comparisons in pairs 
of criteria (which are necessary to define the limitations for 
the solution of nonlinear models) cause BWM to become 

meaningfully more complex in use. For that reason, many 
scholars are still avoiding the use of this model. FUCOM 
works on the basis of the pairwise comparisons of attributes; 
however, this algorithm requires to perform only (n − 1) 
comparison. It also facilitates the validation of the model 
by computing the error value for the obtained weight vectors 
by determining the Deviation form Full Consistency (DFC) 
(Pamucar and Ecer 2020). Finally, LBWA works on the basis 
of the pairwise comparisons of attributes with only (n − 1) 
comparisons.

SWARA has shown high efficiency in determining the cri-
teria weights. In comparison to AHP that is widely used in the 
literature, SWARA has a higher level of consistency, and it does 
not require a large number of pairwise comparisons to be done. 
Moreover, in comparison with BWM (Rezaei 2015), in SWARA, 
there is no need for the solution of complex-linear objective func-
tions, and it has a lower level of computational complexity and is 
more understandable. Recently, Mishra et al. (2020b) integrated 
the IF-SWARA-COPRAS to assess the bioenergy production 
model. Rani et al. (2020a) presented the integrated HF-SWARA-
complex proportional assessment (COPRAS) to evaluate the sus-
tainable supplier. Rani et al. (2020b) discussed the PF-SWARA-
additive ratio assessment (ARAS) model to assess the model for 
treating healthcare waste. Cui et al. (2021) combined Pythago-
rean fuzzy SWARA with the combined compromise solution 
(CoCoSo) method in order to IoT adaption barriers for the cir-
cular economy. Recently, Saraji et al. (2021) suggested an inte-
grated decision-making framework by combining SWARA and 
multi-objective optimization based on ratio analysis with the full 
multiplicative form (MULTIMOORA) with hesitant fuzzy sets 
(HFSs) and applied to adapt online education during COVID-19.

In MCDM problems, existing data are often not accurate 
but rather related to some degrees of uncertainty and ambi-
guity. Therefore, the fuzzy sets (FSs) doctrine, proposed by 
Zadeh (1965), has effectively addressed such problems. An 
important point while using FSs is to consider the unreli-
ability or reliability of the problem. Hence, various gener-
alizations of FSs have been discussed such as, intuitionistic 
fuzzy sets (IFSs) (Atanassov 1986), Pythagorean fuzzy sets 
(PFSs) (Yager 2013), q-rung orthopair fuzzy sets (q-ROFSs) 
(Yager 2017), Z-numbers (Zadeh 2011), probabilistic lin-
guistic term sets (PLTSs) (Pang et al. 2016), G-numbers  
(Ghoushchi and Khazaeili  2019), R-numbers (Seiti 
et  al.  2019). Zadeh (2011) introduced the concept of 
Z-number as an ordered pair of fuzzy numbers Z = (M, 
N), where M is a restriction of variable and N is a meas-
ure of the reliability of M. Seiti et al. (2019) introduced a 
new uncertainty modeling approach, that can be used to 
explain or justify the errors and risks associated with fuzzy 
numbers in the decision- making problems. Ghoushchi and 
Khazaeili (2019) proposed the Importance-Necessity idea, 
called G-numbers, to decrease ambiguity in the MCDM  
process. G-numbers contain two fuzzy variables and are 
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designated in the form of G = (I, N). The prime objective 
of the procedure is to lessen the uncertainty of information 
using I (Importance) and N (Necessity) components. I and  
N are linguistic variables.

Due to lack of information, the uncertain human mind, 
and time complexity, the decision experts (DEs) cannot pro-
vide accurate results in real MCDM problems. To conquer 
this concern, the theory of IFSs was pioneered by Atanassov 
(1986), which is portrayed by the membership grade (MG) 
and non-membership grade degree (NG) and satisfying that 
the addition of its MG and NG is restricted to unity. To over-
come the drawback of IFS, Yager (2014) pioneered the PFSs 
concept, which the MG and NG also represent with a con-
straint that the square addition of MG and NG is restricted to 
unity. In the recent past, PFS has been proven a more influ-
ential way than IFS to handle the ambiguity in real-world 
decision-making situations. Therefore, many research efforts 
have been made related to PFSs.

Nevertheless, in MCDM, some cases may occur where 
DEs might present the value to which an alternative Oi 
assures the criterion Bj is 0.9 and the value to which an 
alternative Si dissatisfies, the criterion is 0.6. Therefore, PFS 
and IFS cannot manage this condition since 0.9 + 0.6 > 1 
and 0.92 + 0.6

2 > 1. To address this problem, the notion of 
q-ROFSs was presented by Yager (2017). The q-ROFSs the-
ory accomplishes a condition that the sum of the qth power 
of MG and NG is bounded to 1, where q ≥ 1. q-ROFSs has 
the capacity of efficiently handling the above-noted instance. 
In q-ROFSs, the information space is more extensive com-
pared to PFSs and IFSs corresponding to the variation of 
the factor q (q ≥ 1); it is obvious that PFSs and IFSs are 
specific forms of q-ROFSs. Therefore, q-ROFS can be rec-
ognized as the highest flexibility and applicability method in 
handling the advanced level of uncertainty. In recent years, 
many researchers have applied the q-ROFSs environment. 
For instance, Yager and Alajlan (2017) examined the basic 
postulates of q-ROFSs and then applied for the informa-
tion representation. Liu and Wang (2018) investigated a 
variety of q-rung orthopair fuzzy (q-ROF) geometric and 
arithmetic operators. Peng and Liu (2019) examined several 
novel formulas for q-ROF-information measures. In addi-
tion, they attempted to reveal the relationships among them. 
A number of the q-ROF-Bonferroni mean operators were 
described by Liu and Liu (2019). Pinar and Boran (2020) 
introduced an integrated model along with the distance 
measure of q-ROFSs and then applied it to the problem of 
supplier selection. A number of neutral aggregation opera-
tors for q-ROFSs were proposed in the study of Garg and 
Chen (2020). An innovative model was suggested by Tang 
et al. (2020) based on q-ROFS, which was capable of deal-
ing with a three-way decision quandary. Darko and Liang 
(2020b) examined a number of q-ROF-Hamacher aggre-
gation operators and also discussed their applications. A 

q-ROF-based decision-making framework was proposed by 
Krishankumar et al. (2021) as a solution to the problem of 
selecting renewable energy resource candidates. In the study 
carried out by Rani and Mishra (2020), an extended WAS-
PAS method was tested for evaluating the fuel technologies 
with q-ROF-information.

Literature consists of many MCDM approaches devel-
oped to solve complex selection problems that may arise 
daily. Essentially, a selection problem involves four main 
elements: alternatives, criteria, relative significance degrees 
of criteria, and measures the performance of the alternatives 
over preferred criteria. MCDM aims to choose a desirable 
item from a set of possible choices considering different 
criteria that may even conflict with each other. Zavadskas 
et al. (1994) first proposed the COPRAS framework, which 
can be reasonably and effectively applied to information pro-
cessing purposes. According to (Darko and Liang 2020a; 
Dhiman and Deb 2020), COPRAS offers a suitable manner 
to tackle MCDM-related problems effectively. The COPRAS 
method, which delivers more accurate information in com-
parison with different procedures for evaluating the ben-
efits or cost criteria, is employed to assume both aspects 
of criteria. In addition, COPRAS is able to delineate the 
ratios simultaneously to both ideal and the worst solutions. 
Owing to its advantages, several researchers have employed 
the COPRAS approach for different purposes (Büyüközkan 
and Göçer 2019; Mishra et al. 2020a). As MCDM problems 
have become increasingly complex and uncertain, differ-
ent researchers have extended the conventional COPRAS 
approach under a variety of uncertain environments. For 
example, COPRAS was discussed by Keshavarz Ghorabaee 
et al. (2014) in terms of its capacity in selecting optimum 
suppliers on interval type-2 fuzzy sets. In another project, 
the COPRAS approach with grey numbers was introduced 
by Bekar et al. (2016) to evaluate the MCDM process.

Peng and Dai (2017) suggested COPRAS, “weighted 
aggregated sum product assessment (WASPAS)” and 
“multi-attributive border approximation area compari-
son (MABAC)” methods under “hesitant fuzzy soft sets 
(HFSSs)” environment. The HF linguistic COPRAS 
approach was extended Zheng et al. (2018) to solve the 
health decision-making problem. Büyüközkan and Göçer 
(2019) proposed a method by combining  AHP and 
COPRAS models within PFSs context. Rani et al. (2020c) 
evaluated pharmacological therapies for type-2 diabetes dis-
ease using the Pythagorean fuzzy COPRAS method. Mishra 
et al. (2020a) extended COPRAS on the basis of information 
measures in a way to assess the hazardous waste recycling 
facility evaluation problem under IVIFSs condition. The 
IF-COPRAS method associated with parametric informa-
tion measures was discussed by Kumari and Mishra (2020) 
regarding its capacity for solving the problem of selecting 
the green supplier. Alipour et al. (2021) studied an integrated 
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SWARA and COPRAS methodology to assess the fuel cell 
and hydrogen components supplier selection under the PFS 
environment.

As noted earlier, in spite of many studies carried out in 
these areas, the literature still suffers from an inadequacy 
in terms of finding the effects, relationships, and practical-
ity of Industry 4.0 to the supply chain perspective. This 
research discusses the term “supply chain 4.0” to emphasize 
the relationships between SC and Industry 4.0, explore the 
applicability and effects of Industry 4.0 on the SC context, 
and also identify the most important components that could 
shape the foundation of Industry 4.0 in the SC context. It 
could be accomplished by developing a conceptual sup-
ply chain 4.0 and constructing a supply chain 4.0 maturity 
model. Though, the literature is still introducing a number of 
areas with potential for being studied in the supply chain 4.0 
domain. To identify all these areas, there is a need to clarify 
the supply chain 4.0 meaning and the development of a com-
prehensive perceptive of current work carried out in this 
area. The present study aims to understand and clarify sup-
ply chain 4.0 from an evolutionary viewpoint, consider the 
maturity levels, and identify the gaps that exist in the current 
literature to recognize the directions for future research. In 
this sense, the present paper attempts to bridge the existing 
gap by identifying the supply chain 4.0-related challenges. 
The current paper refers to such challenges as ‘constructs’. 
As a result, the most important questions addressed in this 
research are:

RQ1. What are the challenges to the implementation of 
supply chain 4.0 in the era of circular economy?
RQ2. How can the evolution of supply chain 4.0 be under-
stood and evaluated?
RQ3. What are the open research questions and research 
gaps related to supply chain 4.0 and its maturity?

To tackle the aforementioned concerns, the contribution 
of the current paper include:

• To suggest an inclusive framework for the evaluation of 
the challenges that arise in the implementation of supply 
chain 4.0 with the help of a survey approach.

• To proposing an innovative decision-making model with 
the use of q-ROF-SWARA-COPRAS to assess and rank 
the challenges to supply chain 4.0.

• To use the SWARA model to evaluate and rank the chal-
lenges that may occur to supply chain 4.0.

• To apply the COPRAS model to rank the organizations 
through the analysis of the challenges of supply chain 
4.0.

• To compare and validate the proposed q-ROF-SWARA-
COPRAS method by comparing its performance with 
other existing MCDM approaches.

The rest of the paper is structured in the following sec-
tions. Section 2 presented the literature review and related 
works of supply chain 4.0 implementation in the manufac-
turing sector under the circular economy. Section 3 provided 
the proposed q-ROF-SWARA-COPRAS approach and the 
basic concept of fuzzy sets. Section 4 presented the results 
of the study, the case study, sensitivity investigation, and 
comparative study. Finally, Sect. 5 discussed the conclusion 
of the study.

2  Literature review

The recent development of the information and commu-
nication systems has led to several key prospects for SC 
intelligence and autonomy to establish an appropriate stage 
for the development of Industry 4.0 SCs. Many research-
ers have addressed the sustainable supplier assessment pro-
cess as a highly important SC decision. Nevertheless, this 
process has not yet been realized in the context of Industry 
4.0 SCs, in which the foremost design principles include 
interconnection, technical assistance, real-time information 
transparency, and decentralization of members of a physi-
cal system (i.e., SC members). Because of the digitaliza-
tion and automation practices, the whole structure of SC is 
transformable into a system of physical members that com-
municate and exchange their information with each other 
in a real-time, autonomous, and intelligent manner in line 
with the principles of Industry 4.0 (Hermann et al. 2016). 
In this regard, Schlüter and Hetterscheid (2017) maintained 
that the digitalization situations of different SC practices 
require to be accelerated; as a result, they proposed an 
application-oriented framework for the extraction of the sig-
nificant tools in the area of Industry 4.0 mapped to different 
SC practices. Several tools have been offered to unfold the 
Industry 4.0 umbrella: big data and analytics(Cai et al. 2019; 
Zhang et al. 2018), autonomous robots, simulation (Buzys 
et al. 2018; Wei et al. 2017), IoT (Han et al. 2020; Lin 
et  al.  2015), cybersecurity (Wei-Gang et  al.  2013; Wu 
et al. 2013), cloud computing (Chen et al. 2016a, b), additive 
manufacturing and augmented reality (Shi et al. 2016a, b), 
Radio Frequency Identification (RFID) (Li et al. 2018; Wang 
et al. 2018) and real-time location system (Wang et al. 2020; 
Yang et al. 2020). Likewise, Oks et al. (2017) introduced an 
application map in order to distinguish different opportunity 
areas to apply the industrial cyber-physical systems of Indus-
try 4.0. Hofmann and Rüsch (2017) examined the ways that 
Industry 4.0 can affect logistics management.

Kiel et al. (2017) attempted to classify both advantages 
and challenges associated with the IoT, focusing on value 
creation sustainability. Waibel et  al. (2017) examined 
the impacts of smart production systems from sustain-
ability perspectives wherein each aspect of sustainability 
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(i.e., environmental, social, economic, and technical) was 
assessed regarding the efficiency of resources. Manavalan 
and Jayakrishna (2019) made a review study on the Indus-
try 4.0 scenarios of an SSC and provided some analyses 
on various IoT aspects and supply chain management. In 
addition, they investigated to identify the best software for 
planning the material resources in companies. A new model 
was designed by Ghadimi et al. (2019) on the basis of multi-
agent systems for the automatic assessment of suppliers in 
the context of Industry 4.0 SCs with considering sustainable 
issues. Their model contained a system architecture with 
three layers: technical, interface, and data resources.

Luthra and Mangla (2018) reviewed the existing literature 
and succeeded in recognizing 18 challenges to Industry 4.0, 
which were categorized into four different groups: organi-
zational, legal, strategical, and ethical. Then, they attempted 
to validate the identified challenges with the use of an AHP 
within the manufacturing sector in India. Ding (2018) also 
reviewed the literature with the aim of identifying the bar-
riers to the inclusion of sustainability in the pharmaceutical 
SC. The barriers found were little experience and training, 
high expenses and long practice times, coordinating supply 
chains, reinforcing regulations, and unsuccessful collabora-
tion. Furthermore, through the SSCs, called Pharma 4.0, 
they could identify how Industry 4.0 could be implemented 
in these supply chains to solve problems from sustainable 
viewpoints.

A conceptual agenda was suggested by Paravizo et al. 
(2018) to develop gamified applications in the Industry 4.0 
field focusing upon sustainable manufacturing. In another 
study, Müller et al. (2018) introduced a search model to iden-
tify both the challenges and opportunities that may arise by 
the hypothetical implementation of Industry 4.0. the model 
was applied to 746 German manufacturing firms working in 
five different sectors in the German industry. Kamble et al. 
(2018a) also reviewed the articles linked to the concept of 
Industry 4.0 and constructed a reference framework of sus-
tainability in Industry 4.0 settings through reviewing a total 
of 85 publications.

Kumar et al. (2018) designed a metaheuristic model to 
solve a sustainable, robust stochastic cellular facility lay-
out problem. Tsai and Lu (2018) introduced a novel model 
applicable to planning the production and controlling with 
a carbon tax in an Industry 4.0 perspective. Bibaud-Alves 
et al. (2019) used an Industry 4.0 approach to provide a 
connection amongst the new product development process, 
sustainable development, and digital transformation. Birkel 
et al. (2019) designed a reference framework showing the 
risks in the context of Industry 4.0 to SMEs with a sustain-
ability approach, the technical risks, the IT-related risks, 
and legal/political risks. Two power-aware algorithms were 
designed by Roda-Sanchez et al. (2018), adopting a flex-
ible approach for the purpose of facing the sustainability 

challenge in Industry 4.0. Zambon et al. (2019) suggested a 
new structure for the management of agriculture 4.0 through 
virtualizing an agro-food chain.

A novel approach was proposed by Belaud et al. (2019) 
with the integration of Industry 4.0 into an SC to improve 
sustainability management to valorize agricultural 4.0 waste 
using big data. Considering the social aspect in the Indus-
try 4.0 context, Stock et al. (2018) reviewed the existing 
literature on the basis of value creation and commenced a 
model for Industry 4.0 from sustainable perspectives. Chaim 
et al. (2018) investigated whether key performance indica-
tors (KPIs) could be well incorporated for the evaluation of 
sustainability in a virtual learning setting within the environ-
ment of Industry 4.0.

Bonilla et al. (2018) designed various Industry 4.0 devel-
opment scenarios to assess the challenges that arise while 
implementing Industry 4.0. de Sousa Jabbour et al. (2018) 
constructed a new model that found the synergy between 
Industry 4.0 and industrialized environmental sustainability 
activities. Meng et al. (2018) reviewed the literature taking 
into consideration the energy capability and sustainability 
in smart factories to determine the way they make the inter-
action between themselves. Kamble et al. (2018b) made an 
analysis of the energy barriers appearing while applying 
Industry 4.0 to the Indian manufacturing sectors. Huh and 
Lee (2018) carried out a number of simulations for a lower-
power digital “excitement” scheme in the environment of 
Industry 4.0. Having reviewed the articles, Fritzsche et al. 
(2018) attempted to mark out the gaps in inter-governmental 
organizations investigating climate change and Industry 4.0 
and the relationships between them. Campo et al. (2018) 
attempted to optimize energy in an Industry 4.0 domain 
with the use of IoT and considered it in real-life situations. 
Axelsson et al. (2018) investigated the ways to enhance effi-
ciency and decrease waste generation during road construc-
tion projects with the use of a lean model and Industry 4.0 
with a “system of systems”.

Medojevic et al. (2018) evaluated the extant studies on 
energy management in an Industry 4.0context and, examined 
how to integrate both Industry 4.0 and energy management 
effectively, and attempted to identify the challenges that 
may appear in this path. Wang and Wang (2019) designed 
a system on the basis of “a digital twin”, of Industry 4.0 to 
recycle electronic devices and electrical waste. Tsai (2018) 
introduced a mathematical model addressing environmen-
tal problems. This model took into consideration activity-
based costing (ABC) and theory of constraints (TOC) and 
their application. Sherazi et al. (2018) proposed a method 
for collecting energy with a long-range wide area network 
(LoRaWAN) and analyzed its costs related to Industry 4.0. 
Tsai et al. (2019) introduced an optimization methodology 
in order to plan green construction with the ABC classifica-
tion and Industry 4.0. For the environmental aspects, they 
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emphasized the necessity for the improvement of energy effi-
ciency through applying IoT to Industry 4.0. In their model, 
the energy consumption is monitored by the sensors in real 
time; the data gathered in this process can be examined and 
allocated by means of all the links in SC Industry 4.0.

A conceptual model was suggested by Monteleone et al. 
(2019), which was applicable to managing water in the con-
text of agriculture 4.0. With an economic approach to Indus-
try 4.0 and sustainable development, Bechtsis et al. (2017) 
investigated the processes of materials manipulation using 
the technology of automated guided vehicles (AGV). In 
another study, (Franciosi et al. 2018) reviewed the previous 
studies in regard to maintenance 4.0. Ma (2019) offered a 
novel model for managing the sources established for the 
warehouse on the basis of Industry 4.0 enablers. Nascimento 
et al. (2019) designed a business framework for the purpose 
of recycling waste based on an Industry 4.0 approach. Based 
on the above-presented discussions, the current paper recog-
nized a total of 24 challenges that are; security issues  (B1); 
agility and flexibility  (B2); poor research and development 
(R&D) on Industry 4.0 adoption  (B3); unclear economic ben-
efit of digital investments  (B4); high volatility  (B5); lack of 
vision and strategy  (B6); lack of governmental support and 
polices  (B7); lack of competency in adopting/applying new 
business models  (B8); lack of global standards and data shar-
ing protocols  (B9); lack of knowledge  (B10); lack of digital 
culture  (B11); lack of planning  (B12); legal issues  (B13); lack 
of information sharing  (B14); overconfidence in suppliers 
 (B15); low management support and dedication  (B16); lack of 
integration  (B17); financial constraints  (B18); low understand-
ing of Industry 4.0 implications  (B19); lack of collaboration 
and coordination  (B20); lack of infrastructure and internet-
based networks  (B21); poor existing data quality  (B22); silver 
bullet chase  (B23) and profiling and complexity issues  (B24).

3  Proposed research method

The COPRAS and SWARA have shown high efficiency 
in preference ordering of the options and determining the 
subjective weights of the criteria, respectively. The lit-
erature consists of a few studies that have applied a com-
bination of COPRAS and SWARA to various domains; 
although, no study has integrated these two in the q-ROFSs 
environment. To the best of the authors’ reviews, the pre-
sent paper is the first effort made to develop an integrated 
q-ROF-SWARA-COPRAS method with the aim of evalu-
ating the challenges to supply chain 4.0. This method is 
also applicable to a number of decision-making problems, 
e.g., the COVID-19 medication selection, selection of 
technology for treating medical waste, third-party reverse 
logistics providers, and others. Here, we show the basic 
idea about the q-ROFSs and then discuss the methodology.

3.1  Basic concepts

This section briefly presents elementary conceptions on 
q-ROFSs and similarity measures.

Definition 1 (Yager 2017). Consider Ξ =
{
z1, z2,… , zn

}
 be  

a fixed set. A q-ROFS ‘M’ on Ξ is described as follows:

Here, μM and νM signify the MG and the NG of zi ∈ Ξ , 
respectively, �M

(
zi
)
∈ [0, 1]�M

(
zi
)
∈ [0, 1] , 0 ≤

(
�M

(
zi
))q

+(
�M

(
zi
))q

≤ 1 , with q ≥ 1 . The indeterminacy degree is pre-
sented by �M

(
zi
)
= q

√
1 −

(
�M

(
zi
))q

−
(
�M

(
zi
))q , ∀zi ∈ Ξ . 

The pair 
(
�M

(
zi
)
, �M

(
zi
))

 is referred as q-ROF number   
(q-ROFN), denoted by � =

(
�� , ��

)
.

Definition 2 For three q-ROFNs � =
(
�� , ��

)
,�1 =

(
��1

, ��1

)
 

and �2 =
(
��2

, ��2

)
, the operations can be given by (Liu and 

Wang 2018).

Definition 3 (Liu and Wang 2018). Let � =
(
�� , ��

)
 be a 

q-ROFN. Then, score and accuracy values of � are presented 
as �(�) = �

q
� − �

q
� and ℏ(�) = �

q
� + �

q
� , respectively wherein 

�(�) ∈ [−1, 1] and ℏ(�) ∈ [0, 1].

Definition 4 Assume that � =
(
�� , ��

)
 be a q-ROFN. Then, 

the improved score and uncertainty functions are presented 
as.

For any two q-ROFNs �1 =
(
��1

, ��1

)
 and �2 =

(
��2

, ��2

)
,
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)
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(
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(a) if �◦
(
𝜎1
)
> �

◦
(
𝜎2
)
, then 𝜎1 > 𝜎2;

(b) if ℏ
◦
(
�1
)
= ℏ

◦
(
�2
)
, then �1 = �2.

Definition 5 (Liu et  al.  2019). For two q-ROFNs 
�1 =

(
��1

, ��1

)
 and �2 =

(
��2

, ��2

)
, the q-ROF-distance 

measure for �1 and �2 is presented as.

3.2  Proposed q‑ROF‑SWARA‑COPRAS approach

Zavadskas et al. (1994) developed COPRAS as an effec-
tive method that can provide an optimum outcome related to 
the compromising decision-making technique. COPRAS is 
mainly applied to decision-making purposes in deterministic 
circumstances. This is because decision-making processes 
typically deal with uncertain situations, and q-ROFS effec-
tively addresses uncertainty and the vagueness of available 
information. Therefore, this section develops a modified 
COPRAS method under the q-ROFSs environment for solv-
ing decision-making applications and is named the q-ROF-
COPRAS method. The calculation steps for the q-ROF-
SWARA-COPRAS framework are given by (see Fig. 1).

Step 1: Generate a q-ROF-decision matrix (q-ROF-DM)
A group of � DEs A =

{
A1,A2, ...,A�

}
 determine the sets 

of m options O =
{
O1, O2, ..., Om

}
 and n criteria 

B =
{
B1, B2, ..., Bn

}
, respectively. Owing to the ambiguity 

of human’s mind, lack of data, and imprecise knowledge 
about the options, the DEs allocate q-ROFNs to estimate his/
her decision on alternative Oi by means of a criterion Bj. 
Assume that ℤ(k) =

(
�
(k)

ij

)
m× n

 is the q-ROF-DM suggested  
by experts, where �(k)

ij
 refer to the assessment of an alterna-

tive Oi over a criterion Bj in form of q-ROFN given by 
kth DE.

Step 2: Compute the weights of DEs
To compute the kth DM, let Ak =

(
�k, �k, �k

) be the 
q-ROFN. Now, the process for expert weight determina-
tion is obtained by

Here, �k ≥ 0 and 

�∑
k=1

�k = 1.

Step 3: Aggregate all the individual opinions
To generate the aggregated-q-ROF-decision-matrix 

(A-q-ROF-DM), q-rung orthopair fuzzy weighted 
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arithmetic (q-ROFWA) operator is used and then 
⌣

ℤ =

(
⌣

𝜉 ij

)

m× n

, where

Step 4: Estimate the criteria weights using SWARA 
model.

The implementation steps for computing the criteria 
weights are:

Step 4.1: Estimate the score values �∗

(
⌣

𝜉kj

)
 of q-ROFNs 

using Eq. (1).
Step 4.2: Prioritize the attributes. The attributes are 
ranked using the DE’s opinions from maximum con-
siderable to minimum considerable attribute.
Step 4.3: Obtain the comparative significance of the 
average degree. The significance degree is estimated 
from the criteria that are ranked in second place, and 
the subsequent comparative significance is calculated 
by relating criterion Bj to criterion Bj−1.

Step 4.4: Obtain the comparative coefficient �j as follows:

where sj indicates the significance degree (Kersuliene 
et al. 2010).

Step 4.5: Compute the weights. The recalculated weight 
is given by

Step 4.6: Compute the normalized weight. The attribute 
weights are normalized as

Step 5: Sum the criteria values with different types of 
criteria

In the present step, each alternative is articulated with its 
sum of maximizing criterion �i and minimizing criterion �i. 
To obtain the values of �i and �i, the following procedures 
are implemented

(4)

⌣

𝜉 ij = q − ROFWA𝜛

�
𝜉
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ij
, 𝜉
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, ..., 𝜉
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�𝜛k
,

��
k=1

�
𝜈k
�𝜛k

⎞
⎟⎟⎠
.

(5)𝜅j =

{
1, j = 1

sj + 1, j > 1,

(6)𝜌j =

⎧⎪⎨⎪⎩

1, j = 1

𝜌j−1

𝜅j
, j > 1.

(7)wj =
�j∑q

j=1
�j
.
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In formulae (8) and (9), l and n denote the beneficial and 
total no. of criteria and wj is weight value.

Step 6: Evaluation of the relative degree (RD) of each 
option.

The RD of each alternative is computed by means of the 
following:

(8)𝜏i =
l

⊕
j=1

wj

⌣

𝜉 ij, ∀ i.

(9)𝜄i =
n

⊕
j=l+1

wj

⌣

𝜉 ij, ∀ i.

(10)�i = ��∗
�
�i
�
+ (1 − �)

min
i

�
∗
�
�i
� m∑
i=1

�
∗
�
�i
�

�∗
�
�i
� m∑
i=1

min
i

�∗(�i)

�∗(�i)

, ∀ i,

In this formula, �∗
(
�i
)
 and �∗

(
�i
)
 are the score values of 

�i and �i, respectively, and � ∈ [0, 1] signifies the strategy 
value of decision expert.

Another form of Eq. (10) is presented as

Step 7: Create a priority degree of alternatives.
Note that the priority degree of alternatives is determined 

by taking into consideration the relative values of accessible 
candidates. It can be computed as

Step 8: Evaluate the utility degree (UD).

(11)�i = ��∗
�
�i
�
+ (1 − �)

m∑
i=1

�
∗
�
�i
�

�∗
�
�i
� m∑
i=1

1

�∗(�i)

, ∀ i.

(12)E∗ = max
i

�i.

Fig. 1  Flowchart of proposed q-ROF-SWARA-COPRAS framework
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Now, the procedure for the evaluation of the UD is 
described by

Here, �i and E∗ are given by Steps 6−7.
The introduced q-ROF-COPRAS framework helps in the 

evaluation of the direct and proportional dependence of UDs 
and the relative significance of all the alternatives concern-
ing the criterion set. After that, COPRAS marks out the best 
option among a set of various alternatives with considering 
the set of multiple criteria.

4  Results and discussion

4.1  Case study

Applying Industry 4.0 to the SC in manufacturing firms is 
more difficult in comparison with the other industry sec-
tors (Kleindorfer et al. 2005; Yadav et al. 2020). Accord-
ing to Majumdar and Sinha (2019), the SC performance of 
the service and healthcare sectors is much better than the 
manufacturing industries. Because of the presence of tangi-
ble goods in the automotive industry, it is not easy to apply 
sustainability to their existing supply chain structure in an 
effective way (Gimenez et al. 2012). The organization for 
the future plans to expand their business to the international 
context, which necessitates the adoption of a sustainable per-
spective in their prevailing SC. The managers of the case 
organization want to make sure of the effective supply chain 
4.0 implementation in the manufacturing sector under the 
circular economy concept; as a result, they came to a deci-
sion to examine the method developed by the authors before 
their actual implementation. To this end, a team was created 
consisting of three decision experts, including one project 
manager, one supervisor from the production department, 
one assistant manager from sales and distribution, and one 
senior manager from the purchase area. All of these decision 
experts had experienced the activities related to SC for more 
than 20 years. In addition, two out of the six experts had 
the practice of managing the international SC activities for 
10 years. Before gathering data, approval was taken from the 
ethics board of the university and also the case organization 
indicating that the data gathered will be applied to develop-
ing a framework, and the outcomes of the research will be 
delivered to the case organization with the aim of facilitating 
supply chain 4.0 implementation in the manufacturing sector 
under the circular economy concept. The created decision 
panel was used in three phases through holding brainstorm-
ing sessions. The challenges were taken out from the existing 
studies and presented prior to the expert group. In the first 

(13)�i =
�i

E∗
× 100%, ∀i.

phase, the SC 4.0 challenges were finalized to develop the 
frame for supply chain 4.0 implementation in the manufac-
turing sector under the circular economy concept, and later 
24 challenges were recognized through previous researches.

Step 1–2: Assume that the DEs’ weights are given in 
terms of q-ROFNs, presented by {(0.85, 0.45, 0.6655), 
(0.70, 0.65, 0.7258), (0.75, 0.60, 0.7128)}. Now, Table 1, 
adopted from Krishankumar et al. (2021), describes the sig-
nificance value of DEs and supply chain 4.0 in linguistic 
values (LVs) and is now converted into q-ROFNs.

Since DEs’ importance degrees as provided by the spe-
cialists, are in the form of q-ROFNs. Now, the final weights 
of DEs are evaluated by employing Eq. (4) and given as { ϖ 
1 = 0.4171, ϖ 2 = 0.2661, ϖ 3 = 0.3168}. Table 2 defines the 
LVs of DEs to evaluate the options over the related chal-
lenges for supply chain 4.0 implementation in the manufac-
turing sector.

Step 3: Evaluation made by three DEs have been com-
bined by Eq. (5) for alternatives over the challenges of sup-
ply chain 4.0 into an A-q-ROF-DM 

⌣

ℤ =

(
⌣

𝜉 ij

)

m× n

, and is 
presented in Table 3.

Step 4: For estimating the weight of various challenges 
wth SWARA, the DEs’ opinion is highly significant, which 
is discussed in Table 4. From Eqs. (5)−(7), the DEs ranked 
all the considered challenges from the first to the last ones. 
Then, all challenges’ weights are discussed in Table 5 as wj 
column. Table 5 displays that the weight of the challenges 
of supply chain 4.0 is given by

wj = (0.0402, 0.0429, 0.0357, 0.0399, 0.0343, 0.0489, 
0.0429, 0.0418, 0.0385, 0.0443, 0.0397, 0.0416, 0.0409, 
0.0435, 0.0434, 0.0414, 0.0392, 0.0432, 0.0421, 0.0467, 
0.0446, 0.0445, 0.0382, 0.0416)

Here, Fig. 2 illustrates the weight values of different chal-
lenges of supply chain 4.0 with respect to the goal. Lack of 
vision and strategy  (B6) with a weight value of 0.0489 has 
become the most critical challenge of supply chain 4.0. lack 
of collaboration and coordination  (B20) with a weight value 
of 0.0467 is the second most crucial challenge of supply 

Table 1  Ratings of options and challenges in the term of LVs

LVs q-ROFNs

Absolutely high (AH) (0.95,0.20)
Very high (VH) (0.90,0.50)
High (H) (0.80,0.60)
Medium high (MH) (0.75,0.65)
Average (A) (0.60,0.70)
Medium low (ML) (0.50,0.75)
Low (L) (0.40,0.80)
Very low (VL) (0.30,0.90)
Absolutely low (AL) (0.20,0.95)
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chain 4.0. Lack of infrastructure and internet-based networks 
 (B21) has third with significance value 0.0446, poor existing 
data quality  (B22) has fourth with weight value 0.0445, lack 
of knowledge  (B10) with significance value 0.0443 has fifth 
most important challenge challenges of supply chain 4.0. 
lack of information sharing  (B14) with significance value 
0.0435; overconfidence in suppliers  (B15) with significance 
value 0.0434; financial constraints  (B18) with significance 
value 0.0432; lack of governmental support and polices 
 (B7) and agility and flexibility  (B2) with significance value 
0.0429; low understanding of Industry 4.0 implications 
 (B19) with significance value 0.0421; lack of competency 
in adopting/applying new business models  (B8) with sig-
nificance value 0.0418; lack of planning  (B12) and profiling 
& complexity issues  (B24) significance value 0.0416; low 
management support and dedication  (B16) with significance 
value 0.0414; legal issues  (B13) with significance value 
0.0409; security issues  (B1) with significance value 0.0402; 
unclear economic benefit of digital investments  (B4) with 
significance value 0.0399; Lack of digital culture  (B11) with 
significance value 0.0397; lack of integration  (B17) with sig-
nificance value 0.0392; lack of global standards and data 
sharing protocols  (B9) with significance value 0.0385; sil-
ver bullet chase  (B23) with significance value 0.0382; poor 

research and development (R&D) on Industry 4.0 adoption 
 (B3) with significance value 0.0357; high volatility  (B5) with 
significance value 0.0343 are considered crucial challenges 
of supply chain 4.0.

Steps 5–8: In the process of assessment of challenges of 
supply chain 4.0, all risk factors are the benefit types. Hence, 
the RD �i of each option is equal to �∗

(
�i
)
,  i.e., �∗

(
�i
)
= �i. 

Using (8)−(12), the values of �i,�i and �i of  Oi (i = 1(1) 4) 
are computed over the challenges Bj (j = 1(1)24), and speci-
fied in Table 6. From Table 6, the prioritization of the organ-
ization candidates is O1 ≻ O3 ≻ O2 ≻ O4 and thus,  O1 is 
the best site for organizations.

4.2  Comparative study

The result of the q-ROF-SWARA-COPRAS method was 
compared with the results of another approach. To demon-
strate the efficacy and the unique advantages of the intro-
duced method, the q-ROF-TOPSIS model (Liu et al. 2019) 
and q-ROF-WASPAS (Rani and Mishra 2020) are employed 
to tackle the same problem.

4.2.1  q‑ROF‑TOPSIS method

Steps 1–4: Similar to the aforementioned technique.
Step 5: Define the q-rung orthopair fuzzy ideal solution 

(q-ROF-IS) and q-rung orthopair fuzzy anti-ideal solution 
(q-ROF- AIS).

Let �+ and �− symbolize the q-ROF-IS and q-ROF-AIS 
and are estimated by

Step 6: Estimate the distance measures from options to 
q-ROF-IS and q-ROF-AIS, respectively.

Using Eq. (2), we estimate the discrimination dis
(
Oi, �

+
)
 

between the alternative Oi and q-ROF-IS �+.

(14)
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�
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�ij, for cost criterion Bn

,
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||||||

+

||||||
𝜈
q

⌣

𝜉 ij

−
(
𝜈+
𝜁

)q
||||||
+

||||||
𝜋
q

⌣

𝜉 ij

−
(
𝜋+
𝜁

)q
||||||

)]

Table 2  LVs of options over various challenges by DEs

O1 O2 O3 O4

B1 (MH,A,H) (A,ML,VL) (H, MH,A) (H,H,A)
B2 (A,VH,H) (ML,MH,H) (H,A,MH) (H,ML,MH)
B3 (H,VH,H) (VH,H,VH) (ML,A,H) (ML,A,MH)
B4 (ML,A,H) (VH,A,H) (ML,ML,MH) (ML,A,H)
B5 (ML,MH,H) (ML,H,H) (MH,ML,A) (MH,A,A)
B6 (VL,MH,L) (A,VL,L) (VH,H,A) (VH,H,MH)
B7 (ML,MH,L) (L,VL,L) (A,MH,A) (H,MH,A)
B8 (H,VH,VH) (A,H,VH) (ML,A,MH) (ML,A,H)
B9 (H,A,H) (A,VH,H) (A,ML,H) (L,ML,H)
B10 (L,L,A) (L,VL,VL) (L,A,ML) (L,ML,ML)
B11 (ML,L, L) (MH,L,L) (MH,H,A) (MH,MH,A)
B12 (ML,L,ML) (ML,A,ML) (H,VH,A) (MH,VH,A)
B13 (ML,VL,VL) (L,ML,L) (ML,A,ML) (ML,VL,ML)
B14 (ML,A,H) (ML,MH,H) (MH,VH,MH) (A,VH,H)
B15 (VH,MH,A) (ML,VH,H) (A,ML,VH) (A,A,MH)
B16 (ML,L,VL) (A,L,VL) (MH,A,VH) (MH,A,H)
B17 (ML,ML,A) (L,VL,ML) (MH,ML,A) (MH,L,A)
B18 (MH,VH,H) (A,VH,H) (A,VL,ML) (A,VL,ML)
B19 (ML,A,H) (MH,VH,H) (ML,MH,A) (ML,H,A)
B20 (MH,H,H) (A,MH,A) (ML,VL,A) (ML,L,A)
B21 (MH,L,H) (A,A,MH) (ML,L,A) (ML,L,MH)
B22 (MH,MH,H) (A,ML,A) (ML,ML,A) (L,VL,A)
B23 (H,L,MH) (A,MH,A) (MH,L,A) (ML,ML,MH)
B24 (MH,A,H) (MH,ML,A) (ML,MH,A) (L,L,A)
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and the discrimination dis
(
Oi, �

−
)
 between the alterna-

tive Oi and q-ROF-AIS �− is described by

Step 7: Appraise the relative closeness index (RCI).
The RCI of each candidate can be determined using 

Eq. (18):

Step 8: Decide the maximum degree, RC
(
Ok

)
, among 

the degrees RC
(
Oi

)
. This proves that Ok is the optimal 

alternative.
At present, the q-ROF-IS and q-ROF-AIS are estimated 

by Eqs. (14)−(15) as follows:
�+ = {(0.756, 0.630, 0.682), (0.789, 0.610, 0.656), 

(0.881, 0.525, 0.556), (0.828, 0.579, 0.620), (0.723, 
0.659, 0.696), (0.842, 0.570, 0.601), (0.741, 0.644, 
0.689), (0.868, 0.540, 0.574), (0.789, 0.610, 0.656), 
(0.501, 0.756, 0.761), (0.731, 0.651, 0.693), (0.802, 

(17)

dis
(
Oi, 𝜁

−
)
=
1

2

n∑
j=1

[
wj

(||||||
𝜇
q

⌣

𝜉 ij

−
(
𝜇−
𝜁

)q
||||||

+

||||||
𝜈
q

⌣

𝜉 ij

−
(
𝜈−
𝜁

)q
||||||
+

||||||
𝜋
q

⌣

𝜉 ij

−
(
𝜋−
𝜁

)q
||||||

)]
.

(18)RC
(
Oi

)
=

dis
(
Oi, �

−
)

dis
(
Oi, �

+
)
+ dis

(
Oi, �

−
) .

0.600, 0.645), (0.532, 0.736, 0.767), (0.808, 0.606, 
0.630), (0.812, 0.584, 0.642), (0.797, 0.610, 0.643), 
(0.661, 0.691, 0.725), (0.820, 0.572, 0.639), (0.820, 
0.591, 0.623), (0.781, 0.620, 0.658), (0.722, 0.670, 
0.686), (0.767, 0.634, 0.664), (0.729, 0.664, 0.683), 
(0.740, 0.646, 0.687)},

�− ={(0.514, 0.772, 0.739), (0.704, 0.673, 0.703), 
(0.634, 0.704, 0.735), (0.615, 0.717, 0.736), (0.661, 
0.691, 0.725), (0.496, 0.781, 0.738), (0.379, 0.825, 
0.726), (0.505, 0.704, 0.806), (0.632, 0.718, 0.723), 
(0.349, 0.857, 0.690), (0.448, 0.779, 0.578), (0.478, 
0.763, 0.764), (0.410, 0.834, 0.705), (0.665, 0.686, 
0.726), (0.660, 0.684, 0.732), (0.429, 0.808, 0.733), 
(0.420, 0.809, 0.735), (0.520, 0.765, 0.744), (0.624, 
0.706, 0.739), (0.507, 0.770, 0.744), (0.519, 0.747, 
0.763), (0.473, 0.791, 0.736), (0.615, 0.717, 0.736), 
(0.486, 0.767, 0.757)}.

The results of the q-ROF-TOPSIS model are obtained 
by Eqs. (16)−(18) and are illustrated in Table 7. Lastly, 
the prioritization order of organizations is obtained as 
O1 ≻ O3 ≻ O2 ≻ O4. Therefore, the most company alter-
native is  O1.

4.2.2  q‑ROF‑WASPAS method

Steps 1–4: Analogous to the aforementioned model.

Table 3  A-q-ROF-DM for 
different challenges of supply 
chain 4.0

O1 O2 O3 O4

B1 (0.740, 0.646, 0.687) (0.514, 0.772, 0.739) (0.741, 0.644, 0.689) (0.756, 0.630, 0.682)
B2 (0.789, 0.610, 0.656) (0.704, 0.673, 0.703) (0.746, 0.641, 0.684) (0.736, 0.653, 0.686)
B3 (0.835, 0.572, 0.613) (0.881, 0.525, 0.556) (0.665, 0.686, 0.726) (0.634, 0.704, 0.735)
B4 (0.665, 0.686, 0.726) (0.828, 0.579, 0.620) (0.615, 0.717, 0.736) (0.665, 0.686, 0.726)
B5 (0.704, 0.673, 0.703) (0.723, 0.659, 0.696) (0.661, 0.691, 0.725) (0.676, 0.679, 0.723)
B6 (0.546, 0.795, 0.694) (0.496, 0.781, 0.738) (0.822, 0.584, 0.625) (0.842, 0.570, 0.601)
B7 (0.584, 0.737, 0.737) (0.379, 0.825, 0.726) (0.652, 0.686, 0.737) (0.741, 0.644, 0.689)
B8 (0.868, 0.540, 0.574) (0.797, 0.604, 0.649) (0.505, 0.704, 0.806) (0.665, 0.686, 0.726)
B9 (0.743, 0.625, 0.702) (0.789, 0.610, 0.656) (0.673, 0.679, 0.725) (0.632, 0.718, 0.723)
B10 (0.486, 0.767, 0.757) (0.349, 0.857, 0.690) (0.501, 0.756, 0.761) (0.464, 0.770, 0.762)
B11 (0.448, 0.779, 0.578) (0.617, 0.734, 0.718) (0.731, 0.651, 0.693) (0.714, 0.665, 0.699)
B12 (0.478, 0.763, 0.764) (0.532, 0.736, 0.560) (0.802, 0.600, 0.645) (0.783, 0.621, 0.655)
B13 (0.410, 0.834, 0.705) (0.432, 0.786, 0.757) (0.532, 0.736, 0.767) (0.464, 0.787, 0.744)
B14 (0.665, 0.686, 0.726) (0.704, 0.673, 0.703) (0.808, 0.606, 0.630) (0.789, 0.610, 0.656)
B15 (0.812, 0.584, 0.642) (0.776, 0.627, 0.658) (0.751, 0.641, 0.679) (0.660, 0.684, 0.732)
B16 (0.429, 0.808, 0.733) (0.493, 0.785, 0.734) (0.797, 0.610, 0.643) (0.740, 0.646, 0.687)
B17 (0.537, 0.734, 0.766) (0.420, 0.809, 0.735) (0.661, 0.691, 0.725) (0.651, 0.703, 0.722)
B18 (0.820, 0.572, 0.639) (0.789, 0.610, 0.656) (0.520, 0.765, 0.744) (0.520, 0.765, 0.744)
B19 (0.665, 0.686, 0.726) (0.820, 0.591, 0.623) (0.624, 0.706, 0.739) (0.651, 0.692, 0.732)
B20 (0.781, 0.620, 0.658) (0.652, 0.686, 0.737) (0.507, 0.770, 0.744) (0.519, 0.747, 0.763)
B21 (0.722, 0.670, 0.686) (0.660, 0.684, 0.732) (0.519, 0.747, 0.763) (0.603, 0.729, 0.733)
B22 (0.767, 0.634, 0.664) (0.578, 0.713, 0.763) (0.537, 0.734, 0.766) (0.473, 0.791, 0.736)
B23 (0.729, 0.664, 0.683) (0.652, 0.686, 0.737) (0.651, 0.703, 0.722) (0.615, 0.717, 0.736)
B24 (0.740, 0.646, 0.687) (0.661, 0.691, 0.725) (0.624, 0.706, 0.739) (0.486, 0.767, 0.757)
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Step 5: For each alternative, calculate the degrees of the 
weighted sum method (WSM) ℂ(1)

i  with the use of Eq. (19):

Step 6: For each alternative, estimate the degrees of the 
weighted product method (WPM) ℂ

(2)

i  using Eq. (20) as 
follows:

Step 7: For each alternative, compute the aggregated 
measure of WASPAS with the use of Eq. (21):

where � stands for the coefficient of the decision mecha-
nism. It was proposed with the aim of estimating the WAS-
PAS accuracy level based on the initial attributes precision 
and when � ∈ [0, 1]  (when � = 0, and � = 1, WASPAS is 
changed into WPM and WSM, respectively). It is already 

(19)ℂ
(1)

i
=

n∑
j= 1

wj

⌣

𝜉 ij.

(20)ℂ
(2)

i
=

n∏
j=1

wj

⌣

𝜉 ij.

(21)ℂi = �ℂ
(1)

i
+ (1 − �)ℂ

(2)

i
,

proved that the aggregating methods outperform the single 
models in terms of accuracy.

Step 8: Prioritize the candidates in accordance with the 
increasing degrees (i.e., score values) of ℂi.

To find out the ranking of the alternatives by q-ROF-
WASPAS model, appraised the WSM 

(
ℂ

(1)

i

)
 and its score 

values, WPM 
(
ℂ

(2)

i

)
 and its score values, and measure of 

WASPAS 
(
ℂi

)
 for each company candidate and depicted in 

Table 8. Therefore, the prioritization of the company is 
assessed as O1 ≻ O3 ≻ O4 ≻ O2

 and  O1, i.e., organization-I, 
is the most desirable option. Apparently, the outcomes are 
slightly different with introduced and extant methods. So far, 
the q-ROF-SWARA-COPRAS approach is more resilient 
and stable than the q-ROF-TOPSIS and q-ROF-WASPAS 
approaches and thus has wider applicability.

The comparative results confirmed that, in compari-
son with the above-discussed methods, q-ROF-SWARA-
COPRAS is of higher robustness; therefore, it is applica-
ble to a wider range of problems. Here, the most important 
benefits of the introduced model are presented (See 
Fig. 3):

Table 4  Weights of challenges of supply chain 4.0 in LVs

Barriers A1 A2 A3 Aggregated q-ROFNs Score values �∗

(
⌣

𝜉 kj

)

B1 ML MH ML (0.600, 0.722, 0.741) 0.4200
B2 A A MH (0.660, 0.684, 0.732) 0.4842
B3 L ML L (0.432, 0.786, 0.757) 0.2971
B4 A A ML (0.573, 0.715, 0.764) 0.4110
B5 VL L ML (0.410, 0.823, 0.720) 0.2554
B6 MH H H (0.781, 0.620, 0.658) 0.6187
B7 ML A H (0.665, 0.686, 0.726) 0.4853
B8 MH A L (0.646, 0.708, 0.721) 0.4573
B9 ML A ML (0.532, 0.736, 0.767) 0.3754
B10 H A ML (0.694, 0.671, 0.714) 0.5159
B11 L ML MH (0.595, 0.736, 0.731) 0.4058
B12 ML A MH (0.634, 0.704, 0.735) 0.4531
B13 MH ML L (0.628, 0.721, 0.722) 0.4365
B14 H ML ML (0.680, 0.683, 0.716) 0.4975
B15 MH MH L (0.689, 0.694, 0.697) 0.4960
B16 ML H ML (0.631, 0.707, 0.734) 0.4489
B17 L MH ML (0.579, 0.742, 0.736) 0.3930
B18 ML MH MH (0.679, 0.690, 0.711) 0.4921
B19 A ML MH (0.644, 0.696, 0.734) 0.4646
B20 ML A VH (0.745, 0.648, 0.680) 0.5711
B21 MH ML MH (0.708, 0.675, 0.696) 0.5233
B22 ML MH H (0.704, 0.673, 0.703) 0.5221
B23 A ML L (0.527, 0.744, 0.762) 0.3673
B24 ML A MH (0.634, 0.704, 0.735) 0.4531
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Table 5  Significance degree of 
the challenges of supply chain 
4.0 using SWARA method

Barriers Crisp degrees Comparative importance 
of attributes 

(
sj
) Coefficient 

(
kj
)

Recalculated 
weight 

(
�j
) Final weight 

(
wj

)

B6 0.6187 - 1.000 1.0000 0.0489
B20 0.5711 0.0476 1.0476 0.9546 0.0467
B21 0.5233 0.0478 1.0478 0.9110 0.0446
B22 0.5221 0.0012 1.0012 0.9099 0.0445
B10 0.5159 0.0062 1.0062 0.9043 0.0443
B14 0.4975 0.0184 1.0184 0.8880 0.0435
B15 0.4960 0.0015 1.0015 0.8867 0.0434
B18 0.4921 0.0039 1.0039 0.8833 0.0432
B7 0.4853 0.0068 1.0068 0.8773 0.0429
B2 0.4842 0.0011 1.0011 0.8763 0.0429
B19 0.4646 0.0196 1.0196 0.8595 0.0421
B8 0.4573 0.0073 1.0073 0.8533 0.0418
B12 0.4531 0.0042 1.0042 0.8497 0.0416
B24 0.4531 0.0000 1.0000 0.8497 0.0416
B16 0.4489 0.0042 1.0042 0.8461 0.0414
B13 0.4365 0.0124 1.0124 0.8357 0.0409
B1 0.4200 0.0165 1.0165 0.8221 0.0402
B4 0.4110 0.0090 1.0090 0.8148 0.0399
B11 0.4058 0.0052 1.0052 0.8106 0.0397
B17 0.3930 0.0128 1.0128 0.8004 0.0392
B9 0.3754 0.0176 1.0176 0.7866 0.0385
B23 0.3673 0.0081 1.0081 0.7803 0.0382
B3 0.2971 0.0702 1.0702 0.7291 0.0357
B5 0.2554 0.0417 1.0417 0.6999 0.0343

Security issues (B1), 
0.0402

Agility and flexibility (B2), 0.0429

Poor research and development (R&D) on 
Industry 4.0 adoption (B3), 0.0357

Unclear economic benefit of digital 
investments (B4), 0.0399

High volatility (B5), 0.0343

Lack of vision and 
strategy (B6), 

0.0489

Lack of governmental support and polices 
(B7), 0.0429

Lack of competency in adopting/applying 
new business models (B8), 0.0418

Lack of global standards and data sharing 
protocols (B9), 0.0385

Lack of knowledge (B10), 0.0443

Lack of digital culture (B11), 0.0397

Lack of planning (B12), 0.0416Legal issues (B13), 0.0409Lack of information sharing (B14), 0.0435

Overconfidence in suppliers (B15), 0.0434

Low management support and dedication 
(B16), 0.0414

Lack of integration (B17), 0.0392

Financial constraints 
(B18), 0.0432

Low understanding of Industry 4.0 
implications (B19), 0.0421

Lack of collaboration and coordination (B20), 
0.0467

Lack of infrastructure and internet-based 
networks (B21), 0.0446

Poor existing data quality (B22), 0.0445

Silver bullet chase (B23), 0.0382

Profiling and complexity issues (B24), 0.0416

Fig. 2  Weight of different challenges of supply chain 4.0
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• The q-ROFSs are capable of reflecting the DE’s hesi-
tancy with higher objectivity compared to other classic 
extensions of FS. For that reason, the q-ROF-SWARA-
COPRAS method makes available higher flexibility in 
expressing the uncertainty when evaluating the chal-
lenges of supply chain 4.0.

• SWARA is used for the purpose of assessing the criteria 
weights in the process of evaluating the challenges of the 
supply chain 4.0 process; it has the capacity to add effi-
ciency, reliability, and sensibility to the q-ROF-SWARA-
COPRAS method.

• The q-ROF-SWARA-COPRAS method can appropriately 
process the available information from various points of 
view, e.g., the cost-type and benefit-type criteria.

4.3  Sensitivity analysis

In this part of the study, we discuss a sensitivity analysis 
based on diverse values of the parameter (�) . For this 

Table 6  The computational outcome of the q-ROF-SWARA-
COPRAS framework

Option �i �i �i Ranking

O1 (0.707, 0.676, 0.696) 0.2609 100.00% 1
O2 (0.684, 0.693, 0.703) 0.2469 94.63% 3
O3 (0.680, 0.684, 0.716) 0.2486 95.29% 2
O4 (0.674, 0.708, 0.697) 0.2377 91.11% 4

Table 7  Prioritization of alternative with q-ROF- TOPSIS model

Options dis
(
Oi, �

+
)

dis
(
Oi, �

−
)

RC
(
Oi

)
Ranking

O1 0.134 0.178 0.5703 1
O2 0.168 0.151 0.4724 3
O3 0.156 0.150 0.4890 2
O4 0.165 0.139 0.4575 4

Table 8  Results of q-ROF-
WASPAS model

Options WSM WPM WASPAS ℂi(�) Ranking

ℂ
(1)

i 𝕊
∗
(
ℂ

(1)

i

)
ℂ

(2)

i 𝕊
∗
(
ℂ

(2)

i

)

O1 (0.707, 0.676, 0.696) 0.5218 (0.649, 0.698, 0.728) 0.467 0.494 1
O2 (0.684, 0.693, 0.703) 0.4939 (0.612, 0.717, 0.482) 0.431 0.462 4
O3 (0.680, 0.684, 0.716) 0.4972 (0.642, 0.693, 0.738) 0.466 0.482 2
O4 (0.674, 0.708, 0.697) 0.4753 (0.635, 0.703, 0.735) 0.454 0.465 3

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0.55

0.6

Proposed method q-ROF-TOPSIS q-ROF-WSM q-ROF-WPM q-ROF-WASPAS

O1 O2 O3 O4

Fig. 3  Comparison of utility degree of each organization over different challenges of supply chain 4.0 with extant methods
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purpose, different values of � are considered for the analyses 
performed, and the changeable values of � are able to help 
the experts to assess the sensitivity of the proposed approach. 
Figure 4 displays the prioritizing orders of the organiza-
tions considering varied values of a parameter. As Fig. 4  
clearly shows, option  O1 has the highest rank, when � = 0.0 
to 1.0. On the other hand, option  O4 has the worst rank when 
� = 0.0 to 1.0. Therefore, it can be said that the present 
model has higher stability in the case of varied parameter 
values. In addition, the subjective attribute weights that were 
assessed using the SWARA technique increased the sensitiv-
ity of the developed framework. Accordingly, using diverse 
values of the parameter � can enhance the strength of the 
q-ROF-SWARA-COPRAS method.

5  Conclusions

To accomplish the defined research objective, this paper first 
performed a comprehensive literature survey to recognize 
the most important supply chain 4.0 challenges in manu-
facturing companies under the circular economy concept. 
A unique set of 24 supply chain 4.0 challenges including 
security issues; agility, and flexibility; poor research and 
development (R&D) on Industry 4.0 adoption; the unclear 
economic benefit of digital investments; high volatility; 
lack of vision and strategy; lack of governmental support 
and polices; lack of competency in adopting/applying new 
business models; lack of global standards and data shar-
ing protocols; lack of knowledge; lack of digital culture; 

lack of planning; legal issues; lack of information sharing; 
overconfidence in suppliers; low management support and 
dedication; lack of integration; financial constraints; low 
understanding of Industry 4.0 implications; lack of infra-
structure and internet-based networks; poor existing data 
quality; silver bullet chase and profiling and complexity 
issues are obtained using a survey approach. To analyze and 
evaluate supply chain 4.0 challenges, this paper proposed an 
innovative integrated framework on the basis of the SWARA 
and the COPRAS methods on q-ROFSs for evaluating the 
challenges that may arise to supply chain 4.0. SWARA was 
employed for the purpose of eliciting the DEs’ preferences 
during the process of criteria weights determination. After-
ward, COPRAS was employed for assessing the challenges 
of supply chain 4.0.

The outcomes of the analysis found that lack of vision 
and strategy (0.0489) had the first rank followed by lack 
of collaboration and coordination (0.0467), lack of infra-
structure and internet-based networks (0.0446), poor exist-
ing data quality (0.0445), lack of knowledge (0.0443), lack 
of information sharing (0.0435), etc. For the validation of 
the obtained results, sensitivity analysis and comparative 
studies were also carried out. The results of both confirmed 
the applicability of the developed method. Consequently, 
the final results revealed that the present method was of 
higher usefulness and feasibility in comparison with other 
approaches formerly proposed in this field. In the current 
study, we have focused on the supply chain 4.0 challenges 
in manufacturing companies; in this regard, future work can 
evaluate these challenges in different companies, such as 

0

0.1

0.2

0.3

0.4

0.5

0.6

ϕ = 0.1 ϕ = 0.2 ϕ = 0.3 ϕ = 0.4 ϕ = 0.5 ϕ = 0.6 ϕ = 0.7 ϕ = 0.8 ϕ = 0.9 ϕ = 1.0

O1 O2 O3 O4

Fig. 4  Variation in the utility degree of alternatives over different parameter (ϕ) values
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services companies. In addition, further work can evaluate 
the important barriers and drivers of supply chain 4.0 in 
manufacturing firms during the circular economy era. The 
limitation of the present study is that only a small number 
of DEs were involved in this study, and the study did not 
take into account the interrelationships between the crite-
ria, which to some extent confines the application scope of 
the developed framework. As a result, there is still a need 
for further research in the future, which considers a larger 
number of DEs and takes into account both inter and intra-
relationships between the challenges of supply chain 4.0.
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