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Abstract
The application of blockchain technology (BT) to sustainable supply chain management (SSCM) has enriched the operations 
management processes with higher degrees of safety, traceability, transparency, and efficiency. This technology effectively 
helps prevent fake products and fraud across the supply chains, reducing costs and enhancing efficiency. However, the imple-
mentation of BT in supply chain management (SCM) is still in the initial stages since companies generally pay too much 
attention to the adoption phase while neglecting the managerial/organizational strategies required to succeed in this path; 
they also overlook the establishment of an effective link to the three main pillars of sustainability (i.e., the environmental, 
social, and economic aspects). Despite high potentials formerly confirmed for BT, a number of barriers have blocked the 
rapid adoption of this technology. Accordingly, the current study attempts to propose an innovative model hybridizing the 
combined compromise solution (CoCoSo) and criteria importance through inter-criteria correlation (CRITIC) methods to 
identify and evaluate the barriers to the BT adoption in SSCM in the manufacturing sector. In the proposed model, CRITIC 
is responsible for calculating the criteria weights, and CoCoSo for evaluating the preference order of the organization. To 
exhibit the practicality of the introduced model, a case study is taken to evaluate the barriers to the adoption of BT in SSCM 
within PFSs environment. Moreover, we exhibit a sensitivity analysis over parameter values in view of examining the sta-
bility of our proposed approach. Finally, we draw attention to a comparison between our developed PF-CRITIC-CoCoSo 
decision-making framework with an existing PF-WASPAS method to show its superiority and potency.

Keywords  Blockchain technology · Manufacturing sector · Pythagorean fuzzy sets · Combined compromise solution · 
Multi-criteria decision-making · Sustainable supply chain

1  Introduction

In recent years, blockchain technology (BT) has received 
substantial attention as a troublemaking technology. On the 
other hand, it has a number of potential benefits that have 

encouraged organizations to contemplate implementing it. 
Some features of this technology, e.g., traceability, reli-
ability, smart contracts, and data immutability, have made 
trustless environments with less requirement for intermedi-
aries (Kouhizadeh et al. 2021). Blockchain could be used 
in numerous applications, among which a key application 
is supply chain sustainability (Saberi et al. 2019). In recent 
research (Kouhizadeh et al. 2020), the impact of blockchain 
on the circular economy was examined by analyzing differ-
ent case studies carried out in various industrial sectors. The 
findings showed that none of the investigated cases were in 
the complete implementation phase; they all were at a pilot 
study phase. Blockchains, with the above-noted character-
istics, when shared by a community, are capable of influ-
encing sustainable supply chain networks. This technology 
is able to track the potential conditions that can threaten 
environmental, health, and safety status of the community  
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(Adams et al. 2018). If a supply chain works with block-
chain, it can better assure the human rights and provide fair 
work practices.

With the help of Blockchain, a supply chain can detect 
unethical suppliers and fake services/products. This is 
because, in this condition, all information can be recorded 
only by authorized parties. From an economic perspec-
tive, the adoption of blockchain can have many benefits for 
companies and their supply chain from a variety of busi-
ness dimensions that affect their economic activities. Both 
scholars and practitioners have recently paid much attention 
to the sustainability of supply chains (Fahimnia et al. 2015). 
In addition to the high importance of the business dimen-
sions of the supply chain to sustainable supply chains, the 
expansion of the focus to social and environmental aspects 
has caused the emergence of a more universal and generaliz-
able perception of the supply chain. The favorable charac-
teristics of BT can be a panacea for this complexity in the 
three pillars of sustainability, i.e., society, environment, and 
economy.

Blockchain can considerably transform numerous opera-
tions/activities in the supply, which require increased atten-
tion from practitioners and researchers (Kshetri 2018). The 
increasing implementation of novel technologies (e.g., artifi-
cial intelligence (AI) and the Internet of Things (IoT)) affects 
supply chain management (SCM) (Apte 2016; Saberi et al. 
2018a). For example, blockchain can improve and detect the 
products and passengers in real-time throughout the overall 
SCM. With the help of blockchain, all of the actors within 
a supply chain (SC) will be enabled to know who is doing 
which actions, which is achieved through characterizing and 
evidencing the time and location of the actions. A direct 
relevant benefit of this technology is that it provides solu-
tions applicable to identity management (Alam 2016). In 
fact, blockchain entails both negative and positive impacts 
on the whole business world (Giungato et al. 2017).

Identifying the examples of sustainable supply chains 
(SSCs) can reveal to what extent blockchain technology 
has been applied. This technology can support the process 
related to gathering, storing, and managing data; it also sup-
ports important information about products and SC. Further-
more, blockchain technology can find openness, neutrality, 
transparency, reliability, and security for all SC agents and 
stakeholders (Abeyratne and Monfared 2016). One of the 
sectors that have faced SC sustainability pressures is the 
food and beverage industry.

Every novel technology may have both advantages and 
disadvantages. In the case of blockchain, a key sustain-
ability concern is the amount of energy consumed by this 
technology. High computational power that is needed for 
some key “proof-of-work” consensus systems demands 
many hundreds of megawatts of energy (Fairley 2017). 
This condition results in high volumes of carbon emitted 

into the environment. In addition, decentralized ledgers 
require high computational power and resources to main-
tain the security of data and entries that are duplicated; 
this also results in consuming higher amounts of energy. 
The above-mentioned problems are some disadvantages 
only from the sustainability perspective; however, as the 
current study highlights later, from an SSCM perspective, 
the adoption of blockchain is hindered by many other bar-
riers. Moreover, switching to a novel disruptive technology 
(e.g., blockchain) may involve some disruptive changes for 
any firm in the perspective of technical and non-technical 
practices (which may include both internal and external 
ones Kurpjuweit et al. 2021; Rugeviciute and Mehrpouya 
2019) that can be complicated to be well justified.

The literature has consisted of many experiments con-
ducted on blockchain focusing on its application to differ-
ent industrial sectors; however, it lacks research into the 
impacts of this technology on SCs (O'Leary 2017; Shermin 
2017). In spite of the capacity of blockchain for the trans-
formation of SC activities, it has still remained unclear 
whether it can be properly translated to reliable applica-
tions (Iansiti and Lakhani 2017). In the study of Dolgui 
et al. (2020), blockchain-oriented dynamic modeling of 
smart contracts design was developed as a flexible flow 
shop scheduling execution in SC. This technology is still 
at the beginning of its path toward development; therefore, 
it is not entirely clear what benefits blockchain can provide 
to SCM (Hackius and Petersen 2017; Mathivathanan et al. 
2021). Schmidt and Wagner (2019) discussed the bene-
fits of integrating blockchain with SC and also identified 
some opportunities for future research, e.g., investigating 
the barriers and challenges to the adoption of blockchain. 
The freshness of blockchain and the incredible perspec-
tive of SC applications has encouraged the present study 
to examine the barriers to the adoption of BT. This paper 
also highlights recent growths of the blockchain application 
to trading activities at an international scale. The literature 
has consisted of only a few studies that have analyzed the 
idea of enabling SCs with blockchain and addressed the 
obstacles in the path towards successfully adopting this 
technology. Through Delphi research, Kurpjuweit et al. 
(2021) attempted to analyze these obstacles, especially in 
the manufacturing sector, and highlighted the probable dis-
ruptions that may occur to SCs. The risks and barriers to 
adopting blockchain in conventional business models were 
addressed in the study of Prewett et al. (2020). In another 
research, Klöckner et al. (2020) analyzed how this tech-
nology can innovate the manufacturing business models, 
especially concerning 3-D printing. Queiroz et al. (2020) 
carried out some experiments and compared the United 
States and India regarding the blockchain adoption behav-
iors in logistics and SC fields. They used the technology 
acceptance models as well as the network theory approach.
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For the aim of effectively addressing the uncertain infor-
mation, Yager (2013, 2014) pioneered the Pythagorean fuzzy 
sets (PFSs) concept, which is described by belongingness 
grade (BG) and non-belongingness grade (NG). It satisfies 
the constraint that the sum of the squares of BG and NG is 
≤ 1. As a result, in terms of describing the ambiguity nature, 
PFSs have higher effectiveness than intuitionistic fuzzy sets 
(IFSs) (Atanassov, 1986). Accordingly, because of the unique 
benefits of PFSs, Zhang and Xu (2014) gave the fundamental 
operations of PFSs with the aim of addressing the concerns 
regarding group decision-making processes. Yucesan and 
Kahraman (2019) investigated a novel framework for risk 
evaluation and prevention in hydropower plant processes 
based on the Pythagorean fuzzy analytic hierarchy process. 
Peng and Ma (2020) presented the combinative distance-
based assessment (CODAS) method for multiple criteria 
decision-making under the Pythagorean fuzzy environment. 
Further, Zhou and Chen (2020) suggested an integrated deci-
sion-making model by combining distance measure and linear 
programming techniques for the multidimensional analysis of 
preference (LINMAP) with PFSs. Paul et al. (2021) proposed 
an innovative decision-making model based on advanced 
Pythagorean fuzzy geometric operators within the context  
of PFSs.

In recent years, Yazdani et al. (2019b) proposed an inno-
vative multi-criteria decision-making (MCDM) approach, 
namely a combined compromise solution (CoCoSo). It 
works on incorporating the accumulated compromise algo-
rithm with several aggregation procedures with the aim of 
achieving a compromise solution. The approach was devel-
oped on the basis of aggregating two models, i.e., weighted 
product measure (WPM) and simple additive weighting 
(SAW). Moreover, CoCoSo is highly stable and reliable 
in regard to the ranking of alternatives. Deleting or adding 
options has less effect upon the final prioritization outcomes 
achieved by this approach in comparison with VIKOR 
(Visekriterijumska Optimizacija I Kompromisno Resenje), 
TOPSIS(Technique for order of preference by similarity to 
ideal solution), and other MCDM techniques (Yazdani et al. 
2019a).

To use CRITIC (Diakoulaki, 1995) tool, the weight value 
of the attribute is determined by the assessment of contrast 
intensity with the Standard Deviation (SD) and conflicts 
among the criteria with the Correlation Coefficient (CRC) 
(Yang et al. 2021; Baidya et al. 2021). Biswas et al. (2019) 
made development on CoCoSo and criteria importance 
through inter-criteria correlation (CRITIC) method to be 
applicable to the problem of selecting battery-operated 
electric vehicles (BEVs). Biswas et al. (2020) combined 
CRITIC and CoCoSo to select the automotive passenger 
vehicle with the highest feasibility level. Deveci et al. (2021) 
integrated CoCoSo and the Power Heronian operator intend-
ing to prioritize the benefits of six different real-time traffic 

management methods. Torkayesh et al. (2021) designed a 
combined framework with a hybrid weight determination 
model with the help of the level-based weight assessment 
(LBWA) and best–worst method (BWM) to measure the 
weights of healthcare indicators.

Here, we present the multi-criteria BT in the SSCM 
assessment problem on PFSs. Yet, no one has utilized the 
CRITIC procedure for computing the criteria weights dur-
ing BT in the SCM selection process. Blockchain has been 
increasingly implemented during recent years; however, 
similar to any other potentially disruptive technology, it has 
encountered a variety of barriers in being adopted by SC 
networks. This technology is in its infancy stage, and it can 
be expected to face different problematic issues from organi-
zational, behavioral, technological, or policy-oriented per-
spectives (Lemieux 2016). Currently and in the future, such 
issues will receive a great deal of attention from the aca-
demic community. In general, the emerging practical issues 
induce many scholarly debates and queries; therefore, such 
issues require to be addressed both integrally and effectively. 
The review of the significant literature demonstrates that 
even with the high potentials of blockchain, its adoption pro-
cess has been meaningfully slow. The majority of the cases 
discussed by extant studies have been stalled at the pilot 
and planning phases (Kouhizadeh et al. 2021). Therefore, in 
this paper, we investigate how blockchain technology with 
sustainable development principles such as environmental, 
social, and economic promise has stalled in the area of SCM. 
Accordingly, there is a need to distinguish the possible adop-
tions barriers– that organizations might face with executing 
BT. To the best of authors’ knowledge, this is the first work 
that proposes a collective MCDM methodology with the 
CoCoSo method and PFSs to assess barriers to the adoption 
of BT in SSCM and their interrelationships. The objective 
weights of barriers to the adoption of BT in SSCM obtained 
by the CRITIC tool are more reasonable for the MCDM pro-
cedures. This method can deal with higher degrees of uncer-
tainty and contribute to several MCDM models in expert and 
intelligent systems that can handle the inherent fuzziness 
using a more powerful way. According to the above discus-
sions, the main contributions of this paper are:

–	 Conduct a survey study with experts’ discussions and 
literature review to recognize the main barriers to the 
adoption of BT in the area of SSCM in the manufacturing 
sector.

–	 Present a comprehensive structure to evaluate the iden-
tified BT adoption barriers in the field of SSCM in the 
manufacturing sector.

–	 The CRITIC procedure is utilized to evaluate and rank 
the barriers to the adoption of BT in SSCM.

–	 A new fuzzy decision-making procedure with CoCoSo 
under PFSs is introduced to prioritize the organization, 
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analysis, and evaluate the main barriers to the adoption 
of BT in SSCM.

–	 This paper also performs some sensitivity analysis and 
comparisons that evaluate the validity and efficiency of 
the proposed method. The results showed the accuracy 
of the method in identifying the relationships between 
barriers to blockchain adoption in SSCM applications 
without much prior information.

The remaining part of this study is summarized as fol-
lows: Sect. 2 discusses comprehensive reviews related to this 
study. Section 3 first presents some fundamental concepts of 
PFSs and proposes a new decision-making model under the 
PFS context. Section 4 presents the results, the case study, 
and a discussion to demonstrate the effectiveness of the pro-
posed model. At last, Sect. 5 concludes the whole work and 
recommends further study.

2 � Literature review

The role of BT and industry 4.0 applications, namely big 
data and analytics (Cai et al. 2019; Zhang et al. 2018a), 
autonomous robots, simulation (Buzys et al. 2018; Wei et al. 
2017), Internet of Things (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 manufac-
turing and augmented reality (Shi et al. 2016a, b), Radio 
Frequency Identification (RFID) (Li et al. 2018a; Wang et al. 
2018) and real-time location system (Wang et al. 2020; Yang 
et al. 2020) technologies highlighted in the current literature 
review. Blockchain is a distributed database that involves 
the records or shared private/public ledgers of all digital 
events performed and shared among blockchain participating 
agents (Crosby et al. 2016). In fact, the history of blockchain 
can be traced back to the distributed ledger technology. Four 
basic features of blockchain, i.e., non-localization, audit-
ability, security, and smart execution, have distinguished 
this technology from most of the currently-used information 
systems (Saberi et al. 2019). Agents create new transactions 
to be added to the blockchain. The newly-created transac-
tions are then broadcasted to the network to be verified and 
audited. With the help of blockchains, an agreed-upon set of 
rules is implemented in such a way that neither the system 
operators nor the users could break it. The rules rely upon 
an exclusive system architecture platform for applications 
that involve several parties who need to have little trust in 
each other, for instance, fragmented SCs. Blockchain design 
normally differs based on the technology application; it is 
able to create private or public ledgers and networks (Ølnes 
et al. 2017).

By definition, blockchain refers to decentralized ledg-
ers comprising transactions as data blocks; the blocks are 

connected with their predecessors using a cryptographic 
pointer. The chain is continued to the first block, i.e., the 
originator. Each time a fresh block is introduced to the sys-
tem, the block becomes connected to its predecessor (Dinh 
et al. 2018). The most important features of this technology 
are distributed consensus and information of high transpar-
ency, traceability, security, and verifiability (Crosby et al. 
2016). The challenge lies in the fact that Blockchain has the 
potential to disrupt the design, operations, organization, and 
general management of SSs. The capacity of blockchain for 
providing traceable, reliable, and authentic information and 
its capability to provide smart contractual relationships in 
trustless settings has prepared justified reason for rethinking 
SCs and SCM. There is still room for interpreting and devel-
oping the ways blockchain can function in the SC environ-
ment. Unlike Bitcoin and other financial blockchain applica-
tions (which are of public nature), SCs that work based on 
the blockchain might need a private, closed, permissioned 
blockchain with multiple but restricted parties. However, it 
is still open to a more public set of relationships (Saberi et al. 
2019). As discussed by Gao et al. (2018), the use of block-
chain can lead to a revolution in future SCM. Currently, the 
adoption of blockchain in SCM is still developed, and this 
technology is predominantly recognized for its achievement 
in Bitcoin and finance applications (Kshetri 2018).

SSC has become more important; it has played an impor-
tant role in enhancing customer loyalty. In definition, sus-
tainability provides a balance among social, environmental, 
and economic dimensions, which are widely recognized as 
the triple-bottom-line (Seuring et al. 2008). For support-
ing sustainable supply chain management (SSCM), several 
reasons can be taken into account from competitive, social, 
and regulatory perspectives (Saberi et al. 2018b). Customers 
tend to verify the products they consume in terms of sus-
tainability; they need an always-available portal containing 
information about the products (Nikolakis et al. 2018). As 
a result, suppliers have to verify their sustainability at both 
local and global levels as an important precondition for par-
ticipating in some chains. Nowadays, some information and 
auditing sustainability documentation structures exist for 
SCs. For instance, the Business Social Compliance Initiative 
database can be referred to for verifying the sustainability 
of suppliers (Asif et al. 2019). Nevertheless, such systems 
work voluntarily; consequently, their validity and credibility 
can be doubtful (Kouhizadeh and Sarkis 2018). BT has the 
potential for supporting these sustainability certifications 
that flow deep into the SCs.

In this regard, nowadays, a major challenge in business 
is how to transfer reliable SC information (Shankar et al. 
2018). In addition, it is now a big challenge how to mas-
ter the information flows, which shows that trust is inte-
gral amongst the internal and external stakeholders (Hou 
et al. 2018). Blockchain offers a shared, secure record of 
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information flows through the SC network for the trans-
actions and processes that occur among partners (Kshetri 
2017). It results in the integrity of available data and forms 
trust in the data, which finally makes information acces-
sible for all parties in connection via blockchain (Kim and 
Laskowski 2018; Li et al. 2018b). Blockchain forms trust for 
business logic in SC and transportation (Apte and Petrovsky 
2016);it will be capable of phasing out mediators, verify-
ing transactions in an autonomous way, and eliminating the 
complexity in SCs. In general, consumers think that fair 
trade, transparency, and sustainability are the key elements 
that should be considered when deciding whether or not to 
do a business (Tseng et al. 2018; Zhang et al. 2018b). The 
blockchain implementation can effectively guarantee this to 
consumers.

Blockchain is capable of revolutionizing SSC. There 
are several firms (e.g., Maersk (Popper and Lohr 2017), 
Walmart (Kshetri 2018), and Provenance (Steiner et al. 
2015)) that have attempted to apply this technology to their 
SC operations only considering its traceability option. In 
recent years, blockchain has been used to improve cashmere 
sustainability (Kouhizadeh et al. 2021). A number of organ-
izations (e.g., Chipotle Mexican Grill) have implemented 
this technology for food safety (Casey and Wong 2017), 
and some others have employed it just to minimize counter-
feit products (Fernández-Caramés and Fraga-Lamas 2018; 
Singh and Singh 2016). The above-noted instances are for 
security, safety, and environmentally-friendly SC practices; 
all of these factors are essential elements of SSC. In spite 
of the numerous potential advantages that blockchain can 
provide for the enhancement of sustainability in a network, 
this technology has not been much used for sustainability 
improvement purposes; many firms and organizations are 
struggling with the more holistic aspects of sustainability.

Social blockchain traceability could arrange for 
sustainability by providing better assurance of human 
rights and safe, fair work settings. For example, in case 
a product history is clearly recorded, consumers could 
be more confident that the product they buy comes from 
ethical sources (Varriale et al. 2020). In addition, block-
chain can help to provide an environmentally sustain-
able (Kouhizadeh et al. 2021) and socially-sustainability 
supply chain (Saberi et al. 2019). Through providing 
indisputable and stable information, DC social sustain-
ability can be built. As in this system, information is not 
modifiable without the consent of approved parties, and 
blockchain is capable of preventing corrupt organiza-
tions, governments, and individuals from taking hold of 
people’s assets in unfair ways. In addition, blockchain 
is able to block socially- or individually disreputable 
agents. With the use of blockchain, SCs would detect 
unprincipled suppliers and identify fake goods because 
only authorized parties can record all information. 

The social dimension of sustainability refers to a great 
requirement for minimizing the adverse effects of any 
activity performed in the industrial sector. On the other 
hand, the economic dimension of sustainability is mainly 
focused upon the effectiveness of business operations, 
creating a balance between the usage of resources for 
products manufacturing and offering services to people.

The environmental aspect of sustainability poses definite 
limits on production processes. For instance, exploitation 
should not go beyond regeneration, waste production rate 
should not go beyond the assimilation permitted by the bio-
sphere, and the consumption of non-renewable resources 
should be replaced by renewable ones (Fettermann et al. 
2018). To accomplish sustainability objectives, all these 
requirements need to be met by blockchain. A good instance 
of environmental sustainability in SC is the carbon tax. In a 
conventional system, it is not easy to determine the carbon 
footprint of each product, a difficulty that could be simpli-
fied with the help of blockchain. As a result, it is easier to 
define the amount of carbon tax that a certain firm must 
pay. Furthermore, the environmental aspect of sustainability 
concerns the preservation of natural resources for future gen-
erations (Di Vaio and Varriale 2020). In the studies carried 
out so far into blockchain technology, the environmental and 
economic aspects denote the most important dimensions of 
sustainability as discussed in this field (Kamble et al. 2019; 
Saberi et al. 2018a). As a result, another challenge of block-
chain is effectively taking into account environmental sus-
tainability (Bonilla et al. 2018). Indeed, to accomplish it, 
renewable energy systems need to be well adapted instead 
of non-renewable ones.

From an economic perspective, blockchain adoption can 
give several advantages to a company; the SC of the com-
pany affects its economic performance from various busi-
ness dimensions. We can determine three key components 
of blockchain performance in any economic system: 1) 
horizontal integration in value creation networks, 2) verti-
cal and network integration of manufacturing systems, and 
3) end-to-end engineering in the course of the products’ 
life cycles (Saberi et al. 2019). Furthermore, blockchain 
can lead to SC disintermediation where fewer tiers lead to 
the decrease of the transaction costs and time and also the 
reduction of business waste generation all through the SC 
(Ward 2017). In addition, blockchain has the capacity to 
guarantee the authenticity and safety of data. This finally 
decreases the costs of the prevention of data from capricious 
and deliberate alterations (Ivanov et al. 2019). Nowadays, 
for governments and consumers, transparency in SC is of 
high importance. Pioneering firms and organizations have 
comprehended the competitive advantages of transparency 
(Ward 2017) since it enhances consumers’ trust when pur-
chasing its products, which ultimately have great financial 
benefits for the company.
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The main focus of the relevant literature is upon the effi-
ciency gains, technical characteristics, and the profits connected 
to blockchain-based projects, experimental distributed ledger 
technologies (DLTs) (Di Vaio and Varriale 2020), and the com-
mercial benefits that could be achieved from the blockchain 
innovation. However, technologies for companies and individu-
als could be translated into both opportunity and threat. This is 
due to the fact that different areas involved are in an interrela-
tionship with each other, with no definite barriers among them. 
Novel technologies can introduce technical/organizational 
benefits and improvements. In addition, the same technologies 
can have a contribution to production performance in various 
ways (Riordan et al. 2019). Two main problematic issues asso-
ciated with blockchain implementation are 1) the absence of 
skilled labor that can develop the required algorithms and 2) 
the high cost required for the implementation of these tech-
nologies (Tortorella and Fettermann 2018). In the meantime, 
the impacts of sustainability aspects (economic, social, and 
environmental) and other implications of blockchain adoption 
have been overlooked in the literature (Kewell et al. 2017). This 
technology is thought of as a promising catalyst for satisfying 
the requirements of sustainable development (Giungato et al. 
2017; Xia et al. 2017). The most affected areas by the introduc-
tion of blockchain are the fulfillment of orders and the logistics 
of transport (Giungato et al. 2017; Tjahjono et al. 2017). For 
that reason, the current research is an attempt to recognize the 
key barriers to the blockchain adoption in SSCM including, 
fear of change (s1); infancy of technology (s2); organizational 
culture (s3); possible illegal surveillance (s4); investment (s5); 
cyber security concerns (s6); lack of awareness (s7); possible 
fear of data misuse (s8); regulations for blockchain develop-
ment (s9); massive financial investment (s10); level of technical 
maturity of supply chain partners (s11); initiators commitment 
(s12); lack of large computing power (s13); common software 
platform (s14); uncertain benefits (s15); trade-offs in the initial 
setup (s16); fear of dependence on blockchain operators (s17); 
level of technological maturity of supply chain partners (s18); 
regulatory uncertainty (s19); unfamiliarity with technology 
(s20); security concerns (s21); unwillingness of business own-
ers (s22); technological infeasibility (s23); data privacy concerns 
(s24) and complexity in set up/use (s25).

3 � Proposed research method

In this section, we first show the basic idea about the 
PFSs and then discuss the developed methodology.

3.1 � Preliminaries

In the subsection, we present some fundamental ideas related 
to the Pythagorean fuzzy set.

Definition 1 (Yager 2013): Let V be a fixed set. A 
Pythagorean fuzzy set F on V is characterized by a belong-
ingness grade bF and a non-belongingness grade nF , satisfy-
ing a constraint 0 ≤

(
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))2

+
(
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≤ 1 . Mathemati-
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wherein b℘, n℘ ∈ [0, 1] and 0 ≤ b2

℘
+ n2

℘
≤ 1.

Definition 2: Zhang and Xu (2014). Let ℘ =
(

b℘, n℘
)

 be a 
PFN. Then score and accuracy functions of ℘ are described by

Since �(�) ∈ [−1, 1] , therefore, an improved score value 
is defined as.

Definition 3: Wu and Wei (2017). Let ℘ =
(

b℘, n℘
)

 be a 
PFN. Then improved score and uncertainty values of a PFN 
' ℘ ' are defined as

Definition 4: (Yager 2014). Suppose ℘ =
(

b℘, n℘
)

 , 
℘1 =

(

b℘1, n℘1

)

 and ℘2 =
(

b℘2, n℘2

)

 be the PFNs. Then, 
the operations on PFNs are defined as

Definition 5: Zhang and Xu (2014). Let ℘1 =
(

b℘1, n℘1

)

 
and ℘2 =

(

b℘2, n℘2

)

 be the PFNs. Then the distance between 
℘1 and ℘2 is defined as

(1)
�(℘) =

(

b℘

)2
−
(

n℘

)2
and ℏ(℘) =

(

b℘

)2
+
(

n℘

)2
,

where �(℘) ∈ [−1,1] and ℏ(℘) ∈ [0,1].

(2)

�
∗(℘) =

1

2
(�∗(℘) + 1) and ℏ

◦

(℘)

= 1 − ℏ(℘), such that �∗(℘),ℏ
◦

(℘) ∈ [0,1].

℘
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(
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)
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,
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℘
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,
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3.2 � An integrated Pythagorean fuzzy MCDM 
approach based on CRITIC and CoCoSo methods

Yazdani et al. (2020) provided a novel significant procedure 
called CoCoSo to solve the MCDM problems. To cover the 
execution region of CoCoSo, we propose the PF-CoCoSo 
model with the CRITIC tool to define uncertain and com-
plex MCDM problems. The detailed structure is given by (see 
Fig. 1).

Step 1: Generate a linguistic decision matrix
During the MCDM process, a panel of DEs 
E =

{

e1, e2,… , el
}

 is created to determine the most suitable 
candidate among a set of alternatives T =

{

t1, t2,… , tm
}

 by 
means of criteria set S =

{

s1, s2,… , sn
}

 . Let P =

(

�
(k)

ij

)

m×n
 

be a linguistic decision matrix (LDM), given by the set of 

DEs, such that �(k)
ij

 shows the grade of an alternative ti over a 
criterion sj.
Step 2: Derive the DEs’ weights
For computing the weight of kth DE, let 

(

bk, nk
)

 be a sig-
nificance value of DEs specified by an expert, then, the 
weight-determination formula for kth DE is

Step 3: Generate the aggregated Pythagorean fuzzy 
decision matrix (A-PF-DM)

(4)

Φ
k
=

�

b
2

k
+ �

2

k
×

�

b
2

k

b
2

k
+n2

k

��

�
∑

k=1

�

b
2

k
+ �

2

k
×

�

b
2

k

b
2

k
+n2

k

��

, k = 1(1)�,

such that Φ
k
≥ 0,

�
�

k=1

Φ
k
= 1.

Define goal, barriers of BT adoption in SSCM 

Design and organize the assessment model 

Literature 

Review 

Assemble the 

committee of 

decision expert and 

his/her opinions 

Construct aggregated PF-decision matrix and weight of each decision expert (DE) 

 Judgment matrix based 

on each DEs for each 

criteria and alternatives 

 Compute aggregated PF-

decision matrix 

 Construct normalized 

aggregated PF-decision matrix 

Rank the alternatives by increasing sorting of aggregation compromise index  

Evaluate the criteria weights using CRITIC method 

 Estimate the 

standard PF-matrix   

 Estimate SD and CRC 

of standard PF-matrix  

Calculate the 

criteria weights 

PF-combined compromise solution (PF-CoCoSo) method  

Weighted sum and power 

weight comparability 

sequences  

Relative weights or balanced 

compromise scores of the 

alternative 

0 
Final aggregating 

compromise index of the 

alternative 

Significance values in 

terms of Pythagorean 

fuzzy number for each 

DE 

 Using PF-score 

function method 

for each DE 

 Compute the 

decision expert 

weights 

 Compute the amount 

of information   

Fig. 1   Flowchart of the proposed PF-CRITIC-CoCoSo method
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For constructing the A-PF-DM, the Pythagorean fuzzy 
weighted averaging operator (Yager 2013) is utilized. 
Now, the required A-PF-DM is obtained as A =

(

�ij

)

m×n
,

Step 4: Employ the CRITIC model for the estimation 
of criteria weights
First of all, suppose that each criterion has dissimilar impor-
tance. Let � =

(

�1,�2,… ,�n

)T be the criteria weight set, 
satisfying �j ∈ [0, 1] and 

∑n

j=1
�j = 1 . In CRITIC proce-

dure, intensity contrast of criterion is evaluated by the SD, 
and the CRC estimates conflict among the criteria. In the 
following, we present the procedural framework of the 
CRITIC method from the Pythagorean fuzzy perspective:

Step 4-A: Generate the score matrix S =
(

�
ij

)

m×n
,

i = 1(1)m, j = 1(1)n , wherein

Step 4-B: Derive the standard Pythagorean fuzzy 
matrix S̃ =

(

𝜁ij

)

m×n
 , where

wherein �+
j
= max

i
�ij and �−

j
= min

i
�ij.

Step 4-C: Determine the criteria SDs

Step 4-D: Evaluate the CRC between the attribute pairs:

Step 4-E: Find out the amount of information of criteria

(5)

�ij =
�

bij, nij
�

= PFWA
�

�

�
(1)

ij
, �

(2)

ij
,… , �

(�)
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�
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⎛

⎜

⎜

⎝

�

�

�

�

1 −

�
�

k=1

�

1 − b2
ijk

�Φk

,

�
�

k=1

�

nijk
�Φk

⎞

⎟

⎟

⎠

.

(6)�ij =
1

2

((

b2
ij
− n2

ij

)

+ 1

)

,

(7)𝜁ij =

⎧

⎪

⎨

⎪

⎩

𝜁ij−𝜁
−
j

𝜁
+

j
−𝜁−

j

, j ∈ sb

𝜁
+

j
−𝜁ij

𝜁
+

j
−𝜁−

j

, j ∈ sn

(8)
𝜎j =

�

�

�

�

�

m
∑

i=1

�

𝜁ij − 𝜁 j

�2

m
, wherein 𝜁 j =

∑m

i=1
𝜁ij∕m.

(9)rjt =

m
∑

i=1

�

𝜁ij − 𝜁 j

��

𝜁it − 𝜁 t

�

�

m
∑

i=1

�

𝜁ij − 𝜁 j

�2 m
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i=1

�

𝜁it − 𝜁 t
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(10)cj = �j

n
∑

t=1

(

1 − rjt
)

Step 4-F: Estimate the objective criterion weight

Step 5: Normalize the A-PF-DM
The normalized A-PF-DM ℝ =

[

Λij

]

m×n
 is obtained from 

A =
(

�ij

)

m×n
 , and is presented by

Step 6: Estimation of the weighted sum model (WSM) 
and weighted product model (WPM).
The WSM ℂ(1)

i
 and the WPM ℂ(2)

i
 for each option are 

computed by

Step 7: Assess the relative weights of options
The following balanced compromise scores for each 
option are determined by

Here, � is the decision-making parameter, and � ∈ [0, 1].
Step 8: Estimate the final compromise degree
With the use of the following expression, the final degree 
ℚi is estimated for each option:

The larger the final compromise degree ℚi the better the 
option ti.
Step 9: End.

(11)�j =
cj

∑n

j=1
cj

(12)Λij =

{
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)

, j ∈ sb
(
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)

, j ∈ sn.
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4 � Result and discussion

4.1 � Case study

In this section, to identify the main barriers to adopting 
blockchain technology in SSCM, a survey approach based 
on a comprehensive literature review and interview with 
industry and academic experts have been conducted. In the 
next step, a comprehensive framework using the identified 
barriers has been developed to send to the experts in acad-
emy and industry domains. To do so, in the first round, 
we have invited more than ten experts in both domains by 
email. In the primary invitations, six experts from industry 
and academicians were agreed to help in this study. After 
this stage, we sent the related framework with identified 
barriers to those experts who agreed to collaborate in the 
survey study. Then, after one month, we sent reminders to 
those experts who agreed to collaborate in this study, and 
finally, we could collect the information from three experts 
in both domains. From these three experts, one was a pro-
fessor in university with SCM and sustainable development 
expertise, and two experts from industries were involved 
in the blockchain-based project implementation in those 
industries. In addition, two experts from industries were 
senior managers with more than 12 years experiences of in 
the manufacturing sector.

Here, a team of decision experts (DEs) from industry 
and academicians is constructed to recognize the signifi-
cant barriers to the adoption of BT in SSCM. Further-
more, this team is involved in evolving the barriers to the 
adoption of BT in SSCM. Tables 1 and 2 adopted from 
Rani et al. (2020) and Liu et al. (2021) that describe the 
significance value of DEs and barriers in the linguistic 
terms (LTs) and now converted into Pythagorean fuzzy 
numbers. Step 2: On the basis of Table 1 and Eq. (4), the 
weights of the DEs are derived and shown in Table 3. 
Table 4 designates the significance values of DEs to eval-
uate the options over different barriers to the adoption of 
BT in SSCM.

Step 3: Using Eq. (5), an A-PF-DM A =
(

�ij

)

m×n
 is cre-

ated for different barriers to the adoption of BT in SSCM 
and is presented in Table 5.

Step 4. In this step, the criteria weights are computed 
based on the Pythagorean fuzzy CRITIC model. In accord-
ance with Eq. (6) and Table 5, the score matrix S =

(

�ij

)

m×n
 

is derived. Next, the standard PF-matrix S̃ =
(

𝜁ij

)

m×n
 is 

calculated by means of Eq. (7). Based on Eqs. (8)–(10), 
the SD, CRC, and amount of information of each barrier 
are calculated. At last, the weight values of the barriers 
to the adoption of BT in SSCM are calculated along with 
Eq. (11) and shown in Table 6.

Here, Fig.  2 illustrates the importance, degree, or 
weights of different barriers to the adoption of BT in 
SSCM with respect to the goal. Lack of awareness (s7) 
with a weight value of 0.0496 has come out to be the prime  
barrier to the adoption of BT in SSCM. Initiators com-
mitment (s12) with a weight value of 0.0477 is the second 
main barrier to the adoption of BT in SSCM. Common 
software platform (s14) has third with weight 0.0471, 
Trade-offs in the initial setup (s16) has fourth with weight 
0.0463, Investment (s5) has fifth with weight value 0.0447, 
and others barriers are considered crucial barriers to the 
adoption of BT in SSCM.

Step 5: Since all barriers are beneficial, therefore, there 
is no need to create the normalized A-PF-DM, which is 
presented in Table 5.

Steps 6–8: Using Eqs. (13) and (14), we estimate the 
measures of WSM and WPM for each option over dif-
ferent barriers to the adoption of BT in SSCM. From 
Eqs. (15)–(18), the outcomes of the presented methodol-
ogy are evaluated and mentioned in Table 7. Correspond-
ing to the aggregating index ℚi , the preference ordering Table 1   LTs for evaluating the importance of DEs

LTs PFNs

Extremely significant (ES) (0.90, 0.15)
Very very significant (VVS) (0.75, 0.40)
Very significant (VS) (0.70, 0.50)
Significant (S) (0.65, 0.60)
Less significant (LS) (0.50, 0.70)
Very less significant (VLS) (0.40, 0.80)

Table 2   Significance degree of alternatives and barriers in the LTs

LTs PFNs

Extremely high (AH) (0.95, 0.20)
Very very high (VVH) (0.85, 0.30)
Very high (VH) (0.80, 0.35)
High (H) (0.70, 0.45)
Moderately high (MH) (0.60, 0.55)
Moderate (M) (0.50, 0.60)
Moderately (ML) (0.40, 0.70)
Low (L) (0.30, 0.75)
Very low (VL) (0.20, 0.85)
Extremely low (AL) (0.10, 0.95)

Table 3   DEs weight for assessing the alternatives

DEs LTs PFNs Weights

e1 S (0.65, 0.60) 0.2726
e2 VVS (0.75, 0.40) 0.3930
e3 VS (0.70, 0.50) 0.3343
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of the alternatives with different barriers to the adoption 
of BT in SSCM is t1 ≻ t2 ≻ t5 ≻ t4 ≻ t3 and thus, the com-
pany-I (t1) is the optimal choice with different barriers to 
the adoption of BT in SSCM.

4.2 � Comparative Study

The result of the PF-CRITIC-CoCoSo framework was 
compared with the results of another approach. To dem-
onstrate the efficacy and the unique advantages of the 
introduced method, the PF-WASPAS (Rani et al. 2020) 
and PF-COPRAS (Alipour et al. 2021) are employed to 
tackle the same problem. The procedural steps are given 
as follows:

4.2.1 � PF‑WASPAS method

Steps 1–6: Similar to the aforementioned model.
Step 7: For each alternative, compute the aggregated 

measure of WASPAS with the use of Eq. (19):

(19)ℂi = �ℂ
(1)

i
+ (1 − �)ℂ

(2)

i
,

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

Step 8: Prioritize the option based on the decreasing 
degrees (i.e., score values) of ℂi.

From Eqs. (13), (14), and (19), the WSM 
(

ℂ
(1)

i

)

 , WPM 
(

ℂ
(2)

i

)

 , WASPAS 
(

ℂi

)

 measures, 𝕊
(

ℂ
(1)

i

)

 and 𝕊
(

ℂ
(2)

i

)

 for 
each company option are demonstrated and depicted in 
Table 8. Therefore, the prioritization of the company is 
assessed as t1 ≻ t2 ≻ t5 ≻ t4 ≻ t3 and t1, i.e., Company-I is 
the most desirable option.

4.2.2 � q‑ROF‑COPRAS method

Next, the procedural steps for the PF-COPRAS model are 
discussed as.

Steps 1–4: These steps are similar to the above-dis-
cussed method.

Table 4   LTs of option over 
various barriers by DEs

t1 t2 t3 t4 t5

s1 (VH,MH,H) (MH,ML,L) (M,H,H) (VH,H,M) (MH,H,MH)
s2 (MH,VH,MH) (ML,VH,H) (VH,M,MH) (H,M,MH) (MH,M,MH)
s3 (MH,VH,ML) (VH,MH,VH) (M,M,H) (H,MH,MH) (M,M,MH)
s4 (ML,MH,M) (VH,MH,H) (M,ML,H) (M,M,H) (M,MH,H)
s5 (H,MH,H) (M,H,H) (MH,L,M) (MH,L,M) (MH,L,MH)
s6 (ML,MH,L) (M,L,L) (VL,L,M) (VL,M,MH) (M,L,ML)
s7 (MH,MH,L) (L,VL,L) (M,MH,M) (H,MH,M) (H,MH,M)
s8 (H,VVH,VH) (M,H,VH) (M,M,MH) (ML,M,H) (ML,M,H)
s9 (VH,M,H) (M,VVH,H) (M,ML,H) (L,ML,H) (L,ML,H)
s10 (L,ML,M) (L,VL,ML) (L,M,ML) (L,M,ML) (L,ML,M)
s11 (ML,ML, L) (MH,L,M) (MH,H, M) (MH,MH, M) (MH,MH, M)
s12 (M,L,ML) (ML,ML,ML) (H,MH,M) (MH,M,M) (MH,H,M)
s13 (ML,L,VL) (L,ML,L) (ML,M,ML) (ML,VL,ML) (ML,VL,ML)
s14 (ML,M,H) (ML,MH,H) (MH,VH,MH) (M,VH,H) (M,VH,H)
s15 (VH,H,M) (ML,VH,H) (M,M,VH) (MH,MH,MH) (M,H,MH)
s16 (ML,L,VL) (M,L,VL) (MH,M,ML) (MH,M,H) (MH,M,H)
s17 (ML,ML,M) (L,VL,ML) (MH,ML,M) (MH,L,M) (MH,L,M)
s18 (MH,VH,H) (M,VH,H) (M,VH,ML) (M,VH,M) (M,H,MH)
s19 (M,M,H) (MH,VVH,H) (VH,MH,M) (MH,H,M) (VVH,H,M)
s20 (ML,MH,VL) (M,M,M) (ML,ML,M) (ML,L,M) (ML,L,M)
s21 (MH,L,H) (M,MH,M) (ML,ML,ML) (ML,L,MH) (ML,L,MH)
s22 (MH,MH,H) (M,ML,M) (ML,M,MH) (L,L,M) (L,ML,M)
s23 (MH,H,H) (M,MH,MH) (MH,VH,M) (M,H,M) (MH,VH,MH)
s24 (H,ML,H) (MH,M,M) (M,H,M) (L,H,MH) (M,ML,MH)
s25 (ML,MH,H) (MH,MH,M) (M,MH,M) (H,VH,M) (VH,MH,M)
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Step 5: Since all drivers are of benefit-type, therefore, 
we analyze the following index for each option to maxi-
mize the benefit preference 𝛽i =

n

⊕
j=1

𝜔jΛij, i = 1(1)m . Also, 

the index value is the same as the relative degree of each 
option. Therefore, we get TR1 = 0.2735, TR2 = 0.2745, 
TR3 = 0.2610, TR4 = 0.2650 and TR4 = 0.2670.

Step 6: Compare the relative degrees of the four 
manufacturing firms based on the priority TRi and get 
the preference order of these manufacturing firms as 
TR2 ≻ TR1 ≻ TR5 ≻ TR4 ≻ TR3 . The ranking reflects that 
the option t2 is the optimal one among the others.

Step 7: Estimate the “utility degree” ℏi =
TRi

TRmax

× 100%, 
which reflects the utility degree between each option and the 
best option. Then, we obtain ℏ1 = 99.63% , ℏ2 = 100.00% , 
ℏ3 = 95.08% , ℏ4 = 96.54.00% , and ℏ5 = 97.27%.

Apparently, the outcomes are slightly different with 
introduced and extant methods. So far, the PF-CRITIC-
CoCoSo approach is more resilient and stable than PF-
WASPAS and PF-COPRAS approaches and thus has wider 

applicability. In a comparison of the performance of the  
PF-CRITIC-CoCoSo method with those of the above- 
mentioned methods, it was found that the proposed method 
was superior to the others. In the following, the most 
important advantages of the developed method are pre-
sented (See also Fig. 3):

•	 The hesitancy of DEs can be reflected more objectively 
by PFSs than any other conventional extensions of FS. 
For that reason, the PF-CRITIC-CoCoSo method can 
more flexibly express the uncertainty in assessing the 
barriers to BT adoption in SSCM.

•	 CRITIC in this integrated method is responsible for 
assessing the weights of the barriers to the BT adoption 
in SSCM. It gives higher levels of reliability, efficiency, 
and sensibility to PF-CRITIC-CoCoSo. In PF-WAS-
PAS, the proposed entropy and discrimination measure 
is utilized to compute the criteria weights, and in PF-
COPRAS, the SWARA tool is used to assess the subjec-
tive weight of criteria.

Table 5   A-PF-DM for different barriers to the adoption of BT in SSCM

t1 t2 t3 t4 t5

s1 (0.702, 0.455, 0.548) (0.446, 0.671, 0.593) (0.658, 0.487, 0.574) (0.687, 0.463, 0.560) (0.644, 0.508, 0.572)
s2 (0.700, 0.461, 0.546) (0.700, 0.460, 0.546) (0.646, 0.503, 0.574) (0.600, 0.539, 0.592) (0.565, 0.569, 0.598)
s3 (0.664, 0.499, 0.557) (0.766, 0.386, 0.513) (0.584, 0.545, 0.602) (0.631, 0.521, 0.575) (0.537, 0.583, 0.610)
s4 (0.499, 0.623, 0.603) (0.702, 0.455, 0.548) (0.557, 0.579, 0.595) (0.584, 0.545, 0.602) (0.617, 0.527, 0.585)
s5 (0.665, 0.487, 0.566) (0.658, 0.487, 0.574) (0.499, 0.623, 0.603) (0.474, 0.640, 0.605) (0.515, 0.621, 0.591)
s6 (0.474, 0.652, 0.592) (0.370, 0.706, 0.604) (0.367, 0.720, 0.589) (0.489, 0.641, 0.592) (0.399, 0.690, 0.604)
s7 (0.529, 0.610, 0.590) (0.529, 0.610, 0.590) (0.543, 0.580, 0.607) (0.605, 0.536, 0.589) (0.605, 0.536, 0.589)
s8 (0.802, 0.353, 0.483) (0.704, 0.448, 0.551) (0.537, 0.583, 0.610) (0.566, 0.568, 0.597) (0.566, 0.568, 0.597)
s9 (0.678, 0.471, 0.564) (0.744, 0.415, 0.523) (0.557, 0.579, 0.595) (0.523, 0.615, 0.590) (0.523, 0.615, 0.590)
s10 (0.416, 0.677, 0.606) (0.309, 0.770, 0.559) (0.423, 0.671, 0.609) (0.423, 0.671, 0.609) (0.416, 0.677, 0.606)
s11 (0.370, 0.716, 0.591) (0.474, 0.640, 0.605) (0.619, 0.523, 0.586) (0.570, 0.566, 0.595) (0.570, 0.566, 0.595)
s12 (0.399, 0.690, 0.604) (0.400, 0.700, 0.592) (0.605, 0.536, 0.589) (0.531, 0.586, 0.612) (0.619, 0.523, 0.586)
s13 (0.306, 0.767, 0.563) (0.344, 0.730, 0.591) (0.443, 0.659, 0.608) (0.339, 0.756, 0.561) (0.339, 0.756, 0.561)
s14 (0.566, 0.568, 0.597) (0.601, 0.549, 0.581) (0.700, 0.461, 0.546) (0.711, 0.441, 0.547) (0.711, 0.441, 0.547)
s15 (0.687, 0.463, 0.560) (0.700, 0.460, 0.546) (0.643, 0.501, 0.579) (0.600, 0.550, 0.581) (0.623, 0.521, 0.583)
s16 (0.306, 0.767, 0.563) (0.348, 0.736, 0.581) (0.504, 0.617, 0.604) (0.607, 0.532, 0.590) (0.607, 0.532, 0.590)
s17 (0.437, 0.665, 0.606) (0.309, 0.770, 0.559) (0.499, 0.623, 0.603) (0.474, 0.640, 0.605) (0.474, 0.640, 0.605)
s18 (0.726, 0.431, 0.536) (0.711, 0.441, 0.547) (0.645, 0.511, 0.568) (0.662, 0.485, 0.571) (0.623, 0.521, 0.583)
s19 (0.584, 0.545, 0.602) (0.757, 0.405, 0.513) (0.650, 0.501, 0.571) (0.619, 0.523, 0.586) (0.713, 0.444, 0.543)
s20 (0.459, 0.679, 0.572) (0.500, 0.600, 0.624) (0.437, 0.665, 0.606) (0.407, 0.683, 0.607) (0.407, 0.683, 0.607)
s21 (0.565, 0.581, 0.586) (0.543, 0.580, 0.607) (0.400, 0.700, 0.592) (0.457, 0.664, 0.593) (0.457, 0.664, 0.593)
s22 (0.638, 0.514, 0.573) (0.465, 0.638, 0.615) (0.516, 0.608, 0.603) (0.383, 0.696, 0.607) (0.416, 0.677, 0.606)
s23 (0.676, 0.475, 0.563) (0.576, 0.563, 0.593) (0.679, 0.474, 0.560) (0.596, 0.536, 0.598) (0.700, 0.461, 0.546)
s24 (0.616, 0.535, 0.578) (0.531, 0.586, 0.612) (0.596, 0.536, 0.598) (0.596, 0.553, 0.582) (0.557, 0.579, 0.595)
s25 (0.601, 0.549, 0.581) (0.570, 0.566, 0.595) (0.596, 0.536, 0.598) (0.703, 0.449, 0.552) (0.650, 0.501, 0.571)
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•	 The proposed approach applies a comparability proce-
dure, and then the importance weights are aggregated 
with two measures: the weighted product method 

(WPM) and the weighted sum method (WSM) from 
the comparability degree. To validate the priority 
order, we describe three different measures for each 

Table 6   The standard PF-matrix 
S̃ =

(

𝜁
ij

)

m×n
 , SD, amount of 

information and weight values

Criteria t1 t2 t3 t4 t5 �
j

cj wj

s1 1.000 0.000 0.833 0.948 0.758 0.364 8.759 0.0366
s2 0.995 1.000 0.597 0.262 0.000 0.396 9.427 0.0393
s3 0.497 1.000 0.194 0.364 0.000 0.338 8.387 0.0350
s4 0.000 1.000 0.268 0.429 0.569 0.332 8.835 0.0369
s5 1.000 0.978 0.117 0.000 0.162 0.442 10.709 0.0447
s6 0.867 0.108 0.000 1.000 0.321 0.403 9.756 0.0407
s7 0.000 0.000 0.301 1.000 1.000 0.454 11.893 0.0496
s8 1.000 0.609 0.000 0.084 0.084 0.388 9.174 0.0383
s9 0.707 1.000 0.166 0.000 0.000 0.406 9.880 0.0412
s10 0.939 0.000 1.000 1.000 0.939 0.389 9.491 0.0396
s11 0.000 0.396 1.000 0.785 0.785 0.355 9.328 0.0389
s12 0.032 0.000 0.930 0.612 1.000 0.428 11.431 0.0477
s13 0.000 0.313 1.000 0.153 0.153 0.352 9.162 0.0382
s14 0.000 0.199 0.892 1.000 1.000 0.430 11.288 0.0471
s15 0.907 1.000 0.472 0.000 0.273 0.378 9.105 0.0380
s16 0.000 0.129 0.635 1.000 1.000 0.422 11.099 0.0463
s17 0.687 0.000 1.000 0.873 0.873 0.358 8.846 0.0369
s18 1.000 0.866 0.166 0.378 0.000 0.390 9.273 0.0387
s19 0.000 1.000 0.353 0.179 0.735 0.366 9.690 0.0404
s20 0.263 1.000 0.264 0.000 0.000 0.367 9.204 0.0384
s21 1.000 0.929 0.000 0.316 0.316 0.388 8.966 0.0374
s22 1.000 0.306 0.489 0.000 0.108 0.352 8.282 0.0346
s23 0.825 0.000 0.846 0.205 1.000 0.396 9.671 0.0404
s24 1.000 0.000 0.841 0.721 0.240 0.378 8.863 0.0370
s25 0.191 0.000 0.222 1.000 0.583 0.355 9.103 0.0380
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Fig. 2   Weight values of different barriers to the adoption of BT in SSCM

736 X. Han, P. Rani

RETRACTED A
RTIC

LE



1 3

option. Finally, a combined process discusses the 
priorities. There is no procedure among the MCDM 
models supporting this type of combination. Each 
structure would provide a preference order, which 
would be further enhanced by comprehensive prefer-
ence order. In Rani et al. (2020), a combination of two 
common procedures, the weighted product method 
(WPM) and weighted sum method (WSM), is used 
to obtain the advantages of both tools, and in Alipour 
et al. (2021), only PFWAO is applied to obtain the 
ranking outcomes.

•	 The proposed method is able to process the available 
information more effectively and properly from various 
perspectives, e.g., benefit-type and cost-type criteria.

4.3 � Sensitivity analysis

In the section, a sensitivity assessment is discussed to 
study how the proposed approach achieves its goal. Inves-
tigating the effect of the results of the developed model, 
the impact of changing the coefficient ( � ) on the organi-
zations’ preferences is discussed. An assessment of the 
influence of the coefficient ( � ) value on the main barri-
ers to the adoption of BT in SSCM and the priority of 
companies is presented in Fig. 4. The final compromise 
degrees are estimated based on different coefficient ( � ) 

values. Consequently, we observe that the organizations’ 
preferences with different barriers to the adoption of BT in 
SSCM depend on different coefficient ( � ) values. Hence, 
the PF-CRITIC-CoCoSo procedure is established adequate 
stability with diverse coefficient � values. From Table 9 
and Fig. 4, organization t1 has the first rank, while organi-
zation t3 has the last place.

On the basis of Fig. 4 and Table 9, the changes in the 
coefficient in the interval [0, 1] have minimal effects 
on the change to the value of the key barriers to the BT 
in SSCM. Therefore, these changes are not sufficient 
to change the ranking. Such a minimal inf luence of 
the coefficient ( �  ) on the variation to the values of 
the key barriers to the BT adoption in SSCM reveals 
that there is noticeably described the mutual benefit 
of the organizations and also it shows the validity and 
credibility of the rank. In addition, it should be high-
lighted that the influence of the coefficient ( �  ) on the 
ranking outcomes directly depends upon the value of 
the initial decision matrix. As a result, for the other 
values of the barriers to the BT adoption in SSCM in 
the initial decision matrix, the coefficient ( �  ) might 
affect the rank change. The results of this investigation 
described that the introduced approach is not reliant 
on any bias, and the outcomes obtained in this work 
are stable in nature.

Table 7   Final compromise degrees of different organizations

Options ℂ
(1)

i
ℂ

(2)

i 𝕊
∗

(

ℂ
(1)

i

)

𝕊
∗

(

ℂ
(2)

i

)

ℚ
(1)

i
ℚ

(2)

i
ℚ

(3)

i
ℚ

i
Ranking

t1 (0.614, 0.532, 0.583) (0.571, 0.567, 0.594) 0.547 0.502 0.2019 2.0619 0.9919 1.8298 1
t2 (0.615, 0.529, 0.585) (0.563, 0.570, 0.598) 0.549 0.496 0.2010 2.0526 0.9876 1.8218 2
t3 (0.587, 0.549, 0.594) (0.568, 0.564, 0.599) 0.522 0.502 0.1969 2.0124 0.9010 1.7462 5
t4 (0.596, 0.542, 0.593) (0.573, 0.560, 0.598) 0.530 0.507 0.1996 2.0401 0.9809 1.8100 4
t5 (0.599, 0.540, 0.591) (0.575, 0.560, 0.596) 0.534 0.509 0.2006 2.0495 0.9854 1.8184 3

Table 8   Results of PF-WASPAS 
model

Options WSM WPM WASPAS ℂ
i(�) Ranking

ℂ
(1)

i 𝕊
∗

(

ℂ
(1)

i

)

ℂ
(2)

i 𝕊
∗

(

ℂ
(2)

i

)

t1 (0.614, 0.532, 0.583) 0.547 (0.571, 0.567, 0.594) 0.502 0.5247 1
t2 (0.615, 0.529, 0.585) 0.549 (0.563, 0.570, 0.598) 0.496 0.5225 2
t3 (0.587, 0.549, 0.594) 0.522 (0.568, 0.564, 0.599) 0.502 0.5118 5
t4 (0.596, 0.542, 0.593) 0.530 (0.573, 0.560, 0.598) 0.507 0.5189 4
t5 (0.599, 0.540, 0.591) 0.534 (0.575, 0.560, 0.596) 0.509 0.5213 3
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Fig. 3   Comparison of compromise degree of each organization over different barriers to the adoption of BT in SSCM

Fig. 4   The compromise degrees 
of organization over coefficient 
( � ) values
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5 � Conclusions

The main objective of the current paper was the evaluation 
of the barriers to BT adoption in SSCM in the manufacturing 
sector. To do so, a survey was carried out, which included 
interviewing experts and reviewing the relevant literature to 
identify the related BT barriers in the area of SSCM. There-
fore, this study proposed an integrated decision-making 
model with the Pythagorean fuzzy set to investigate, rank, 
evaluate, and BT adoption barriers in SSCM. In this respect, 
an integrated framework with CRITIC and CoCoSo mod-
els named PF-CRITIC-CoCoSo is developed. To rank the 
blockchain technology adoption barriers in SSCM in the 
manufacturing sector, the aggregated PF-decision matrix-
based CRITIC method is utilized, and to compute the pref-
erence order of organization in blockchain technology adop-
tion barriers with SSCM, the CoCoSo method is applied. 
In this regard, in total, 25 barriers including fear of change, 
the infancy of the technology, organizational culture, possi-
ble illegal surveillance, investment, cyber security concerns, 
lack of awareness, possible fear of data misuse, regulations 
for blockchain development, massive financial investment, 
level of technical maturity of supply chain partners, initia-
tors commitment, lack of large computing power, common 
software platform, uncertain benefits, trade-offs in the initial 
setup, fear of dependence on blockchain operators, level of 
technological maturity of supply chain partners, regulatory 
uncertainty, unfamiliarity with technology, security concerns, 
the unwillingness of business owners, technological infeasi-
bility, data privacy concerns and complexity in setting up/use 
are identified for the analysis. The result of the analysis is that 
the lack of awareness with a weight value of 0.0496 has come 
out to be the prime barrier to the adoption of BT in SSCM.

To validation of the results of this study, a comparison 
using the PF-WASPAS method is conducted. For computing 
each barrier weight by CRITIC tool, the expert’s opinion is 
of high importance in the assessment and calculation of the 
weights. Each expert was requested to choose each barrier’s 
significance to the adoption of BT in SSCM with respect 
to the goal. The novelty of the work is twofold: first and 
foremost is the consideration of a fair number of stakehold-
ers, which helped in the finalization of blockchain barriers 
in SSCM and thus enriched the literature with some new 
findings. The second aspects lie in the integrated research 

methodology used, which is complementary to each other. 
It is hoped that the outcome of the proposed work may be 
of good use to a government, organizations, policymakers, 
and other related agencies to take collaborative and suitable 
measures to overcome these obstacles in order to catalyst the 
adoption rate of BT in SSCM.

In addition, most of the studies reviewed in the recent 
research focused on utilizing BT in Bitcoin and other cryp-
tocurrencies. On the other hand, the literature was revealed 
to lack research into other applications of blockchain, 
particularly business applications. As a result, there were 
clear indications of the need for further research to evaluate 
blockchain adoption in various business environments. All 
these gaps exist in spite of the fact that blockchain has been 
found technology with a high capability to improve SSCM. 
Though, organizational practices of adopting blockchain 
are in their initial steps. To recognize the positive effects 
of BT on SSCM is of high benefits for organizational and 
SC competitive advantages and environmental and social 
aspects of sustainable development. This budding field of 
study has much more issues that are worth investigating. 
Several general research propositions were introduced in this 
paper to encourage basic research, mainly focusing on issues 
that may arise after adopting blockchain in SSCM. There is a 
need for further research into the theoretical propositions and 
the technical and engineering-related problems in relation 
to different SSCM themes. From a practical viewpoint, the 
broader application of blockchain to business-related sectors 
has already been started and even supported by a number of 
well-known companies, e.g., Microsoft, Boeing, IBM, SAP, 
etc. More research is required to assess the case studies and 
pilot programs and provide valued practical information for 
the growth of blockchain adoption. Researchers in future 
projects could also address the factors affecting the post-
adoption success and failure of blockchain. Additionally, in 
the current paper, the relative importance of blockchain to 
sustainability in SCs was determined. In this sense, future 
studies can address the social and environmental dimensions 
of sustainability (for instance, the U.N.’s sustainable devel-
opment objectives) in a way to investigate the blockchain-
enabled SSCM efficiency. Note that to achieve a deeper 
understanding of blockchain and its different applications, 
there are numerous opportunities to go beyond conventional 
information systems and web-based integration in SSCM. To 

Table 9   Compromise degrees 
of organization over different 
coefficient ( � ) values

Options γ = 0.0 γ = 0.1 γ = 0.2 γ = 0.3 γ = 0.4 γ = 0.5 γ = 0.6 γ = 0.7 γ = 0.8 γ = 0.9 γ = 1.0

t1 1.8270 1.8276 1.8282 1.8287 1.8293 1.8298 1.8304 1.8309 1.8314 1.8319 1.8324
t2 1.8140 1.8156 1.8172 1.8187 1.8203 1.8218 1.8233 1.8247 1.8262 1.8276 1.8290
t3 1.7964 1.7861 1.7760 1.7660 1.7560 1.7462 1.7365 1.7268 1.7173 1.7078 1.6984
t4 1.8194 1.8174 1.8155 1.8137 1.8118 1.8100 1.8082 1.8065 1.8047 1.8030 1.8013
t5 1.8269 1.8251 1.8234 1.8217 1.8200 1.8184 1.8168 1.8152 1.8136 1.8120 1.8105
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understand the entire implications of blockchain in SSCM, 
there is a need for transdisciplinary studies. It is necessary 
for professional organizations to work constructively with 
the academic community to develop standards and provide 
practical performance measurements on the use of BT.

Further, scholars will use the proposed approach on 
realistic decision-making applications, namely sustainable 
biomass crop selection, IoT risk factor for SSCM, medical 
decision-making, and others. Also, we can generalize the 
approach to the Picture fuzzy sets, q-rung orthopair fuzzy 
sets and integrate with the several decision-making models; 
namely, Star Additive Utility method (UTASTAR), Com-
binative Distance-Based Assessment (CODAS), gained 
and lost dominance score (GLDS), MEthod based on the 
Removal Effects of Criteria (MEREC) and other.
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