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Abstract
The purpose of this research is to establish the necessary and sufficient conditions for food safety and security during pan-
demic outbreaks, focusing on the case of COVID-19 to ensure resilience of the food supply chain. The study emphasises 
on the complexity theory of fuzzy set Qualitative Comparative Analysis (fsQCA), to establish a result-driven definition of 
Industry 5.0 (I5.0) during and post pandemics. The results of this study revealed that a combination of conditions derived 
from pandemic policy related reforms and I5.0 enablers will assist manufacturers and suppliers in establishing food safety 
and security during and post the COVID-19 era in a developing economy. Food safety and security being the goal, based on 
a survey of 140 food companies, this study provides insights to manufacturers and policymakers to enable selective imple-
mentation of I5.0 enabling technologies and pandemic policies.
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1  Introduction

Besides directly affecting human lives, natural disasters also 
have long-term economic ramifications on different indus-
tries. In the event of large natural disasters, SC failures are 
widely seen as an evident shock to production industries 
(Permani & Xu, 2022). Globalization has posed a growing 
challenge to food safety and quality assurance (Creydt & 
Fischer, 2019). The safety and security of the global food SC 
suffered a major setback in the year 2019–20 which took the 
world by surprise, as a phenomenon as such wasn’t seen in 
decades and impacts which neither SCs ever saw, nor they 
were prepared for. This natural disaster was the coronavi-
rus (COVID-19) pandemic and global food SCs worldwide 
were hit tremendously both in terms of demand and supply 
(Hobbs, 2020). Freund et al. (2022), generalized naturally 
occurring disasters and biologically occurring natural dis-
asters, such as the COVID-19 pandemic under one roof to 
study the reshaping of global SCs due to such disasters.

During the disruptions from COVID-19 pandemic, food 
safety was one of the pillars of societal welfare which got 
affected and still remains to be the same in some regions 
(Galanakis, 2020). The food SC is considered one of the 
most critical among all other SCs as there are multiple, 
extremely sensitive variables, such as health of the workers, 
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hygiene of the manufacturing facilities and the regions of 
procurement of the raw materials which determine how 
‘healthy’ or ‘consumable’ the food item is. Second and 
third tier suppliers of companies are often unknown (Abey-
ratne & Monfared, 2016). The already diminishing trust 
has seen further reduction and negativity during and after 
the COVID-19 pandemic as people became sceptical about 
the origin and journey of the food products, considering 
COVID-19 infested regions and working personnel. There is 
a consensus among industry observers that COVID-19 will 
result in firms reassessing production risks and restructuring 
their SCs, contributing to the retrenchment of cross-border 
SCs (Liu & Li, 2020). Reports suggest that shutting down 
of manufacturing plants, changing consumer behaviours 
and price increases have altered food and beverage supply 
chains, especially those of meat products (Hawes, 2020). 
Populations worldwide went into irrational panic buying due 
to rise in uncertainty of government protocols and spread 
of misinformation through social media. As a result, firms 
faced plant closures due to logistics and transportation bot-
tlenecks and labor shortages, resulting in a bullwhip effect in 
food supply chains (Kar et al., 2022). These effects were sup-
ported by a study in the National Library of Medicine found 
that COVID-19 placed unprecedented stresses especially on 
the perishable food supply chains (Moosavi et al., 2022). 
This led to changes in food prices globally (ref). While 
assessing the early impacts of the COVID-19 pandemic in 
the food supply chain and farm distress in India, (Vyas et al., 
2021) found that key components which got affected were 
perishable foods (animal products, fruits and vegetables), 
wholesale and retail markets, food distribution and logistics 
challenges (supply chain components) as well as concern 
over food supply and availability. Economies such as Brazil 
are aiming towards making their SCs sustainable (Ardekani 
et al., 2023) and large economies such as North America are 
looking towards shifting labour-intensive industrial activities 
to nearby countries instead of depending conventionally on 
one country. Also to provide Western Europe with regular 
consumables, companies would look forward to increase 
their dependence on countries such as Turkey and Ukraine. 
Such rearrangements of SCs and moving dependency to new 
suppliers require trust which can be achieved through trans-
parency in carrying out business processes (Shih, 2020).

In response to the COVID-19 crisis, existing methods and 
approaches have to be reconsidered, including the vulner-
ability of global SCs, so that the industries become future-
proof, resilient, sustainable, and human-centered, with the 
latter three being the three interconnected values at the 
core of the latest iteration of the industrial revolution, i.e., 
Industry 5.0 (I5.0). As an extension to Industry 4.0 (I4.0), 
I5.0 emphasizes research and innovation to drive a sustain-
able, human-centered, resilient and sustainable manufac-
turing industry. In I5.0, many technical visionaries see the 

manufacturing industry getting back to its human roots (Lu, 
2021). Technology's influence on SC management is con-
tinuously growing, including big data, the internet of things, 
Industry 4.0, and blockchains (Duan et al., 2019; Wamba & 
Queiroz, 2020). As part of the construction of I5.0, some 
discussions have been held about an age of augmentation 
where humans and machines will work together harmoni-
ously to achieve better efficiency (Bednar & Welch, 2020).

A few researchers have been focusing attention on food 
distribution, and in particular the production of eggs, meat, 
and poultry (Bumblauskas et al., 2020). Companies are 
developing solutions with blockchain, designed for food 
traceability. Examples include IBM's Food Trust (DeCastro, 
2018), SAP's Leonardo blockchain solution (Perez, 2018), 
and Cargill's Honeysuckle White turkeys (Cargill, 2018). 
As an example from Wyoming, blockchain solutions like 
BeefChain (DeCastro, 2018) are being aggressively pursued 
by the governments of regions, like Wyoming and Colo-
rado (Evans, 2018). Moreover, the benefits of blockchain 
technology have been demonstrated in global SCs, cross-
border trade, and governance (Chang et al., 2020). Tyson 
Foods, a major meat processor in the United States, which 
also implements blockchain technology in their food supply 
chain, had to go for plant closures as they failed to incor-
porate COVID-19 policy related reforms in manufacturing 
(Straight, 2020). The World Economic Forum is looking 
forward to companies and governments, adopt one of its 
blockchain frameworks to make supply chains resilient post 
the COVID-19 pandemic. This framework has been piloted 
in multiple industries, geographies, and use cases – includ-
ing with partners representing 85% of the world’s cocoa 
supply chain, 60 transport ministers from across the world, 
and with 30 + organizations from the United Arab Emirates 
blockchain ecosystem (World Economic Forum, 2021).

After reviewing a considerable amount of literature, 
covering blockchain implementation in the food SC, I5.0, 
COVID-19 and food safety and security, we found out some 
shortcomings in the existing literature. Although there are 
many good quality research articles which separately discuss 
issues and risks related to COVID-19 and enabling factors 
of I5.0; to the best of our knowledge, no previous study has 
attempted to interrelate the policy lessons established from 
COVID-19 and I5.0 enablers to attain food safety and secu-
rity through a fuzzy set qualitative comparative analysis in 
good quality management journals. Hence, based on a sur-
vey of 290 respondents from 140 food companies, this study 
utilized fuzzy-set qualitative comparative analysis (fsQCA). 
We considered that achieving resilience in the SC refers to 
configurations of both, policy lessons learnt from COVID-
19 and implementation of I5.0 enablers in manufacturing 
(Ragin, 2008a). As a result, instead of assessing each resil-
ient practice's relative contribution, we implemented fsQCA 
to compare how food safety and security can be achieved 
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by causal conditions, as combinations of different resilient 
practices from COVID-19 policy related reforms and I5.0 
based technological reforms. In fsQCA, rather than analyz-
ing the independent effects of each variable, we examine the 
interaction between all conditions (Woodside, 2013).

Sigov et al. (2022), Maddikunta et al. (2022) and Xu 
et al. (2021) has presented a number of definitions derived 
through a compilation of conditions defining the notion of 
I5.0 and also discussed its enabling technologies, but so 
far, these definitions render insufficient to explain the pos-
sible ways to achieve food safety and security during the 
same. This points to the fact that limited inferential models 
have been developed to determine different combinations of 
conditions for achieving food safety and security. This sets 
an aim for us to determine those properties of blockchain 
technology, which if incorporated in FSCs would contribute 
in achieving food safety and security during and post the 
COVID-19 I5.0 era and also the pattern that they would 
combine with other causal conditions from COVID-19 pol-
icy reforms. Finally, the authors argue that the present work 
will be able to provide a well-grounded definition of I5.0 for 
food safety and security considering its resilient, sustainable 
and human-centred character, which have been missing in 
existing I5.0 literature so far.

The remaining of the article is structured as follows:

Section 2 elaborates the background and related studies, 
followed by Section 3 providing the theoretical back-
ground on complexity and configuration theories arrives 
at the propositions. Sections 4 and 5 provides the research 
design and research methodology respectively. Section 6 
elaborates the analysis of the data. Section 7 explores the 
findings of the fsQCA followed by Section 8 summarizing 
the work done so far under discussions, also providing 
implications and our result-driven definition of I5.0. Sec-
tion 9 concludes the study.

2 � Background and Related Studies

2.1 � An Overview of Food Supply Chains

According to a survey conducted in 2016, 94 percent of 
consumers regard transparency related to how their food is 
manufactured, grown or produced as important (Astill et al., 
2019). Information about the SC within and amongst firms 
is often siloed due to isolation of information (Han et al., 
2021). When information is opaque, trust between parties is 
diminished, and real information cannot be exchanged (Jia 
et al., 2020). Moreover, counterfeit and inferior products 
pose special challenges to finding their source when track-
ing is difficult (Zhang & Guin, 2019). Consumers can face 
this problem when sharing information and ensuring product 

authenticity, as a result, consumers demand a greater degree 
of clarity on product safety, quality, and sustainability in a 
complex SC (Behnke & Janssen, 2020). The complexity of 
intermediaries aside, the cross-border SC of foods is unique 
in one other regard, the fact that it is of the ‘cold’ type and 
unlike the SCs of manufactured goods, the perishable nature 
of foods calls for specialized equipment and transportation. 
Therefore Chang et al. (2020), mentioned six challenges in 
the global SC management scenario, some of which directly 
determine food safety and security. The challenges are trace-
ability of the raw materials/finished goods, digitalization 
of the SC, cargo integrity and security to ensure isolation 
from unauthorized personnel, compliance and trust between 
stakeholders and stakeholder management.

2.2 � Impacts of Pandemic on Food Supply Chains

Hobbs (2020) summarized the COVID-19-induced 
impacts faced by the global food SCs into demand side 
and supply side shocks considering flexibility to shift 
from industrial production to retail-focused production as 
quickly as possible, keeping in mind, future outbreaks. 
Hobbs (2020) emphasized that the role of workers should 
be flexible within the supplier’s organization and suppli-
ers should have contingency sources (supplier’s supplier 
or farms) which are capable of ramping up their produc-
tion and supply equal capacity raw materials in case of a 
sudden outbreak of COVID-19 in any of the major farms 
supplying raw materials.

Matopoulos et al. (2019) observed certain ‘relationship 
failures’ in relationships among buyers and suppliers in 
highly competitive markets as relationships get restricted to 
only transactions and no commitment. In contrast to such sit-
uations, collaborative SC relations call for long term bond-
ing among manufacturers and suppliers, which promotes 
risk-sharing among parties, reduce production costs and 
increase productivity (Cao & Zhang, 2011), as buyer–sup-
plier relationships can go under tremendous strain during a 
pandemic-led severe economic downturn (Matopoulos et al., 
2019). As a policy-development, currently, both Canada and 
the United States do not require self-isolation periods for 
asymptomatic truck drivers transporting food or animals 
(Hobbs, 2020). For the food industry during and post the 
COVID-19 pandemic, Rizou et al. (2020) summarized a 
series of safety measures and assessed the criticality for each 
step of the food SC from the farms to consumers to ensure 
food safety.

2.3 � Technology Interventions in Industrial 
Production Through I5.0

Water and steam were used to power manufacturing and 
transportation in the first industrial revolution, removing 
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many physical limitations. The development of electrical 
systems contributed to the second industrial revolution. 
As a result, electric power replaced water and steam as a 
source of power for production, and machines were the 
first to substitute for hand tools in manufacturing. In the 
third industrial revolution, manufacturing was automated 
and precision was used to increase production capacity, 
using electronic equipment and information technology 
(Xu & Duan, 2019). With Industry 4.0, internet of things, 
big data analysis, artificial intelligence, blockchain tech-
nology, edge computing with federated learning, and 
other modern technological advances are being combined 
and implemented more and more, resulting in increased 
automation and production efficiency. It has been pro-
posed that Industry 5.0 will make use of the creativity of 
human experts in collaboration with machines that are 
smart, powerful, and accurate (Maddikunta et al., 2022; 
Sigov et al., 2022). Xu et al. (2021) has summarized the 
results of a workshop with the technological heads of the 
European Union, identifying and defining the enabling 
technologies as drivers of I5.0. The capabilities of smart 
machines are enhanced by collaboration with humans, 
making them far more efficient, easier to automate, and 
more productive. These enabling technologies as com-
piled and detailed by Xu et al. (2021), Sigov et al. (2022) 
and Maddikunta et al. (2022) are briefly explained in 
Table 1.

2.4 � Brief Exploration of Blockchain Technology

The reason for emphasizing more on the importance of 
blockchain technology in this study is its usefulness lead-
ing to its recognition over other technological enablers of 
I5.0, as established by food technology literature (Kamila-
ris et al., 2019). Distributed ledger technology (DLT) and 
peer-to-peer network systems are the two essential features 
of blockchain technology that set it apart from other I5.0 
technological advancements (Dubey et al., 2022). Block-
chain is a decentralized, transparent, permanent, trusted, 
immutable, peer-to-peer transaction system in the form of 
a digital ledger, supported by pre-defined algorithms and 
distributed consensus mechanism designed to build trust, 
and researchers have been aiming to improve its consensus 
mechanisms over time, so that it stands the tests of these 
industrial revolutions (Mitra, 2022). As a result, digital 
records can be preserved for a longer period of time, and 
digital transactions can be verified and validated without 
the physical interference of stakeholders, building resil-
ience to external threats (Grover et al., 2018). There are 
multiple models of blockchain, including public, private, 
permissioned, and permissionless. Using permissioned 
blockchains protects client privacy (Nordrum, 2017) and 
satisfies standards of regulation (Yeoh, 2017). As the liter-
ature highlights (Aste et al., 2017; Ying et al., 2018), each 
new record is linked through hashing to the previous entry. 

Table 1   A brief description of I5.0 enablers considered for this study

Enabling Technology Definition

Digital twins • By digitally mapping real world objects with their digital replica counterparts, allows analyzing, monitoring 
and preventing problems before they occur in real life

Cobots (collaborative robots) • With collaborative robots, human capabilities can be enhanced by collaborating with robots
• Small businesses and individuals can automate human capabilities significantly more easily than in the past

IoE (internet of everything) • IoE is the interconnection of people, processes, information, and things
• Using IoE in Industry 5.0 can reduce costs of operating by removing bottlenecks and reducing latency on chan-

nels of communication
AI and big data analytics • Using Big Data Analytics in Industry 5.0 can assist companies in optimizing products, increasing the efficiency 

of production, reducing overhead costs
• It enables integration of the available resources with mass customization processes having a no-failure rate
• Using real-time analytics, manufacturers can treat huge volumes of data in a timely manner through smart 

systems and data centres
Blockchain • Blockchains enables a safe, decentralized peer-to-peer engagement with immutable ledgers

• Furthermore, I5.0 applications benefit from operational transparency, integrity and accountability
• The I5.0 ecosystem places a high value on transparency to resolve disputes

Edge Computing with Feder-
ated Learning

• All stakeholders train their own models using their own data on client devices
• Compute happens at nodes and data is very selectively pushed to central servers
• Works by starting on the distributed network where stakeholders (clients) contribute to the learning process and 

generate outcomes that benefits the entire network
• Expectations for latency costs, restrictions of battery life, requirements for reaction time, protection of data, and 

attaining privacy may all be met by edge computing
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Changes to the block result in a change in the hash value, 
thereby breaking the chain (Aste et al., 2017; Magazzeni 
et al., 2017). A copy of the ledger is kept on every node to 
prevent tampering (Nakamoto, 2008). Trade transactions 
involved in complex processes such as manufacturing or 
legal contracts using smart contracts can take the form of 
a transaction on a blockchain (Grover et al., 2019).

2.5 � Blockchain Applications in Food Supply Chains

As an enabler of I4.0 and I5.0, blockchain technology 
has risen in popularity along with a growing research 
interest over the years in its integration into SC man-
agement. Most industries have adopted blockchain, with 
manufacturing at the 'knowledge' stage and transportation 
at the 'decision' stage (Grover et al., 2019). Many manag-
ers argue that in order to assess the threats due to future 
pandemic-like disasters, their firms needed deeper vis-
ibility of their upstream supply chains, as visibility into 
tier-one and tier-two suppliers are inadequate given the 
complexity and geographical coverage of modern value 
chains (Sultan, 2022). Also, blockchain has shown early 
promise for increasing transparency, accountability, qual-
ity, risk reduction, trust, flexibility and sustainability in 
SC activities, according to Kshetri (2018) and Wamba and 
Queiroz (2020). It is also possible to perform traceability 
using different technologies and in various ways, includ-
ing origin authentication, adulteration, and substitutions 
of species (Batta et al., 2021). Providers can, for exam-
ple, set up a distributed ledger on a blockchain to add 
information about cultivated crops, pesticides, fertiliz-
ers, machinery, and so on, along with information about 
transactions with individuals. In addition to farm infor-
mation, producers can add data about farming practices 
used on the farm, as well as data on crops and animals, 
making humans and machine interaction more effective 
as a result of I5.0. This in turn would allow for greater 
versatility and constant monitoring activities to be taken 
on by humans and machines alike. Increasing traceability 
can improve food safety and integrity (Creydt & Fischer, 
2019). Through blockchain technology, food manufactur-
ing companies can quickly identify and pinpoint the ori-
gins of outbreaks and mitigate food frauds (Levitt, 2016).

Blockchain technology has recently been integrated with 
the Internet of Things (IoT) for real-time monitoring and 
tracing of physical data (Pelé et al., 2022; Zhu et al., 2022). 
Considering the logistics part of very short shelf-life food 
products, maintaining the cold-chain is particularly impor-
tant. ZetoChain, for instance, monitors environmental con-
ditions along every stakeholder in the cold chain, using 
devices connected to the Internet of Things (Zeto, 2018). 
Köhler and Pizzol (2020) compiled some of the leading 

blockchain-based food production projects, aimed at bring-
ing transparency in the manufacturing process, such as 
OpenSC, Provenance and WWF Pilot for fish, TE-FOOD 
for meat and eggs, IBM Food Trust for daily consumables, 
especially mangoes and FairChain for coffee and chocolate. 
Considering the complications of cross-border trade, adapt-
ing to changing regulations and environments is especially 
convenient with blockchain technology in an untrusted 
environment and hence it is theoretically and practically 
valuable to build blockchain-based information systems 
(Pournader et al., 2020).

Hence, as a solution to this crisis, blockchain technol-
ogy as an information system, when integrated in the food 
SC, can record information regarding food products at 
and between every stakeholder of the SC, which allows 
companies to ensure favourable working environments, 
identify fraudulent activities, and take actions quickly 
when there are risks or frauds (Caro et al., 2018; Kumar 
et al., 2022), especially during and post the COVID-19 
pandemic (Sengupta et al., 2021).

3 � Theoretical Background

3.1 � Complexity and Configuration Theories

A variance-based approach assumes linear relationships 
among variables. To overcome this, complex phenomena 
are examined as clusters of interrelated conditions (Wood-
side, 2017). To address the cause of organic researchers, 
Byrne (2005) argues that complexity provides a histori-
cally strong reference frame. A complex frame consists of 
cases and their nested systems, as well as interconnected 
and intersecting complex systems of their own (Ragin, 
2000). One of the most potent concepts of complexity 
theory is trajectory, which describes the actual pattern 
of change in a system and deals with the description and 
understanding of change. A key benefit of complexity 
theory is that it can handle multiple trajectories and a 
simple analysis cannot explain causal processes in com-
plex systems and hence contingent causes determine the 
trajectory of complex systems (Byrne, 2005). Tradition-
ally, causation is viewed as a competition between varia-
bles to explain outcome variation. Heterogeneity-oriented 
approaches consider causation as both multiple and con-
junctural. Combining causes in a variety of paths to reach 
the same outcome, the diversity-oriented approach shows 
different paths revealing different causes (Ragin, 2000). 
Further emphasizing heterogeneity, Ragin (2000) asserts 
that in order to understand fuzzy sets, qualitative break-
points can be recognized and specified on continua and 
incorporated into fuzzy sets.
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3.2 � Theoretical Background and Research 
Propositions

Causation is difficult to prove in most cases as outcomes of 
interest are often the result of many causes which are interde-
pendent (Kosmidou & Ahuja, 2019, p.6), asymmetry, equifi-
nality and conjunction being the three main features of causal 
complexity (Schneider & Wagemann, 2012). An effect can 
only be produced through a combination of causes and no 
one cause can produce an outcome on its own, thus leading 
to conjunction (Tóth et al., 2015). According to the princi-
ples of causal asymmetry on which configuration theories are 
based, a condition or a combination of them that determines 
a result, need not be necessarily the same as conditions which 
determine the non-appearance of the same results (Fiss, 2011; 
Ragin, 2008b). With its fuzzy-set approach, the fsQCA tool 
is able to capture conditions that are unnecessary but suffi-
cient for explaining the outcome and although necessary parts 
of the solutions but are insufficient portions of the solution 
paths which can explain the outcomes (Pappas & Woodside, 
2021). A solution may contain such conditions or it may lack 
them, or there may be conditions which are irrelevant or we 
may not be concerned about them. A situation in which the 
outcome is irrelevant indicates that it can either be present or 
absent and does not affect the overall situation. In our scenario, 
fsQCA does not consider measures of manufacturing reforms 
as competing variables to explain food safety and security 
during and post-COVID-19; it rather asseses to what extent 
different manufacturing reforms from two different spectrums 
form configurations amongst themselves that results in the 
same outcome (Rihoux & Ragin, 2009). Therefore, consider-
ing multiple conditions contributing to the outcome, we tried 
finding out how can I5.0 enablers combined with COVID-19 
policy reforms enable food safety and security during and post 
the COVID-19 era.

The constructs which will play the role of conditions in 
our study are presented in Table 2 along with their opera-
tional definition and source(s) of adoption.

Figure 1 represents the proposed model, illustrating the 
two main sets of constructs along with their supporting 
conditions and their influence on the outcome of interest 
(dependent variable) of this study. The outcome of interest 
is food safety and security during and post the COVID-19 
pandemic in the I5.0 era, the two sets of causal conditions 
being COVID-19 policy related reforms and I5.0 based 
technological reforms.

Hence, in the current study, fuzzy configurations for 
achieving food safety and security might include combina-
tions of pandemic policy-oriented and I5.0 based techno-
logical reforms, leading to the following proposition, that:

Proposition 1. Configurations that lead to high food 
safety and security will require the presence of at least 

one condition each from COVID-19 policy-oriented and 
I5.0 based technological reforms for manufacturing.

Fiss (2011), indicated that there is a strong association 
between the core elements and the outcome, and a weaker 
relationship between peripheral elements. So, researchers 
can use fsQCA to identify what circumstances must occur 
for an outcome to occur, that is indispensable, as well as 
what conditions are more important (or less important) 
than others. As opposed to examining each characteristic 
individually, FsQCA helps understand the combination of 
characteristics. When other conditions exist (e.g., block-
chain-induced compliance) blockchain-based supply chain 
digitalization may be necessary but an insufficient condition 
for food safety and security to occur during and post the 
COVID-19 pandemic in the I5.0 era. fsQCA exists mainly 
for the purpose of dealing with fuzzy-sets, hence for the 
outcome to occur, it allows us to capture causal conditions 
that are necessary or sufficient and although necessary parts 
of the solutions but are insufficient portions of the solution 
paths which can explain the outcomes. With this, we arrive 
at our second proposition as:

Proposition 2. There would emerge a configuration of 
conditions which are necessary and a configuration of 
conditions which are sufficient from a combination of 
COVID-19 policy related reforms and I5.0-based tech-
nological reforms for achieving food safety and security 
in the I5.0 era.

According to Gonçalves et al. (2016), ‘equifinality’ refers 
to the possibility that different equally effective conditions 
can produce the same outcome. The principle of equifinality 
is inherent in complexity theory and configuration theory, 
according to which, multiple combinations of determinant 
conditions will have the same effect (Fiss, 2007; Woodside, 
2014). Hence, we arrive at our third proposition as:

Proposition 3. No single best configuration of combined 
COVID-19 policy related reforms and I5.0 based techno-
logical reforms would lead to high food safety and secu-
rity during and posy COVID-19 in the I5.0 era, but there 
would exist multiple, equally effective configurations of 
causal factors showing equifinality.

4 � Research Design

4.1 � Dependent Variables

Building on relevant literature on the principles of complex-
ity theory (Woodside, 2014), this study attempts to estab-
lish that COVID-19 policy related reforms and I5.0 based 
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technological reforms, including integration of I5.0 enabler 
blockchain technology in the SC are important antecedents 
of food safety and security during and post the COVID-19 
era. Therefore, our objective for now would be to obtain 
the necessary and sufficient conditions for food safety and 
security during and post the pandemic era in a developing 
economy, i.e., India. The dependent variable being food 
safety and security, was determined by instruments adapted 
from Choe et al. (2009), Han et al. (2015) and Souliotis 
et al. (2018).

4.2 � Independent Variables

Hashemi et  al. (2015) emphasized on the technologi-
cal compatibility and technological developments of a 

manufacturer’s supplier as one of the key determinants 
for improving food production quality. Therefore, building 
upon Hashemi et al. (2015), the food safety and security 
practices would be measured by an adaptation of instru-
ments of I5.0 enablers from Chang et al. (2020), Xu et al. 
(2021), Sigov et al. (2022) and Maddikunta et al. (2022) 
which has 27 items from 5 variables. The instruments of 
COVID-19 policy related reforms for food production were 
adapted from Rizou et al. (2020) and Hobbs (2020) having 
a combined 16 items from 4 variables. The respondents, 
who were purchase managers or equivalent personnel, 
were asked to rate the extent to which they would consider 
certain characteristics of suppliers important, on a 5-point 
Likert scale ranging from 1: not considering to 5: strongly 
considering, adhering to the enabling factors of I5.0 and 

Table 2   Constructs of Independent and dependent variables along with their operational definition

Construct Operational Definition Construct 
Acronyms

Source

Health & hygiene of workers Manufacturer’s belief on how overall 
health and well-being of the workers help 
their contribution in plants

CHHW Rizou et al. (2020) and Hobbs (2020)

Working environment The importance of a clean and sound 
working environment for the manufactur-
ing process

CWE

Demand side shocks The ability of the supplier to support the 
manufacturer during abnormal surges of 
demand from consumers

CDSS

Supply side shocks The ability of the supplier to support the 
manufacturer when the supplier’s sup-
plier fails to deliver their services

CSSS

Industry 5.0 based technological reforms The integration of technology enablers of 
Industry 5.0 in the value chain by the 
supplier(s)

ETI Hashemi et al. (2015); Xu et al. (2021); 
Sigov et al. (2022) and Maddikunta 
et al. (2022)

Blockchain-based Traceability Blockchain-induced traceability between 
stakeholders which brings in transpar-
ency in transactions

BT Chang et al. (2020) and Kamble et al. 
(2019)

Blockchain-based Cargo Integrity & 
Security

Information documentation of the SC 
operations during the manufacturing 
process stored in a blockchain, managed 
by the manufacturer

BCIS Chang et al. (2020)

Blockchain-based SC digitalization Integration of IoT and cutting down human 
intervention in the SC processes as much 
as possible for the validity and integrity 
of the data stored in the blockchain

BSCD

Blockchain-induced Compliance The manufacturer being able to keep real-
time track of their supplier(s), whether 
they are adhering to the compliance 
norms set by the food safety and security 
regulatory agencies

BIC

Food Safety and Security Achieving food safety and security by 
manufacturers during and post the 
COVID-19 pandemic, when suppliers 
and manufacturers adhere to COVID-19 
policy related reforms and implement 
I5.0 enablers in manufacturing

FSS Choe et al. (2009); Han et al. (2015); 
Souliotis et al. (2018)
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COVID-19 policy reforms to ensure food safety and secu-
rity practices during and after the COVID-19 pandemic.

5 � Research Methodology

5.1 � Data Collection

As per the consideration of this study, our contribut-
ing stakeholders were the farms at different geographi-
cal locations, logistics from farms to processing units, 

processing units and logistics from processing units to 
manufacturers. Thus, the questionnaire items for collect-
ing data was based on the aforementioned components of 
the SC, which were also in-line with Chowdhury et al. 
(2021). In order to abide by the objective of our study, 
we considered the same supply chain disrupted areas 
identified by Chowdhury et al. (2021) which involved 
management of demand, supply, production, transporta-
tion and logistics, relationships among stakeholders and 
SC-wide impact. The part of the SC under consideration 
for this study is depicted in Fig. 2, along with the point of 

Fig. 1   Conceptual model showing relationship among the dependent and independent variables

Fig. 2   Stakeholders under consideration for the current study along with their units in various geographical locations and their networks for fed-
erated learning



Information Systems Frontiers	

1 3

collection of data. The sample for this study is elaborated 
further in Section 5.3.

Firstly, the questionnaire focuses on the impacts and pol-
icy lessons faced by typical food SCs during the COVID-19 
pandemic according to Rizou et al. (2020) and Hobbs (2020) 
that is:

	 (i)	 Health & Hygiene of workers (CHHW)
	 (ii)	 Working environment (CWE)
	 (iii)	 Demand side shocks (CDSS)
	 (iv)	 Supply side shocks (CSSS)

Secondly, it focuses on I5.0 enabling technologies such 
as cobots, IoE, digital twins, edge computing with feder-
ated learning, big data and AI and blockchain. Block-
chain technology and IoT as an enabler of I5.0 has been 
elaborated and emphasized further for achieving food 
safety and security, as past studies have spoken inten-
sively and distinctively about the adoption of the same for 
food safety and security as compared to other enablers of 
I5.0. Therefore the determinants for the same, as adapted 
from Hashemi et al. (2015) and Chang et al. (2020) and 
re-imagined through the vision of Xu et al. (2021), Sigov 
et al. (2022) and Maddikunta et al. (2022) of Industry 
5.0; are:

(i)	 Industry 5.0 based technological reforms (Use of edge 
computing with federated learning, big data and AI, 
cobots, digital twins and blockchain in manufacturing) 
(ETI)

(ii)	 Blockchain-based information traceability (BT)
(iii)	 Blockchain-based protocol-fulfilled cargo integrity and 

security (BCIS)
(iv)	 Blockchain-based SC digitalization (BSCD)
(v)	 Blockchain-induced compliance (BC)

5.2 � Survey Instrument

The data collection process of the same using a question-
naire-based survey, employing a 5-point likert scale was 
carried out on purchase managers (Choi & Hartley, 1996), 
of different food manufacturers in India as they receive 
the raw materials from one or more suppliers which are 
subsequently processed into finished goods. The data was 
collected across a span of 8 months from February 2022 
to September 2022 across all 28 states and 8 union terri-
tories of India through online and offline approaches. The 
responses were recorded in both online and offline modes 
through soft and hard copies of the same questionnaire 
by physically approaching the respondents for offline 
and approaching the respondents through e-mail and 
their respective social media handles for online modes. 

A selective sampling approach was followed, since only 
purchase managers or individuals of similar stature were 
involved, which was then followed by a snowball sam-
pling approach. The items used for constructing the sur-
vey questionnaire along with their factor loadings are 
presented in Table eight in Appendix A.

5.3 � Sample

The questionnaire included a write-up about the importance 
of this study and a detailed explanation about each of our 
variables. Next, it included some general questions about 
the company and the respondent and 46 questions regard-
ing manufacturing practices involving personnel, machinery, 
materials, technology, methods, environment and hygiene, 
based on components of the SC shown in Fig. 2. The com-
panies we approached for our survey were food manufactur-
ing brands (which manufactures finished food products and 
sell them through retail stores), food manufacturing local 
businesses (food manufactured, stored and sold from the 
same facility, limited to one branch only in one city), food 
service companies (food manufactured and sold for imme-
diate consumption without storing) and food retail stores. 
We identified these companies considering a few criteria: 
(a) They should have atleast two tiers in their SC including 
the farm/area of origin before the processed/unprocessed 
product reaches them as shown in Fig. 2. (b) They should be 
licensed from the Food Safety and Standards Authority of 
India (FSSAI). By implementing science-based standards, 
the FSSAI regulates manufacture, storage, distribution, sale 
and import of food manufactured by various food companies 
in India, to ensure consumers get safe and wholesome food. 
So, a company which processes raw meat and packs them 
for further sale, whereas a company who uses that pack-
aged meat to produce finished food products for consump-
tion were both amongst our target respondents for the study. 
A total of 192 food companies were approached for the 
study, out of which 140 companies participated in the final 
data pool. Amongst this, 27 were from food manufacturing 
brands, 59 were from food manufacturing local businesses, 
29 were from food service companies and 25 were from the 

Table 3   Distribution of responses according to company size of 
working personnel

Company size No. of employees Percentage 
as respond-
ents

Very small Less than 10 26%
Small 11–50 29%
Medium 51–500 22%
Big 501–1000 13%
Large More than 1000 10%
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food retail stores. These companies were further categorized 
into five types regarding the company size in terms of work-
ing personnel across all levels, which is shown in Table 3. 
Our target respondents were purchase managers of these 
firms or individuals of similar stature. These respondents 
were further categorized into three types based on their level 
of education, shown in Table 4.

Next, in order to ensure robustness of the data, we 
obtained self-feedback on the survey instrument from the 
respondents to ensure they understood the purpose of the 
study. Respondents were asked to rate themselves on a scale 
of 0–10, where 0 depicted that they didn't understand the 
purpose of the study at all and 10 depicted they completely 
understood the same. Respondents who rated themselves 
below 5 were not considered for the study.

The final sample size after the data collection process was 
328 responses, out of which 21 were incomplete responses 
and had to be rejected in the first place. The remaining 307 
responses were checked for outliers by finding the Z-scores 
of the items and outliers detected and removed through con-
ditional formatting. The remaining number of responses 
from which fair data was analyzed was 290 respondents.

5.4 � fsQCA

Ragin (1987) proposed that Qualitative Comparative Analy-
sis (QCA) is an asymmetrical and unconventional method 
to analyze data by combining the principles of qualitative 
methods with quantitative data analysis that involves a large 
number of sample size and is generalizable. By using QCA 
it is possible to identify combinations (or configurations) of 
factors/determinants/antecedents that lead to specific out-
comes (Ragin, 2008b). Configurations are specific sets of 
causal variables with synergistic natures that represent an 
observed outcome or an outcome that is of interest, leading 
to three main types of QCA, namely: crisp-set (csQCA), 
multi-value (mvQCA), or fuzzy-set (fsQCA). According to 
Delery and Doty (1996) and Fiss (2007), an outcome for 
a given condition, such as user behaviour in information 
systems research, is considered or can be considered a con-
figuration of interconnected structures, rather than a single 
isolated entity. According to Park et al. (2020) and Saridakis 

et al. (2020), QCA can be used for reasoning which is induc-
tive, deductive, and abductive as well as for notably use-
ful theory building, theory elaboration, or testing of theory 
(Greckhamer et al., 2013; Misangyi et al., 2017), whereas 
its use and variations has been demonstrated in information 
systems by Liu et al. (2017), Park and Mithas (2020), and 
Park et al. (2020).

5.4.1 � Advantages of fsQCA Over Traditional Methods

By integrating the principles of fuzzy-logic and fuzzy-sets, 
a more practical approach can be addressed to, by FsQCA 
(Ragin, 2000; Rihoux & Ragin, 2009), because variables 
could have a value between 0 and 1. Compared to traditional 
analysis methods, fsQCA offers several advantages. By 
using both qualitative and quantitative assessments, fsQCA 
identifies sufficient combinations of conditions which are 
not necessary to attain the outcome (Ragin, 2000; Rihoux 
& Ragin, 2009), establishing a connection between quanti-
tative and qualitative methodologies (Ragin, 2000). Gen-
erally, variance-based methods find out the all-over effect 
of variables in a model when they examine the competing 
independent variables, whereas fsQCA analyses the com-
plex and asymmetric relationships amongst the dependent 
and its causal independent variables. Also, in the behav-
ioural science studies such as IS adoption, control variables 
which are categorical, such as gender and experience, can 
also be part of the solution and explain different parts of the 
sample by combining in different ways. Unlike regression 
analysis, which considers the best solution, in fsQCA, an 
outcome can derive from a range of combinations of con-
tributing conditions, and every combination of causal con-
ditions independently contributes to it. Talking about the 
size and types of data, observations as low as below 50 upto 
thousands of observations can be analyzed by fsQCA, let 
that be multimodal, likert-scale or clickstream data. fsQCA 
divides the sample into multiple subsets. Therefore, unlike 
variance-based approaches such as structural equation mod-
elling (SEM) and multiple linear regression, which shows 
the effect of the dominant conditions only, using fsQCA in 
our study would lead to examining several combinations of 
causal conditions contributed by COVID-19 policy related 
reforms and I5.0 based technological reforms. Only a por-
tion of the sample is represented by each configuration, and 
only some of the potential solutions will contain an outlier. 
In an analysis which is based on variance-based methods, 
not all but a portion of the total solutions are likely to explain 
significant portions of the sample, whereas other solutions 
would explain smaller portions of the sample because they 
would be having instances too that are generally considered 
outliers. Due to its insensitivity to outliers, fsQCA in a way, 
is more sturdy as compared to methods based on variance 
(Fiss, 2011; Liu et al., 2017).

Table 4   Classification of respondents according to their educational 
qualification

Educational qualification Percentage 
of respond-
ents

Graduate 18%
Post-graduate 82%
PhD 0%
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The only limitations of fsQCA lies in its biggest positives, 
where it gives freedom to the researcher to make decisions at 
different stages of the analysis (e.g., considering the frequency 
cutoffs for raw consistency and PRI consistency in the fsQCA 
software). This may introduce subjective bias in the study and 
therefore it is required of the researcher to justify each decision 
at every step while proceeding with the analysis.

6 � Analysis

6.1 � Measurement Reliability and Validity

The 9 variables forming our 2 main constructs were supported 
by 43 items to increase validity and reliability (Churchill, 
1979). The coefficients of Cronbach’s α justified the internal 
consistency of the variables which were found to be ≥ 0.70 for 
all variables. Principal component analysis was also used to 
carry out further assessment of the measurement validities. 
All items were considered to fit their respective factors well, 
as the factor loadings of the items were found to be above 0.40. 
Since the square root of average variance extracted (AVE) for 
all variables in our study was found to be more than its correla-
tion with every other variable, hence we infer that discriminant 
validity was supported as well. The factor loadings, mean and 
standard deviation item-wise and the Cronbach’s alpha and 
AVE of each variable is depicted in Table eight Appendix 
A. On being subjected to KMO and Bartlett’s test, the Kai-
ser–Meyer–Olkin Measure of sampling adequacy was found 
to be 0.789, any value above 0.5 being considered a good 
and acceptable value. The statistical significance of Bartlett’s 
test of sphericity was found to be 0.000 and anything below 
0.001 is considered statistically significant. Correlations were 
also supported (Table nine in Appendix B), as the correlation 
between all variables were found to be less than 0.8.

6.2 � Analysis Through fsQCA

A fuzzy scale (continuous) may be used for outcome and 
predictor variables using fsQCA rather than a binary scale 

(discrete). fsQCA features two types of conditions: nec-
essary and sufficient. There may be presence or absence 
of these configurations, or there may be a "do not care" 
condition. To conduct fsQCA, the outcome and the inde-
pendent measures must be identified. Next, we calibrated 
all measures into fuzzy sets with values ranging from 0 
indicating full-set non-membership to 1 indicating full-
set membership. The variables were transformed into 
calibrated set in the fsQCA software, wherein version 
3 of the same was used and the step-by-step procedure 
as suggested by Pappas and Woodside (2021) based on 
their original article on online purchase behaviour (Pap-
pas et al., 2016), wherein the authors provided a detailed 
procedure for performing fsQCA was followed through-
out. The calibration was done by setting three meaningful 
thresholds: 0.95 for full set membership, 0.05 for full set 
non-membership and 0.5 which denoted the cross-over 
point. To detect which values of the data communicate 
with the three thresholds, percentiles were used to com-
pute the 95th, 50th, and 5th percentile of our measures and 
used the values obtained as the three thresholds while 
calibrating the variables in fsQCA 3 software. The thresh-
olds obtained for the 95th, 50th and 5th percentiles aver-
aged out to be 4, 3 and 2 respectively. It is problematic 
to assess the conditions which exactly lies on 0.5 (i.e., 
intermediate-set membership) using fsQCA since the 
cases that are exactly on 0.5 are excluded (Ragin, 2008b). 
Under full membership scores of 1, Fiss (2011) recom-
mends that a constant of 0.001 must be added to all the 
causal variables to overcome this problem. Next, the truth 
table was generated. Each row of the truth table represents 
one of the possible combinations of outcome predictors, 
giving 2 k rows where k represents the number of combi-
nations. After this, the truth table was sorted by frequency 
by sorting the column ‘number’ (Ragin, 2008b). Since 
our sample size was 290, we set a frequency threshold at 
3 (Fiss, 2011; Ragin, 2008b) and all combinations with 
frequencies below 3 were removed from further analysis. 
After sorting the truth table by frequency, it was further 
sorted by “raw consistency” and a frequency threshold of 

Fig. 3   Allotment of solution scores to the truth table
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0.75 was used (Rihoux & Ragin, 2009). Finally, the PRI 
consistency scores were also considered, as scores below 
0.5 denote considerable inconsistency (Greckhamer et al., 
2018). After prioritizing first on the frequency, then on 
the raw consistency followed by the PRI consistency, the 
final solution sets were numbered 0 or 1. Choosing 0 or 1 
defined whether a combination explains the outcome, as 
‘1’ was chosen for all combinations satisfying the above 
thresholds and ‘0’ otherwise. The allotment of solution 
scores ‘0’ and ‘1’ is depicted and explained through the 
truth table in Fig. 3.

On sorting the ‘raw consistency’ column, as it can 
be seen from Fig. 3, the raw consistency scores are high 
and gradually decrease with the values being 0.965439, 
0.955669, 0.954251, 0.952772, 0.951524, after which 
there is a natural breakpoint, with the next value being 
0.910665. Since all values are well above the consistency 
threshold of 0.75, therefore we considered the value with 
a breakpoint as the one having significant inconsistency 
(Pappas & Woodside, 2021) and hence allotted the solu-
tion score ‘0’ whereas all other values were allotted score 
‘1’. The "Standard Analysis" approach was then utilised 
to construct the solution sets that allow for complex, par-
simonious, and intermediate solution sets.

7 � Findings

7.1 � Results from fsQCA

The configurational approach, according to Kosmidou and 
Ahuja (2019, p. 6), recognizes that cause and effect are dif-
ficult to demonstrate because outcomes have the tendency 
to have more than one interdependent causes. Such interde-
pendence among factors is taken into account by fsQCA as 
it produces the outcome.

If the outcome cannot occur without certain conditions, 
in that case such conditions are considered necessary and if 
the presence or occurrence of a condition always leads to 
the outcome, in that case such a condition is considered suf-
ficient, although the same outcome could be achieved from 
other conditions as well (Beynon et al., 2016, p. 5043). The 
following sections depict the necessary as well as the suf-
ficient conditions for the outcome.

7.1.1 � Necessary Conditions

Table 5 presents the analysis of the conditions which are 
necessary. The solutions yielded that our variables CHHW, 
CDSS, CSSS, BT, BCIS, BSCD and BC are deemed as nec-
essary conditions for food safety and security during and 
post COVID-19 I5.0 era as they are having consistency val-
ues above 0.9 (Ragin, 2008a).

7.1.2 � Sufficient Conditions

Whether a certain combination is a part of the logic-based 
process of minimization of combinations or not is taken into 
account differently by the three solution sets, i.e. complex, 
parsimonious and intermediate. All possible combinations 
that should be considered in the analysis are considered in 
the complex solutions. Regardless of whether it is required 
or not, the parsimonious solutions reduces them to the fewest 
feasible choices, simplifying the solution. The intermediate 
solutions do not include combinations that are at odds with 
theoretical understanding, but they do include a cohesive 
number of answers to decrease complexity. For interpret-
ing the fsQCA results, the recommended intermediate solu-
tions (Ragin, 2008a) was considered having the final solu-
tion sets. In other words, the sufficient solutions are those 
which are sufficient in themselves to reach the outcome and 
thus, necessary conditions are not needed for the same. The 
outcomes of the fsQCA generated three possible combina-
tions of causal conditions that led to food safety and security 
during and post COVID-19 I5.0 era.

The black circles (●) denote the presence of a con-
dition, crossed-out circles ( ⊗) indicate the absence of 
one, whereas blank spaces are an indication of a “don't 
care” situation in which the outcome doesn’t depend on 
the presence or absence of the causal conditions (Mikalef 
& Krogstie, 2020). In all cases, demand side shocks, sup-
ply side shocks, blockchain-based traceability, block-
chain-based SC digitalization and blockchain-induced 

Table 5   Analysis of necessary conditions

Outcome variable: FSS

Conditions tested Consistency Coverage

CHHW 0.951756 0.804699
 ~ CHHW 0.123819 0.841384
CWE 0.712877 0.871454
 ~ CWE 0.436760 0.853252
CDSS 0.995781 0.778251
 ~ CDSS 0.038613 0.766151
CSSS 0.970788 0.814537
 ~ CSSS 0.120105 0.869811
ETI 0.834173 0.869253
 ~ ETI 0.309777 0.836636
BT 0.960240 0.820880
 ~ BT 0.144043 0.899485
BCIS 0.949601 0.836443
 ~ BCIS 0.150326 0.772385
BSCD 0.940659 0.846764
 ~ BSCD 0.162845 0.743509
BC 0.983078 0.824881
 ~ BC 0.110566 0.800465
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compliance are present as a core condition. This out-
come not only proves that demand side shocks, supply 
side shocks, blockchain-based traceability, blockchain-
based SC digitalization and blockchain-induced compli-
ance are associated with food safety and security dur-
ing and post COVID-19 I5.0 era, but also that they are 
necessary conditions for the outcome (Mikalef & Pateli, 
2017), reinforcing the results obtained in the previous 
section of this article. To be specific, solution 1 can be 
applicable for the food companies which carry out their 
SC operations where they can achieve food safety and 
security in an absence of the importance of a working 
environment, and blockchain-based capabilities of the 
SC is the only addition they seek in the I5.0 era. Solu-
tion 2 also applies for the food companies who carry out 
their SC operations where they can achieve the outcome 
in an absence of the importance of a working environment 
but they do seek other capabilities of I5.0 too along with 
the implementation of blockchain in their SCs. The third 
solution presents those companies who believe that the 
health and hygiene of their workers doesn’t make a differ-
ence to them addressing food safety and security whereas 
the presence of all other conditions are required for the 
same. These are further discussed in detail in the Discus-
sions section. The solution coverage for food safety and 
security in COVID-19 I5.0 era is 0.73 and refers to the 
solution’s explanatory power, i.e., the extent of the out-
come, which all the configurations have covered (Rihoux 
& Ragin, 2009).

As depicted in Table 6, the results obtained show that the 
same outcome is achieved by different configuration paths of 
conditions that are equally effective; addressing asymmetry, 
equifinality, and conjunction, which are the three primary 
attributes of causal complexity (Schneider & Wagemann, 
2012).

In contrast to examining each attribute separately, FsQCA 
helps understand how they are combined, thus defining equi-
finality, which states that the same outcome can be achieved 
from different equally effective configurations of conditions 
(Gonçalves et al., 2016, p.3).

7.2 � Testing for Specific Propositions

After obtaining all the solution sets resulting from 
fsQCA, we tested for a specific proposition to determine 
the number of cases in the sample for which the proposi-
tion holds true (Pappas, 2018; Pappas et al., 2020). This 
was achieved by testing our proposition 1 derived earlier 
in this article, i.e., “Configurations that lead to high food 
safety and security will require the presence of at least 
one condition each from COVID-19 policy-oriented and 
I5.0 based technological reforms for manufacturing”. 
This was carried out by building a model in fsQCA by 
computing the required specific configuration and plot-
ting it against the outcome variable, i.e. food safety and 
security during and post COVID-19 in the I5.0 era. The 
configuration was computed as explained by the proposi-
tion and transformed into a model in fsQCA 3 software 

Table 6   Configurations of 
sufficient conditions for 
determining the outcome

Black circles indicate the presence of a condition, empty circles indicate the absence of a condition, blank 
spaces indicate ‘do not care’ conditions

Solutions

Configurations 1 2 3

COVID-19 policy related reforms
  Health & Hygiene of workers ● ●
  Working   Environment  ⊗   ⊗  ●
  Demand side shocks ● ● ●
  Supply side shocks ● ● ●

I5.0 based technological reforms
  Cobots, Digital Twins, IoE, Big Data & AI, Edge 

Computing with federated learning
● ●

  Blockchain-based Traceability ● ● ●
  Blockchain-based Cargo Integrity & Security ● ●
  Blockchain-based SC digitalization ● ● ●
  Blockchain-induced Compliance ● ● ●
  Raw Coverage 0.388058 0.356324 0.582271
  Unique Coverage 0.0371 0.00536543 0.334174
  Consistency 0.937826 0.95104 0.948316

Overall solution consistency 0.930012
Overall solution coverage 0.727598
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using the ‘fuzzyand(x,)’ function. All the independent 
variables are taken as inputs that we want to test in our 
proposition. Though all solution paths constitute different 
scenarios in explaining the outcome, in our case, since 
solution 2 (Table 6) has the best solution consistency of 
0.95104, we will be considering the supporting sufficient 
conditions of solution 2. This rephrases our proposition 
1 as “Configurations where suppliers of manufacturers 
take care of the health & hygiene of workers, demand side 
shocks, supply side shocks, implement I5.0 based tech-
nological reforms in manufacturing (i.e., cobots, digital 
twins, edge computing with federated learning, big data 
and AI) and opt for blockchain-based information trace-
ability, SC digitalization and blockchain-induced compli-
ance will lead to high food safety and security during and 
post the COVID-19 I5.0 era”. Finally, we plotted the new 
model using the ‘XY plot’ option in the fsQCA 3 soft-
ware. The findings (Fig. 4) depicted that the proposition 

was partially supported. Our outcome variable is repre-
sented by X whereas proposition 1 represented by Y.

Figure 4 shows that the extent to which the observations 
plotted are consistent with X ≤ Y, i.e., X is a subset of Y, is 
0.94. The extent to which the observations plotted are hav-
ing consistency of X ≥ Y, i.e., Y is a subset of X, is 0.72. If 
either of these two readings depict consistency to be high, 
the other can be considered as a coverage score (Pappas and 
Woodside, 2021). Therefore, since the value for X ≤ Y is 
0.94 and the value for X ≥ Y is 0.72, the calculations depict 
that our sample is very much consistent with the fact that 
X is a subset of Y and the amount of its coverage of Y is 
72%, concluding that X accounts for 72% of the sum of the 
memberships in Y.

7.3 � Testing for Predictive Validity

Models from subsample 1In our study, we also tested for 
predictive validity to determine how well the model predict 
the dependent variable in additional samples (Woodside, 
2014; Wu et al., 2014). A model that is suitable only for a 
good fit may not be efficient for predicting, hence the impor-
tance of determining predictive validity. In simple words, if 
a sample shows a pattern or a behavior, models developed 
from a subsample cut out from that main sample would also 
depict similar behavior, since it is a part of the main sample. 
This is required to establish the homogeneity of the data 
and further validity of the findings that if this analysis was 
carried out roping in more number of respondents from the 
same population, the results would have been similar. There-
fore, we split the total sample in a subsample and a holdout 
sample. Models developed by performing the same analysis 
procedure on the subsample were then tested on the holdout 
sample data. Table 7 shows that the patterns of complex 
conditions consistently indicate high scores in determining 
food safety and security during and post COVID-19 in the 
I5.0 era using the subsample.

Figure 5 presents the findings for the model developed 
out of the subsample.Fig. 4   X–Y plot for proposition 1

Table 7   Complex configurations indicating high food safety and security during and post COVID-19 in the I5.0 era for subsample

Model No. Models from subsample 1 Raw Coverage Unique Cover-
age

 Consist-
ency

1 CHHW* ~ CWE*CDSS*CSSS*ETI*BT*BSCD*BC 0.357066 0.00617945 0.940053
2 CHHW* ~ CWE*CDSS*CSSS*BT*BCIS*BSCD*BC 0.380373 0.0294869 0.933103
3 CWE*CDSS*CSSS*ETI*BT*BCIS*BSCD*BC 0.59276 0.331879 0.937633
Overall Solution coverage 0.718431
Overall Solution consistency 0.92064
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8 � Discussion

The analysis overall revealed that high food safety and secu-
rity is achieved by a combination of conditions originat-
ing from COVID-19 policy related reforms and I5.0 based 
technological reforms. To the best of the authors' knowl-
edge, the interplay of the lesson-turned-policies obtained 
from the COVID-19 pandemic and the enablers of the latest 
and ongoing industrial revolution I5.0 to achieve food safety 
and security during the era has not been empirically studied 
previously on a nation-wide scale having the potential to 
represent other similar economies. Solution 1 obtained in 
Section 7.1.2 applies for the food companies which runs 
their SC operations in an absence of the importance of work-
ing environment, and blockchain-based capabilities of the 
SC is the only addition they seek in the I5.0 era. Blockchain 
implementation is required by these firms to attain traceabil-
ity, cargo integrity and security, compliance among stake-
holders and overall digitalization of the SC. These might 
represent those businesses where the human workforce is 
small and much of the processes are automated. Though 
workforce is small and not completely absent, therefore 
health and hygiene of the workers do play a role but the 
need for a high profile working environment is eliminated. 
The second solution also represents those companies who 
operate in the absence of a working environment and the 
presence or absence of blockchain-based cargo integrity 
and security is irrelevant to the outcome, whereas other 
enablers of I5.0 (i.e., cobots, digital twins, IoE, big data & 

AI, edge computing with federated learning) is required for 
the outcome. This solution path can be applicable for those 
firms, who have similar characteristics as the group of firms 
representing solution 1 but might not involve long distance 
logistics between stakeholders or might be manufacturing 
non-perishable foods, eliminating their need for blockchain 
based cargo integrity and security. The third solution can 
probably be representative of those firms where much of 
the processes are automated and all technological enablers 
of I5.0 are required to achieve food safety and security dur-
ing and post COVID-19, including complete blockchain 
implementation among all stakeholders of the supply chain, 
whereas the presence or absence of the health and hygiene 
of the workers doesn’t play a role.

Summing it up, this research identifies some key find-
ings. First, it envisions food safety and security during and 
post COVID-19 in the I5.0 era through the underlying rou-
tines described by CHHW, CWE, CDSS, CSSS, ETI, BT, 
BCIS, BSCD and BC as sufficient conditions to reach the 
outcome supporting our proposition 1. Moreover, the pres-
ence of CDSS, CSSS, BT, BSCD and BC across all solution 
paths, depict the presence of these core conditions as neces-
sary conditions, whereas CHHW, CWE, ETI and BCIS are 
sufficient conditions, supporting our proposition 2. Finally, 
the outcome being food safety and security during and post 
COVID-19 in the I5.0 era can be achieved through all 3 
solution paths where the causal conditions arising from 
COVID-19 policy related reforms and I5.0 based technologi-
cal reforms combine in different combinations among them-
selves, with their raw solution coverages being 38.8%, 35.6% 
and 58.2% respectively, addressing proposition 3. This raw 
coverage represents the degree to which a solution accounts 
for the cases in the data or the proportion of cases in the 
dataset that are explained by the solution. These findings 
calls for different paths these reforms can be recognized and 
implemented, justifying the principle of equifinality, con-
cluding that food manufacturing firms may opt for any of the 
three solution paths depending on their human workforce, 
level of automation, length and size of the SC or any other 
parameter, to attain food safety and security in the I5.0 era.

Although previous authors have defined I5.0 through the 
perspective of technology, sustainability and bringing in 
the human factor back into production and manufacturing 
practices, so far no definitions have been recorded in terms 
of food safety and security at the age of the pandemic. This 
has left the definition of I5.0 incomplete, since food safety 
and security is a matter of utmost importance in the age of 
pandemics. Therefore, building on existing theories and defi-
nitions of I5.0 and summarizing the results of our work, we 
attempt to define I5.0 from the perspective of food safety and 
security. The 3 solution paths in our work yielded consist-
encies of 0.93, 0.95 and 0.94 respectively. The reason why 
we are taking the consistency into account, is because it is a 

Fig. 5   Test of model 1 from subsample using data from holdout sam-
ple
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measure of the degree to which the respective solutions fits 
the data. It reflects the extent to which the combination of 
fuzzy sets used to create the solution, accurately represents 
the empirical distribution of cases across the variables. The 
consistency score ranges from 0 to 1, where 1 indicates a 
perfect fit to the data. Therefore considering solution 2, with 
the highest consistency of 0.95, i.e. a 95% fit to the data as 
the most optimum, we used its combination of causal con-
ditions to describe I5.0 from the perspective of food safety 
and security during pandemics. Thus, we define the same as:

I5.0 is the era of manufacturers who achieve food 
safety and security by focusing on the health and 
hygiene of their workers and at the same time, have 
suppliers who are able to cope with demand-side and 
supply-side shocks, making use of cobots, digital 
twins, AI and big data and edge computing with feder-
ated learning, possessing the ability to digitalize their 
SCs through IoT-backed blockchain-induced transpar-
ency and compliance.

8.1 � Theoretical Implications

Industry 5.0 will make use of the creativity of human experts 
in collaboration with machines that are smart, powerful, 
and accurate (Maddikunta et al., 2022; Sigov et al., 2022). 
Yet existing recognitions of I5.0 do not succeed in defining 
food safety and security, the production of which is also done 
through industrial processes and involve complex SCs. At the 
same time, methodological theories applying variance based 
approaches, fail to explain the different ways in which food 
safety and security can be achieved by a combination of causal 
conditions of COVID-19 policy related reforms and I5.0 based 
technological enablers during and post the COVID-19 era. 
This study addresses the same through an fsQCA approach. 
The research questions have been discussed in this section.

Our first research question was to explore how I5.0 ena-
blers combine with reforms derived from lessons learnt from 
COVID-19 to attain food safety and security (Choe et al., 
2009; Han et al., 2015; Souliotis et al., 2018) during this 
ongoing industrial revolution when pandemic has disrupted 
food SCs. Addressing this through a large-scale survey, the 
results indicate that there exist three different combination 
of causal conditions or solution paths by which COVID-
19 policy reforms and I5.0 enabling technologies can com-
bine to achieve food safety and security during and post the 
COVID-19 pandemic. All three solution paths indicated a 
mandate of blockchain application in the food supply chain, 
whereas two out of the three solution paths also called for 
the integration of other I5.0 enablers. This further enables 
us to answer our second research question.

Our second research question explores the properties of 
blockchain technology, which if incorporated in food SCs, 
including cross-border SCs, would contribute in achieving 
food safety and security combining with other causal con-
ditions related to COVID-19 policy reforms (Hobbs, 2020; 
Rizou et al., 2020). The findings revealed that blockchain 
implementation is an indispensable measure across SCs of 
all types of food companies in order to bring food safety 
and security during and post the pandemic era. These causal 
conditions are further detailed in the next section.

From a methodological standpoint, adding to the theory 
of complexity and configuration (Byrne, 2005; Ragin, 1987), 
this study adding to the principle of equifinality (Gonçalves 
et al., 2016), also explores a number of combinations of 
conditions that would attain the same outcome, i.e., estab-
lishment of food safety and security during and post the 
COVID-19 I5.0 era. All this is achieved by employing the 
fsQCA method giving researchers a focused view of the sev-
eral combinations leading to the outcome.

As supported by Ragin (2000) and Rihoux and Ragin (2009), 
to establish configurations of conditions or causal variables 
amongst COVID-19 policy reforms and I5.0 enabling tech-
nologies, that are sufficient to attain food safety and security, 
fsQCA made use of qualitative and quantitative assessments and 
calculated the degree to which a case from the aforementioned 
two reforms belonged to a set. This created a bridge between 
quantitative and qualitative methods and a causality analysis of 
food safety and security by bringing reforms in the SC during a 
pandemic-like natural disaster, which further bridges the gap in 
the literature. Built on data obtained from purchase managers 
and equivalent personnel in various food companies operating 
in the era of I5.0, through our analysis results, we arrived at 
a concrete definition of I5.0 which can be used by research-
ers in future works on I5.0 as a definition from the perspec-
tive of food safety and security during pandemics, thus adding 
to the literature provided by Xu et al. (2021) and Maddikunta 
et al. (2022). On a broader perspective, this study addresses and 
extends the literature of food SCs (Rizou et al., 2020; Sengupta 
et al., 2021), blockchain as an information system (Dubey et al., 
2022; Wamba & Queiroz, 2020), adoption and implementation 
of blockchain in food SCs of India (Kamble et al., 2019) and 
Industry 5.0 (Maddikunta et al., 2022; Sigov et al., 2022).

8.2 � Managerial Implications

The results of this study yielded that achieving food safety 
and security during and post COVID-19, can be addressed by 
manufacturers by making sure that the health and hygiene of 
workers in the manufacturer’s own plant and supplier’s plant 
is taken care of whereas the working environment of the plant 
is not a matter of utmost importance. This supports the claim 
of previously published studies that rapid surges of infectious 
cases was hugely caused by the unvaccinated portion of the 
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population (Dutta, 2022). The manufacturer should take note 
that on events of a future COVID-19 or any pandemic out-
break, leading to shortage of supply of raw materials to the 
suppliers and panic buying by customers, the situation might 
lead to supply-side shocks and demand-side shocks respec-
tively, and this should be looked into by manufacturers that 
their suppliers are capable enough to cope up with such shocks.

Considering the technological component of produc-
tion, the situation calls for digitalization of the SC by 
manufacturers through implementation of blockchain 
technology to make the information from the SCs trace-
able throughout, right from the farm to retail outlets and 
be ensured that they travelled through manufacturer-
favourable conditions. The situation also calls for pro-
viding traceability to the hands of the consumers so that 
they keep track of what they are consuming. Through the 
implementation of blockchain-based multi-stakeholder 
information sharing platforms, the manufacturers would 
also be able to detect and trace counterfeit or sub-standard 
materials (Lomotey et al., 2022) which otherwise might 
have led to a tarnished image of the manufacturer and 
ensure that the supplier stays compliant to agreed terms 
and conditions to ensure food safety and security. Carry-
ing out production in the era of I5.0, manufacturers can 
implement the use of collaborative robots, IoE, digital 
twins, edge computing with federated learning, big data 
and AI in the production process to make it more robust.

8.2.1 � Policy Implications

Non-supportive policy ecosystem, poor infrastructure and lack 
of research & development were some of the barriers identi-
fied in the logistics part of SCs during the I4.0 era (Sarkar & 
Shankar, 2021) and the same should be dealt with as 2 out of 
our 3 solution paths emphasize on blockchain-based cargo 
integrity and security during I5.0. Governments, food safety 
and security regulatory agencies and other policy-makers can 
play a pivotal role in establishing a result-driven setup which 
strongly supports the findings of this study, further supporting 
businesses during a pandemic outbreak. A study published 
in the Lancet revealed that contact tracing and containment 
policies were just not enough in countries facing more than 
two waves of the pandemic and had to be followed by stricter 
measures by the governments including complete lockdowns 
further disturbing FSCs and making its revival more difficult 
post pandemic (Lancet, 2023). The Global Preparedness Mon-
itoring Board (GPMB) has highlighted the unprepared self 
and lack of co-ordination of many developed and developing 
economies during the pandemic and has concluded the fact 
that ‘preparedness’ in all aspects, let that be to protect trade 
or health interests is the key, rather than ‘responses’ to dire 
consequences of future events of similar pandemics (Kretch-
mer, 2020). Studies have put forth, vital considerations for 

local and national governments, civil societies and humani-
tarian actors at global and national levels with implications 
for future waves of COVID-19 in low and middle-income 
countries especially India (Bhatt et al., 2021), as even such 
a fast-developing economy failed terribly to prevent a deadly 
second wave of COVID-19 (Biswas, 2021).

Choosing a developing economy, India for this study had 
some positives. The positive side to this situation is the fact that 
policymakers, instead of spending capital over the implementa-
tion of all enabling factors of I5.0 and planning their rollout all 
at once, can channel their resources and capital into implement-
ing only those conditions which are deemed sufficient by this 
study for food safety and security during and post COVID-19 
in the I5.0 era. Also, India is a country having a vast difference 
of terrains and huge cultural differences across state borders. 
The socio-cultural differences, political influences, economies, 
fooding habits and working cultures are not constant throughout 
and differ largely across states. It is pretty evident that people 
across all these aforementioned territories buy and eat food 
and there are manufacturers who manufactures in these varied 
territories and suppliers who supplies to manufacturers across 
the same. Therefore, conducting this study from data collected 
across such diversified cultures and geographical terrains, 
makes this generalizable across a vast geographical domain. 
The applicability of this study is not only limited to the political 
boundaries of India, but can be expanded to other neighbouring 
developing nations too having similar economic, geographi-
cal, political and socio-cultural differences. The lessons learnt 
from COVID-19 should be seriously considered to prepare for 
and tackle future pandemics (Chung et al., 2021) as even in 
2023, the COVID-19 pandemic is sensed to be far from being 
over (Caruso, 2022; Lancet, 2023), concluding the fact that our 
research objectives, their analysis and the outcomes of the same 
would stand the test of time.

9 � Conclusions

COVID-19 was a global natural biological disaster which 
food SCs within and across countries weren’t prepared 
for. In such an hour of crisis, blockchain technology as an 
information system can provide a solution to the dimin-
ished trust and opacity in SCs to improve the quality of 
food production. Though we are living in the era of the 
latest industrial revolution, all of its contributions would be 
rendered useless if food safety and security is not attained 
despite all technological triumphs. Therefore, manufactur-
ers should harness the usefulness of cobots, digital twins, 
IoE, edge computing with federated learning, big data and 
AI in the food production process and digitalize their SCs 
by implementing blockchain to bring transparency, trust 
and make the production process compliant.
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Appendix A Table8
Table 8   Measurement items, scores and descriptive statistics

Item Abbrevia-
tions

Constructs and scale items Mean SD Load-
ings

AVE

Health & Hygiene of workers (CA = 0.731) 0.521
CHHW1 Supplier's workers should stay home if sick 4.2 0.863 0.752
CHHW2 Supplier's workers should regularly check for COVID-19 symptoms 4.23 0.756 0.779
CHHW3 Mouth and nose be covered when coughing or sneezing 4.33 0.691 0.753
CHHW4 Disinfect workers properly while entering supplier's facility 3.7 0.912 0.501
CHHW5 Follow protective measures such as surgical gloves, masks, shower caps and PPE suits while at 

the supplier's facility
3.42 0.736 0.576

Working Environment (CA = 0.826) 0.553
CWE1 Proper disinfection of toilet areas 3.97 1 0.757
CWE2 Development of open plan workspaces 3.84 0.968 0.648
CWE3 Use of window ventilation 3.68 1.176 0.736
CWE4 Disinfect high touch surfaces with proper products (e.g., 62–71% ethanol) 2.51 1.03 0.83
CWE5 Use a 60% alcohol-based sanitizer according to label instructions 2.43 1.031 0.826

Demand-side shocks (CA = 0.792) 0.705
CDSS1 Supplier should be able to ramp up supply in case of panic buying during a future COVID-19 

outbreak
4.42 0.607 0.697

CDSS2 Processing facility of supplier be flexible to shift from industrial production to retail-focused 
production during a future COVID-19 outbreak

4.41 0.612 0.731

CDSS3 Supplier's collaborative relationship (priority restocking, decrease production price, share risks 
with manufacturer etc.) in case of a severe economic downturn

4.5 0.541 0.757

Supply-side shocks (CA = 0.799) 0.713
CSSS1 Role of workers be flexible within the supplier's organization 3.8 0.618 0.758
CSSS2 Supplier should have equal capacity contingency farms in case of a sudden outbreak of 

COVID-19 in any of the major farms supplying raw materials
4.39 0.573 0.777

CSSS3 Long haul truckers be exempted from 14-day quarantine by supplier, in absence of symptoms 3.78 0.682 0.752
Industry 5.0 based technological reforms (CA = 0.759) 0.522

ETI1 Cobots: Suppliers are expected to use technologies and equipments which works on interaction 
of humans and machines which collectively uses the strengths and intellect of humans and 
machines for increased productivity, dexterity and robustness

3.96 0.86 0.675

ETI2 Digital Twins: Suppliers are expected to digitally map real world objects with their digital 
replica counterparts, allows analyzing, monitoring and preventing problems before they 
occur in real life

3.9 0.858 0.697

ETI3 Suppliers are expected to use AI and Big Data analytics in their SCs for intelligent automation, 
greater efficiency, quality control, customization of products, efficient decision making and 
real-time predicting

3.73 0.983 0.684

ETI4 Suppliers are expected to rely on Edge Computing with federated learning: All stakehold-
ers trains their own models using their own data on client devices and generate outcomes 
that benefit the entire network. Expectations for latency costs, restrictions of battery life, 
requirements for reaction time, protection of data, and attaining privacy in the manufacturing 
process would be met by edge computing with federated learning

2.99 1.192 0.873

ETI5 Suppliers use (Internet of Everything) IoE for connecting people, processes, information and 
things

3.5 1.332 0.744

Blockchain-based Information Traceability (CA = 0.742) 0.562
BT1 Transparency on grade of raw materials supplied by the supplier 3.94 0.66 0.839
BT2 Quality transparency and traceability: Manufacturer's tracing of grade and quality of raw 

materials straight from the farms
3.91 0.705 0.826

BT3 Logistics transparency and traceability: Manufacturer's tracing of the raw materials between 
every stakeholder from farms to supplier's unit to manufacturer's unit

3.81 0.745 0.799

BT4 Traceability to consumer: Consumer's tracing of the entire manufacturing process as the prod-
uct moved through all stakeholders involved in production

3.43 1.154 0.777

BT5 Hampering image of the manufacturer due to counterfeit/sub-standard raw materials 4.54 0.552 0.649
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Table 8   (continued)

Item Abbrevia-
tions

Constructs and scale items Mean SD Load-
ings

AVE

Blockchain-based Cargo Integrity and Security (CA = 0.819) 0.507
BCIS1 Reporting data to manufacturer's blockchain: Number of door openings of the container before 

the goods reaches the manufacturer
3.87 0.93 0.8

BCIS2 Reporting data to manufacturer's blockchain: Duration of each door opening of the container 
before the goods reaches the manufacturer

3.81 0.942 0.857

BCIS3 Logistics partner's shipping quality and standards is certified by quality certifying agencies 3.92 0.887 0.863
BCIS4 Logistics partner exhibits compliance with quality standards set by regulatory bodies 3.95 0.754 0.792

BCIS5 Reporting data to manufacturer's blockchain: access to the shipping process by personnel other 
than the supplier or the logistics company staff

4.12 0.8 0.868

BCIS6 Reporting data to manufacturer's blockchain: Maintaining time humidity and temperature 
controls which does not increase SARS COV-2 infestation and spread

4.06 0.771 0.848

BCIS7 Ensuring transport containers are clean and sanitized between every delivery operation 3.47 1.033 0.637
Blockchain-based SC digitalization (CA = 0.838) 0.618

BSCD1 Integration of IoT devices at the supplier's facility and supplier's supplier's facility 3.43 0.879 0.707
BSCD2 Integration of IoT devices at shipping and transporting facilities of the supplier 3.54 0.927 0.6
BSCD3 Paperwork-related, permission-related and information-related formalities and entries are done 

on a blockchain network
3.72 0.945 0.811

BSCD4 Supplier and supplier's supplier keeps operational info of the SC transparent and accessible by 
the manufacturer

3.97 0.762 0.813

BSCD5 Supplier takes measures to tackle the supply of sub-standard, unfinished and counterfeit prod-
ucts by reporting them to the manufacturer's blockchain network

4.27 0.61 0.732

Blockchain-induced Compliance (CA = 0.745) 0.530

BC1 Supplier coordinate and communicate compliance requirements as set by food regulatory agen-
cies throughout the SC to enable effective execution

3.66 0.932 0.685

BC2 Supplier provides real time visibility into the SC to ensure all contract conditions are up-to-
date and satisfied

3.69 0.984 0.846

BC3 Substances used in the supplied raw materials (chemicals, pesticides, preservatives, flavours, 
colours and other additives) in food preparation that cause an impact on human and environ-
mental health

4.3 0.668 0.789

BC4 Commitment of supplier's senior management and allowance of regular audits by personnel of 
regulatory agencies to support and improve ethical & environmentally sustainable manufac-
turing practices

4.2 0.614 0.751

BC5 In case of a dispute, the supplier's willingness to get an adulterated sample tested at authorized 
testing laboratory and final verdict announced through the lab or a court after concerned 
examination

4.27 0.769 0.758

Food safety & security (CA = 0.727) 0.502
FSS1 Achieving food safety and security through suppliers following COVID-19 policy related 

reforms
3.71 0.819 0.724

FSS2 Achieving food safety and security through suppliers following Industry 5.0 based technologi-
cal reforms

3.32 0.972 0.793

FSS3 Achieving food safety and security through suppliers integrating blockchain technology in their 
SCs

3.57 0.8 0.642

CA = Cronbach’s α, AVE = Average Variance Extracted
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