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Abstract
Industry 4.0 (I4.0) is helping production units to become smarter using cyber-physical sys-
tems and cognitive intelligence. The advanced diagnostics with I4.0 technologies (I4.0t) help
in making the process highly flexible, resilient and autonomous. Still, the adoption of I4.0t
especially in emerging economies like India is at a very slow pace. The present research has
used an integrated approach i.e., Analytical Hierarchy Process-Combinative Distance-Based
Assessment-Decision-Making Trial and Evaluation Laboratory to propose a barrier solution
framework using data from pharmaceutical manufacturing sector. The findings reveal that
“Costly venture” is found to be the most critical deterrent while “Customer awareness and
satisfaction” is one of the potential solutions for I4.0t adoption. Further, lack of standardisa-
tion and fair benchmarking policies especially in the context of developing economies needs
immediate attention. This article concludes by proposing a framework which will help to
move from I4.0 towards Industry 4.0 + (I4.0+) which emphasises on role of collaboration
between man and machine. And leads to sustainable supply chain management.
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1 Introduction

The fierce competition and demand for Sustainable Supply Chains (SSCs) have pushed firms
to streamline their manufacturing structures to a smart level. Amanufacturing process is con-
sidered smart if it comprises of intelligent, agile, well equipped, and flexible manufacturing
systems to encounter the obstacles of a dynamic market (Moeuf et al., 2020). Manufacturers
all over the world are facing resource scarcity due to eccentric resource utilization practices
and unsustainable manufacturing (Zheng et al., 2021). A lack of visibility in performing
accurate sales forecasting may lead to losing customer orders which surely cause reduction
in customer base thus reducing profit margins (Bag et al., 2021). Hence, for the develop-
ment of knowledge economy and its intellectual component, innovation development and
advancements in socio-economic indicators can be proven as the growth vector of Industry
4.0 (I4.0) in near future (Bogoviz et al., 2019; Nahavandi, 2019).

I4.0 introduces new opportunities that may disrupt the traditional approach of manufactur-
ing firms by providing enhance visibility and better customisation (Bag et al., 2021; Sharma
et al., 2022a, 2022b). Industries like pharmaceutical where affordable personal customisation
can save millions of life and virtual simulation can save lot of investment, I4.0 technologies
can act as a disrupting force. Since I4.0 can break down the barriers between the real-world
and virtual worlds (Aslam et al., 2020), augmented reality (AR) can be used in people’s
everyday life, especially in health care sector. Also, prior literature has clearly emphasized
that the potential advantages of I4.0 have not been used in the pharmaceutical industry since
it is expected that combination of AI and cloud computing will initiate faster process flows
with high accuracy and comparatively lower costs.

I4.0 is a manufacturing revolution which is significantly impacting governance, society,
and economy andwill also help to achieve sustainable development goals (Fareri et al., 2020).
I4.0 emphasizes on the need of digitalization and AI-driven technologies for enhancing the
productivity and elasticity of production (Xu et al., 2021). Firms has to overcome multiple
impediments while moving towards digitalisation; however, if this migration will lead to
maximisation in monetary benefits is still not evident from the existing literature. Hence, it is
critical to understand the influence of smart manufacturing on environmental economic and
sustainability aspects (Nara et al., 2021) which demands an in-depth investigation (Sharma
et al., 2021). It is also for utmost importance to consider the social impacts of I4 such as
the replacement of human beings by machines and new technologies (Sharma et al., 2022a,
2022b). However, on the contrary, these emerging technologies will surely lead to better
working conditions such as decentralised decision-making and improved safety (Zheng et al.,
2021). I4.0 provides enhanced visibility to overcome the challenges that impede implemen-
tation of proper digitalised delivery system (Bag et al., 2021). However, in case of emerging
technologies, there lies a large chasm in identification of barriers and proposing the most
appropriate solution from the set of potential solutions (Makkonen, 2021).

India is excellent at manufacturing things ranging from pin to plane and from daily
use-products to high-tech gadgets.1 I4.0 technologies (I4.0t) can help India to reinvent its
manufacturing space andmove up in the value chain. Indian economy is expecting significant

1 https://hbr.org/2015/09/understanding-the-rise-of-manufacturing-in-india.
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benefits from I4.0t in augmenting the manufacturing sector’s share by 25% of its GDP2 by
2022. However, being a developing economy, investing in emerging innovations can be risky
which can adversely impact the overall growth. Most of the firms believe that barriers such
as high investment requirements, lack of adequate skills in workforce, uncertainty about
economic benefits, cyber-security challenges, lack of infrastructure and poor value-chain
integration can lead to disaster.

The standard feature of an I4.0 emphasizes on the integration of connectivity, artificial
intelligence (AI), and robotics to enable real-time and online data availability and optimize
manufacturing and enterprise-wide management (Arden et al., 2021). In pharmaceutical
manufacturing, external information—including variables such as patient experience, mar-
ket demand, supplier inventories, and public health emergencies—could fuse with internal
information such as energy and resource management, modeling and simulation outcomes,
and laboratory data. Integrating internal and external data sources enables unprecedented
real-time responsiveness, monitoring, control, and prediction which will not only improve
efficiency of system but also provide customised products and customer delight experience.
I4.0 will result in a well-controlled, hyper-connected, digitized ecosystem and pharmaceuti-
cal value chain.

There is a need for research that can propose potential or suitable solutions for such
impediments. It is seen over the last few decades that removing misconceptions using prior
research and taking calculated risks is the way most of manufacturing firms work in India.3

However, no study till date has used a detailed method to identify barriers and examine
suitable (potential) solutions that will lead to SSCM. Lack of empirical evidences demands
for novel research before reaching any universal decision (Sharma et al., 2022a, 2022b).
I4.0 adoption framework has been proposed in previous research works (Frank et al., 2019).
However, there still lies a foramen which needs through investigation i.e., if organisations
need to examine impact of I4.0 and human–machine interaction. Since I4.0 emphasises on
digitalisation, this is a step forward (I4.0+) where firms are advised to use human expertise
to fetch better results from machines. It is also expected that collaboration between man and
machine may lead to better synergies and promising outputs. Hence, the authors propose the
following research questions:

RQ1: What are the barriers to I4.0 adoption in the pharmaceutical sector of India?

RQ2: Which barriers are critical to I4.0 in the pharmaceutical sector of India?

RQ3: What can be the effective Potential Solutions (PSs) for I4.0 adoption in the pharma-
ceutical sector of India?

RQ4: What are the cause and effect relation among the barriers?

RQ5: What are the cause and effect relation among potential solution practices?

The rest of this paper is organised as follows: Sect. 2 first explains methodology followed
for conducting the literature review. Further this section discusses Industry 4.0 (I4.0) from
the focal lens of digital transformation and sustainable solutions. Section 2 concludes by
summarising the identified research gaps. Section 3 discusses the research methodology
while Sect. 4 demonstrates the analysis and findings of the work. Discussions are presented

2 https://economictimes.indiatimes.com/news/company/corporate-trends/covid-just-gave-industry-4-0-the-
push-it-needed-in-india/articleshow/85392907.cms?from=mdr.
3 https://webapps.itc.utwente.nl/librarywww/papers_2016/phd/sengupta.pdf.

123

https://economictimes.indiatimes.com/news/company/corporate-trends/covid-just-gave-industry-4-0-the-push-it-needed-in-india/articleshow/85392907.cms?from=mdr
https://webapps.itc.utwente.nl/librarywww/papers_2016/phd/sengupta.pdf


Annals of Operations Research

in Sect. 5 where the authors have also proposed an advanced I4.0 framework. Further this
section also provides both academic and practical implications. The article concludes in
Sect. 6 where we have also presented the limitations as well as proposed directions for future
research.

2 Literature review

Recent studies provide a healthy foundation for exploring I4.0 and its impact on sustainable
supply chain management. I4.0 is currently very critical for many universities, research cen-
ters, practitioners in the organisations, yet the academicians and subject experts believe that
the I4.0 term itself is unclear (Ghobakhloo, 2018), hence making it rather difficult for man-
ufacturing firms to understand the phenomenon. The present scenario also makes it difficult
to identify the stages needed for the transition toward I4.0. Also, with the evolving customi-
sation needs and firms trying to move towards semantic interoperability while focussing on
human role, it is important to identify the stages needed for the transition toward I4.0+. Hence
the author has done a systematic literature review to analyse the phenomenon from different
angels such as with respect to technology trends, human–machine interaction, and early fault
detection with Internet of Things (IoT). The authors have explored how the innovative digital
technologies collectively facilitate the growth of I4.0 i.e., the latest digital industrial revolu-
tion (Liao et al., 2017) and also investigated the challenges faced by firms while adopting
I4.0 (Kamble et al., 2018a, 2018b).

2.1 Industry 4.0: digital transformation and sustainable solutions

I4.0 is the “new industrial stage” where manufacturing operations systems are modified
with the help of information and communication technologies (ICT) (Dalenogare et al.,
2018). I4.0t helps in integration of architecture manufacturing with information technol-
ogy (Bai et al., 2020). I4.0 also considers the exchange of real-time information for better
integration of the supply chain (Bogoviz et al., 2019). I4.0t are classified into physical tech-
nologies (drones, smart sensors, additive manufacturing) and digital technologies (big data,
blockchain, machine learning (ML), robotics, cloud computing, radio-frequency identifica-
tion (RFID), artificial intelligence (AI), augmented reality and the Internet of Things (IoT).

Pharmaceutical companies constantly struggling towards finding innovative methods that
can provide affordable personalised treatments that help people live longer and healthier
lives. The manufacturing control system of pharmaceutical production needs to be flexible
and self-organized in accordance with external market’s demands where I4.0t can contribute
and streamline the processes. I4.0 is expected to improve operational performance in the
entire healthcare sector (Wan et al., 2018). It is also expected that digital transformation with
I4.0t will have significant consequences on sustainability (de Sousa Jabbour et al., 2018;
Kamble et al., 2018a, 2018b). However, there have been no study till date that has explored
the implications of I4.0 andmanufacturing digitisation for sustainable development in context
of Indian pharmaceutical sector which demands further exploration.

I4.0 is a revolutionary innovation that is disrupting and transforming the processes across
all business and manufacturing verticals by bring together the holistic power of technology
with new industrial prototypes. As the current production systems are antediluvian and cannot
accomplish as per the ever-changing buyer requirements. Also, the traditional model (take-
make-dispose) of linear economy is unable to utilise the non-renewable natural resources
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judiciously. This societal and environmental imbalance is disturbing the ecological sustain-
ability and having negative effect on the economic conditions. Since, the entiremanufacturing
process is not sustainable and environment friendly there is a need of substantial measures
to increase productivity, the quality of manufacturing, decrease error rates, and reduce waste
production. The present viable solution is smart manufacturing that stimulates an augmented
automation (Kamble, et al., 2018a, 2018b; Luthra & Mangla, 2018) where robots can per-
form tasks with more precision hence significantly reducing the error rate and increasing
productivity (quality and quantity). I4.0 represents a smart manufacturing networking pro-
cess where interaction between machines and products is carried out without human control
(Ivanov et al., 2019). Using CPS principles, I4 empowers flexible production process strate-
gies as well as designs that help in producing highly customised goods (Kamble et al., 2018a,
2018b; Kumar et al., 2016). The precise real time operation sequencing can be easily achieved
with smart sensors and plug and produce CPS for better capacity utilization (Ivanov et al.,
2019; Theorin et al., 2017). Digital technologies related to I4.0 like big data analytics and
blockchain facilitate active forecasting and effective management of risk to enhance the
resource reconfiguration capability (Ivanov et al., 2019). Firms in manufacturing domain are
transforming in terms of time and space flexibility, with more transparent, energy-efficient
and decentralized systems (Horváth & Szabó, 2019). Using the real time data exchange, AI
expedites effective interconnection among processes, machines and goods that enables rapid
decision-making. The latest production units facilitate manufacturing activities with learning
and interactive autonomous robots (Horváth & Szabó, 2019; Müller et al., 2018). The digi-
talized process focusses on value creation, value capture and value offer (Müller et al., 2018)
thereby helping production units to build up their relationships with different stakehold-
ers and customers. This digital transformation in manufacturing domain demand significant
amendments. Though servitization of production systems will simplify few processes but
the chances of making other processes more complex cannot be ignored. Segal (2018) also
forecasted that automation risks more than 25% jobs all over the world. It is expected that
the digitised production systems demand novel skills from workforces which may lead to
substantial decline in positions requiring lower credentials thereby causing employment
disruptions. Another school of thought emphases that I4.0’s effective adoption will be an
amalgamation of social appropriateness as well as industrial viability. I4.0 may also slow the
pace of the relocation of manufacturing processes to emerging economies owing to prob-
lems related to standardization of mass products (Ancarani & Di Mauro, 2018). Firms are
using I4.0 and related technologies as a solution to the ever-enhancing race in manufacturing
domain forcing production units to have quicker time-to-market, enhance productivity and
have shorter product lifecycle (Sharma & Sehrawat, 2020a, 2020b; Sharma et al, 2020a,
2020b, 2020c). Hence, to enjoy long-term competitiveness, firms especially in emerging
economies are looking towards I4.0 as a way that will help them to endure and even excel in
the evolving environment. Rajput and Singh (2019) has proposed that an integrated Circu-
lar economy (CE) and I4.0 based supply chain will be highly embedded, more sustainable,
flexible, secured, self-organized, and interoperable. It is also proposed that I4.0 can serve
as a key innovative step towards the transformation of the manufacturing sector from linear
to CE where blockchain can serve as the driving force (Kshetri, 2018). Furthermore, there
is a dearth of studies that compare impact of I4.0 on different economies. Li (2017) com-
pared barriers with respect to China’s “Made-in-China 2025” and Germany’s “Industry 4.0”.
Raj et al. (2020) analysed adoption barriers of I4.0 and their cause-effect relationships for
manufacturing firms located in India and France.

The major challenges barricading the adoption of I4.0 are technological integration and
synchronization; high initial implementation cost, long gestation period before return on
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investments, data security and ownership concerns, low degree of standardization, lack of
skilled personnel, additional investments and time on training of existing workforce (Hof-
mann et al., 2017; Kiel et al., 2017; Müller et al., 2018; Sung, 2018). There have been other
deterrents to I4.0 such as lack of consumer awareness, standardization, concerns about cyber-
security, and poor understanding of integration are also deterrent to I4.0 (Ahsan and Rahan
2017; Ivanov et al., 2019; Machado et al., 2020). It is very critical that government or related
stakeholders work on the enhancement of public recognition and end-customers education
with regard to the importance of reducing waste, using the proper methods of disposal and
opting for sustainable solutions. Further, it is also imperative to emphasize the responsi-
bility of privacy-ensuring techniques that defend user information and privacy are also not
standardized across globe. Further, concerns related to the development of manufacturing
structures also substantially influence the fragility risk, thereby creating uncertainties in the
environment (Horváth & Szabó, 2019). Firms especially in emerging economies have not
yet investigated factors, developed business cases and conducted feasibility studies that can
capture the pain points related to I4.0 (Basl, 2017; Horváth & Szabó, 2019). Further, factors
like cultural acceptance and organizational resistance are also sparsely studied in the existing
literature related to I4.0 (Kamble et al., 2020; Machado et al., 2020).

The technological competitiveness and the emerging technologies of I4.0 have helped to
increase organizational competition and excellence in all sectors and industries. I4.0 focussed
on improvement of the production environment by adopting digitalisations and this tech-
nological competitiveness leads to promote organizational performance and sustainability.
Many studies have proposed that organizational competitiveness as one of the primary pillar
for adoption of I4.0. On the other hand, there is a lack of research that presents the advan-
tage of implementing technological competitiveness and the emergence of I4.0 as a key to
revolutionizing the landscape of goods production in various sectors. Several recent studies
explored case studies from different countries highlighting I4.0 benefits. Bhatia and Kumar
(2020) identified critical success factors (CSF) for Industry 4.0 and also studied the rela-
tionships between CSF and performance outcomes using regression analysis. The findings
indicate that “Data governance” and “Legal aspects” are critical in achieving performance
outcomes about I4 technologies in the automotivemanufacturing industry.Aslam et al. (2020)
proposed an innovation framework, "Absolute Innovation Management (AIM)" to help the
prospective adopters in understanding, implementing, planning corporate strategy in syner-
gizing the innovation ecosystem. This framework also guides for design thinking which may
help businesses to be ready for IoT and the I4.0 revolution to achieve competitive advantage
and economic growth. However, Rauch (2020) and Skobelev & Borovik (2017) stated that
I4.0 is not limited to the manufacturing sector. They believe I4.0 can solve social problems
by using these advanced IT technologies, IoT, robots, and artificial intelligence (Skobelev &
Borovik, 2017). In 2016, the Japanese Council for Science, Technology, and Innovation; and
the Japanese Cabinet Office promoted the use of the term I4.0 as this term was coined by
Japan’s most important business federation, Keidanren. There are also a handful of studies
that have proposed a cyber-physical-based PAT framework called CPbPAT for implement-
ing smart manufacturing systems in the pharmaceutical industry to examine how CPbPAT
responds to unexpected changes.
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3 Research gaps

In this present era firms should look for ways to accomplish societal goals, where human
and machine work in symbiosis. The firms look for ways that can arm them better against
disruptions, ensures higher degree of robustness, and offer infrastructure in times of crisis.
Interconnection and combining the strengths of human and machine lead to an actionable
intelligence (Xuet al., 2021). I4.0+demands to lookbeyond I4.0 practiceswherefirms look for
sustainable solutions by placing planet before firm growth vector, place employee wellbeing
beforemass-production, provide safe and inclusive work environment, find agile and resilient
alternatives with adaptable and flexible technologies (Xu et al., 2021). Hence, the need of
the hour to meticulously look for ways that provides technology-driven benefits but keeping
society-centric and human-centric approaches in the heart of production units. Hence, firms
conceptualize to leverage the inimitable imagination of human to join forces with precise,
smart and powerful technology (Maddikunta et al., 2022). Till date no research has proposed
a human–machine collaboration framework that can assist practitioners to understand the
functioning of I4.0. This study tries to explore the relevant choices and proposes a framework
that can help a firm to move towards I4.

Further, researcher have widely used various techniques especially Multi-Criteria-
Decision-Making (MCDM) for emerging technologies like I4.0 (Sharma et al., 2021). Only a
handful of research works have tried to explore Sustainable aspect of SCM (SSCM) and I4.0
(de Sousa Jabbour et al., 2018; Rajput et al., 2019; Yadav et al., 2020), operations (Mittal
et al., 2018), logistics and lean manufacturing, and big data analytics and additive manu-
facturing (Ivanov et al., 2019) perspectives but there are no such studies that have provided
barrier-solution framework for pharmaceutical firms for implementing I4.0.

4 Researchmethodology

For purpose of conducting this research, we have implemented Modified grounded theory
(SGT) approach (Strauss & Corbin, 1990) to investigate the barriers and propose potential
solutions influencing the implementation of I4.0. SGT uses three steps iterative coding of
qualitative data. In this research, qualitative data was collected in form of interviews from
industry experts from pharmaceutical firms and academic experts who had knowledge of
manufacturing in pharmaceutical domain. The iterative data collection methodology spans
over four stages. In the first stage, an exhaustive literature review followed by professional
interviews have been conducted. In the second stage, the professionalswere asked to prioritise
the barriers using AHP (Saaty, 2008) to rank them as per their criticality. In the third stage, the
cases were closely studied, and SIs have been proposed as per the suitability and requirement
of each case which were ranked by experts using COmbinative Distance Based ASsessment
(CODAS) (Keshavarz Ghorabaee et al., 2016). In the present study, the priority weights from
AHP have been used as initial inputs for CODAS approach to calculate the decisive ranks
of the SIs. In the fifth stage, experts were requested to fill the comparative matrix using
DEMATEL scale (Gabus & Fontela, 1973) for computing the cause-effect relationships
among barriers and SIs respectively.

The selected Indian firms are leading pharmaceutical manufacturing firms in India. Firm
A established in 1989. The case organisation has a workforce of over 600 employees (641
in 2022) and a net income of US$ 15 million (2022). Firm B was established in 2018 with a
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workforce of over 200 (213 in 2022) employees. The production units chosen for the investi-
gation encountered problems related to I4.0 solutions implementation. Also, the firms want
to focus on how human–machine collaboration can pave a path to move towards excellence.
Firm A has already adopted few I4.0 technologies (cloud computing, big data) and are pro-
gressing for IoT, additive manufacturing robotics system and augmented reality. Firm B is
also very progressive in terms of technology adoption and is transitioning towards implemen-
tation of IoT. 20 Experts from FirmA and B have been interviewed to understand the problem
in detail. The clear understanding of impediments plays a vital role in outlining schemes by
managers’ and top officials’ decision making for smoother I4.0 adoption. Further 14 experts
from Firm B have helped in filling the comparison matrices (Refer Table 5 in Appendix).

5 Analysis and results

This section provides analysis for all stages in a sequential manner where we first present
qualitative and then quantitative results. The findings from the interview have been discussed
in qualitative analysis subsection while results after applying integrated methodology have
been elaborated in quantitative analysis subsection.

5.1 Stage 1—qualitative (interview) analysis

To answer the research question i.e., “What are the barriers to I4.0 adoption in the phar-
maceutical sector of India”, and “What can be the effective potential solution (PSs) for
I4.0 adoption in the pharmaceutical sector of India?”, the authors have done an extensive
literature review followed by iterative coding of the interviews that helped in identification of
comprehensive examination of relevant barriers (Refer Table 1) as well as probable potential
solutions (Refer Table 2).

The inductive coding scheme has been used to explore the factors/constructs (barriers
as well as potential solutions). All the authors have separately read the interview transcript
(see Appendix) and proposed coding scheme. The next step was to merge similar code
and propose actual constructs. Most of the interviewees have emphasized on the need for
heavy investment in technologies that has emerged as an important deterrent named as “costly
venture”. Further themanagement in the organisationwas also sceptic about the issues related
to data masquerading and lack of support from different stakeholders including supplier as
well as employees.

The present research tries to propose a comprehensive list of potential solutions that will
help an organisation to look towards I4.0 from the focussed focal lens where one can weigh
if benefits outweigh barriers. Most of the interviewees have emphasized need for “Customer
awareness and satisfaction” in order to adopt such solutions at organisational level. This can
only be achieved if seminars or workshops can be arranged to educate customers and explain
the benefits of technology, recycling practices and sustainability. Further, few interviews
also proposed to have advertisements and right branding in order to have national as well
as international intention to move towards I4.0. The next critical factor that can promote
adoption of I4.0t is “Organisational/institutional awareness”. This will help the organisation
to formulate right and timely policies.
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Table 1 Barriers impeding the adoption of I4.0

Barriers Definition Source

Costly venture It includes investment on
prototype robots that can
mimic human and can sense
and analyse human intention,
pick to light system and
human–machine interface.
Increase in almost 50% per
capita yearly investment to
re-engineer existing strategies.
It includes investment on
Intelligent and vibration
sensors, and pick to light
system

Geissbauer et al. (2014), Rajput
and Singh (2019), Sharma et al.
(2022a, 2022b)

Infrastructure standardisation Infrastructure needed to prepare
autonomous functioning and
integration of heterogeneous
components using advanced
diagnostics such as big data
and IoT

Leitão et al. (2016), Xu et al.
(2018)

Automation and digitisation of
process

Intertwining among digital and
physical process helps in better
inventory management and
operations. This convergence
helps in establishing global
networks that integrate
warehouse systems,
machinery, and
manufacturing/production
facilities

Xu et al. (2018), Horváth &
Szabó (2019)

Value chain integration’s
challenges

Human has the tendency to resist
change hence an organisation
need to look for means that can
assist its employees and also
other employees in various
firms in the value chain to
understand the importance of
migration

Sharma et al., (2022a, 2022b)

Ineffectiveness in change
management

Ineffective management of
changing processes executives,
employees, value chain
members and third party
channel partners. The
introduction of advanced
technologies, which are way
ahead of conventional methods
of manufacturing are resisted
by personnel with limited or
traditional skill set

de Sousa Jabbour et al. (2018),
Sharma et al. (2020a)
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Table 1 (continued)

Barriers Definition Source

Counterfeit and absence of
correct information

Wrong and untimely information
may lead to disaster and may
sometimes hit the company
image. The company should
know when and where to share
the correct information

Stegemann (2016)

Lack of simple and fair
benchmarking

In order to standardize the
performing systems, a
company needs rational and
unbiased assessment systems
which can correctly predict the
future of sustainable solutions

Ding (2018)

Standardisation, Regulations,
Legalisation and Certification
issues

There is a lack of system-level
perspective, international
cooperation efforts, set of
uniform technical standards,
reference architecture model,
Industrial Internet Reference
Architecture

Stegemann (2016), Ding (2018),
Xu et al. (2018)

Employment disruption (Skill
gaps and need for additional
trainings etc.)

Requirement of new skills and
trainings for job
continuation/retention

Sharma et al., (2022a, 2022b)

Automation Errors Inappropriate data modelling,
feedback or over automation;
error in correctly
realising/assigning required
task; or due to dissonance
control for human reliability in
CPS

Disproportion between
technology development, social
evolution

The firms are moving to new
technology paradigm and
progressing towards smart
manufacturing but
completely/partially ignoring
its impact on society and
environment

Author’s own definition

Poor openness, accessibility, and
availability

System crash, uncoordinated
interaction, errors due to
problems in updated data at
server, inaccurate data transfer,
power failure, may lead to
problems related to openness,
availability and accessibility

Author’s own definition

Deficit of customer awareness Minimum usage of sustainable
and renewable material
reduces material handling and
transportation cost. The
industry is responsible for
providing waste collection and
other processing facilities
which if not handled carefully
can deteriorate environment
conditions

Ahsan and Rahman (2017),
Sharma et al., (2021)
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Table 1 (continued)

Barriers Definition Source

Lack of green initiatives Minimum usage of sustainable
and renewable material
reduces material handling and
transportation cost. The
industry is responsible for
providing waste collection and
other processing facilities
which if not handled carefully
can deteriorate environment
conditions

Ahsan et al. (2017)

Lack of senior management
dedication

Lack of involvement and
encouragement from top
managers, to effectively move
towards Industry 4.0 and
sustainability resourcefulness

Sharma et al. (2020a)

Lack of supplier support Rigidness of suppliers and
inhibitions in sharing
beneficial suggestions and
innovative ideas can hamper
the implementation of Industry
4.0

Kamble et al., (2018a, 2018b)

5.2 Stage 2—quantitative (multi-criteria decisionmaking) analysis

The research has used an integrated research methodology using AHP-CODAS-DEMATEL
to answer the three research questions.

5.2.1 RQ2: Which barriers are critical to I4.0 in Indian pharmaceutical sector?

With the help of face-to-face discussions followed by AHP, this work provides classifications
of the barriers (Refer Table 3) hindering I4.0 adoption. “Costly Venture”, “Deficit customer
awareness”, “Lack of senior management support”, “Lack of supplier flexibility”, and “Stan-
dardisation, regulation, legislation and certification issues” are the top five critical barriers.

5.2.2 RQ3: Which potential solutions are critical for I4.0 in Indian pharmaceutical
sector?

The effective PSs for I4.0 adoption has been proposed using interviews with the industry
professionals (Refer Table 2). CODAS has been used to rank the identified potential solu-
tion. The CODASmethod is a novel, effective and competent method proposed by Keshavarz
Ghorabaee et al.. Recent literature has verified that this method is very beneficial and help in
solving decision-making problems in uncertain environments. CODAS provide better results
for innovation adoption or implementation related decision-making especially in the field of
transportation, supply chain management as well as technology domain (Biswas et al., 2021;
Ghorabaee & Amiri, 2017). “Customer awareness and satisfaction”, “Educating customers
for recycling practices”, “Organisational/institutional awareness”, “Working on reduction of
drug wastage and better drug disposal”, and “Environmental product design and life cycle
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Table 2 Potential Solution proposed that may assist firms while making a decision for I4.0 adoption

Potential solution (PS) Definition Source

Savings (reduction in energy
consumption, overproduction)

The coordinated interaction
across firm and predictions
using big data analytics
enhances process monitoring
performances thereby
facilitating timely identification
of errors and reduce energy
consumption, overproduction,
and material wastage

Ding et al. (2018)

Using 6 R (recognise,
reconsider, realise, reduce,
reuse/repair, recycle)

First to recognize the
opportunities offered by
Industrial Upcycling. Next is to
evaluate and reconsider or
redesign manufacturing
processes for benefits business.
After recognition of the
opportunities and
reconsideration of business
processes, we need to realize
the business process
improvement or innovation.
Next step is to reduce the use of
resources to achieve efficient
outcomes is the essence of the
methodology. Reusing the
materials considered as useable
prior to process improvement is
next step of progression.
Finally, recycling as much as
possible is one of main
expected outcomes of the
Industrial Upcycling effort. The
aim is the zero waste

Yadav et al. (2020)

Implementation of green
initiatives and sustainable
practices

Manufacturing units need to
reduce solid wand effluent
waste, emission, as well as the
capacity to cut on the
consumption of harmful/toxic
materials. The firms should
encourage the use of
preservatives as per defined
standards. This provides
multifold benefits like improves
operational performance,
increases market share, positive
brand image and give a
competitive edge

Sharma et al., (2021)
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Table 2 (continued)

Potential solution (PS) Definition Source

Support, motivation, and job
security from management

Clear conversation and right
expectation from management
should be discussed with
employees. The managers
should communicate in a
manner that personnel feel
motivated towards new
innovations and have no fear
related to job insecurities

Hofmann et al. (2017), Sharma
et al., (2020b, 2020c)

Integration of digital and
physical units (Transparency,
Interoperability,
Virtualisation)

Modular product design reduces
information asymmetry and
improve SC transparency.
Application of digital
technologies help to achieve
interoperability and
virtualization

Hofmann et al., (2017), Xu et al.
(2018), Horváth et al. (2019),
Zhang et al. (2019)

Environmental product design
and life cycle analysis

Designing of product considering
environmental aspects and
effective life cycle analysis
smoothens SSCM adoption

Liao et al., (2017), Yadav et al.,
(2020)

Sustainable resource
management

Judicious usage of resources to
reduce overuse and wastage

Zhong et al. (2017), Fatorachian
and Kazemi (2018)

Adoption of safety standards Existence of safety standards in
the system ensures employee
safety from accidents during
supply chain

Educating users for recycling
practices

Regular education for customers
to execute recycling practices
assist in improving
sustainability adoption

Batista et al. (2018), Tseng et al.
(2019)

Customer awareness and
satisfaction

Awareness regarding ecological,
ethical, and social concerns.
Customisation and
personalisation with affordable
prices leads to satisfied
consumers

Ding et al. (2018), Kumari et al.
(2018)

Working on reduction of drug
wastage and better drug
disposal

Formulation of effective rules,
strict regulations, policies for
well-defined protocol for
disposal of waste/drug

Ding et al. (2018)

Sustainable production that
increases customer loyalty and
brand image

Sustainable practices and I4.0
increase market share
(economic status) of firm,
improves brand image, provides
the competitive edge, reduces
environmental degradation and
improves the overall supply
chains performance

de Sousa Jabbour et al. (2018)
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Table 2 (continued)

Potential solution (PS) Definition Source

Policies with strict regulations Firms should do product life
assessment and follow
government policies for better
and sustainable products

Author own definition

Reduce GHG emissions, energy
use, water wastage

With respect to the global
environmental problems firms
should develop eco-friendly and
sustainable process to reduce
GHG emissions, energy use,
and water wastage

Author own definition

Organisational/institutional
awareness

Working on initiatives that make
other organizations recognize
the long-term benefits of I4.0

Author own definition

Supplier support Proactive interest and assistance
from supplier and third -party
partners towards I4.0

Author own definition

Ensuring regulatory compliance In addition to government
scrutiny the firms should follow
regulatory pathways to sustain
or accelerate growth rate using
disruptive catalysts i.e. I4.0
technologies

Reinhardt et al. (2020)

analysis” are ranked as the top five potential solution for easy implementation of I4.0. Further,
“Support, motivation, and job security from management”, “Educating customers for recy-
cling practices”, “Organisational and institutional awareness”, and “Working on reduction
of drug wastage and better drug disposal” are potential solutions that falls in cause group
(Refer Table 4).

5.2.3 RQ4: What are the cause-and-effect relation among the barriers and potential
solutions respectively?

In the present research, the DEMATEL is used to investigate mutual or cause-effect relation-
ships and interdependencies as well provide causal diagram (Refer Fig. 1a and b). “Deficit
customer awareness”, “Costly Venture”, “Standardisation, Regulations, legalisation and cer-
tification issues”, “Lack of senior management support” and “Employment disruption (Skill
gaps, need for additional trainings)” are regulatory barriers that have causal influence on
other barriers (Refer Table 4).

6 Discussions of findings

It is evident from the literature that specifically in emerging economies the manufactur-
ing practices should focus not only on economic viability for better productivity but also
sustainable aspects and long term societal values which is inline with our present findings
(Manavalan & Jayakrishna, 2019; Sharma et al., 2021). The present work clearly explains
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Table 3 Barriers ranking using AHP and Solutions ranking using CODAS

Barriers E MM SM GM Rank (Barriers) Rank (S) T (i) E (i) PS

I1 0.056 0.072 0.081 0.072 7 13 0.617 0.213 S1

I2 0.013 0.023 0.020 0.023 16 11 0.703 0.234 S2

I3 0.135 0.085 0.083 0.085 5 10 0.517 0.235 S3

I4 0.040 0.042 0.053 0.042 9 14 0.587 0.207 S4

I5 0.055 0.040 0.037 0.04 10 4 0.714 0.301 S5

I6 0.039 0.080 0.045 0.08 6 9 0.643 0.236 S6

I7 0.029 0.026 0.028 0.026 14 17 0.420 0.150 S7

I8 0.051 0.025 0.026 0.025 15 16 0.415 0.165 S8

I9 0.027 0.052 0.049 0.052 8 12 0.454 0.218 S9

I10 0.017 0.037 0.050 0.037 11 7 0.634 0.270 S10

I11 0.022 0.033 0.033 0.033 12 2 0.789 0.328 S11

I12 0.015 0.028 0.027 0.028 13 15 0.577 0.198 S12

I13 0.104 0.104 0.097 0.104 2 3 0.802 0.322 S13

I14 0.194 0.160 0.159 0.16 1 5 0.820 0.290 S14

I15 0.096 0.104 0.110 0.104 3 8 0.633 0.238 S15

I16 0.107 0.089 0.102 0.089 4 6 0.787 0.290 S16

0.786 0.351 S17

I1, Employment disruption (Skill gaps and need for additional trainings etc.); I2, Counterfeit and absence of
correct information; I3, Standardisation, regulations, legalisation and certification issues; I4, Poor openness,
accessibility and availability; I5, Lack of simple and fair benchmarking; I6, Infrastructure standardisation;
I7, Disproportion between technology development and social evolution; I8, Automation and digitisation of
process; I9, Value chain integration’s challenges; I10, Ineffectiveness in changemanagement; I11, Automation
error; I12, Lack of green initiatives; I13, Deficit of customer awareness; I14, Costly Venture; I15, Lack of
senior management support; I16, Lack of supplier flexibility
SM, Senior Management; MM, Middle Management; E, Executives; GM, Geometric Mean
PS, Potential Solution; S1, Sustainable Resource Management; S2, Integration of Digital and Physical Units
(Transparency, Interoperability, Virtualisation); S3, Support, motivation, and job security from management;
S4, Implementation of Green Initiatives and sustainable practices; S5, Working on reduction of drug wastage
and better drug disposal; S6, Savings (Reduction in Overproduction, Energy consumption, material wastage);
S7,Adoption of safety standards; S8,ReduceGHGemissions, energy use,waterwastage; S9,Using 6R (recog-
nise, reconsider, realise, reduce, reuse/repair, recycle); S10, Ensuring Regulatory Compliance; S11, Educating
customers for recycling practices; S12, Supplier Support; S13, Organisational/institutional awareness; S14,
Environmental Product Design and life cycle analysis; S15, Policies with strict regulations; S16, Sustainable
production that increases Customer loyalty and brand image; S17, Customer awareness and satisfaction
R(i), Euclidean distances; T(i), Taxicab distances

prisoners’ dilemma which states that decision makers should emphasize on both present as
well as future needs hence focus on sustainability while making technology adoption deci-
sion. If a firm want to excel it should not wait for the hundredth monkey effect rather should
be one of the front runner and exploit full market potential and capture most of its share
and enjoy the competitive advantage in future. The primary decision to migrate towards any
innovation is governed by the economic value that innovation provides (Stentoft et al., 2021).
It’s difficult to find firms that are willing to invest money on emerging technologies since
they are not sure if they will be able to monetise from them as there is no assured definite
expected outcome. For a firm to adopt any technology it is essential that it has sufficient
funds to work towards its implementation. If the initial investment is too high, the firm delay
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Fig. 1 DEMATEL Analysis: Barriers (1a) and Potential Solution (1b) influencing Industry 4.0 a DEMATEL
Analysis: Barriers impeding I4.0. Note B1: Lack of green initiatives; B2: Lack of senior management support;
B3: Costly Venture; B4: Standardisation, Regulations, Legalisation and Certification issues; B5: Employment
Disruption (Skill Gaps, Need for additional training); B6: Lack of supplier flexibility; B7: Lack of simple and
fair benchmarking; B8: Poor openness, accessibility and availability; B9: Value chain Integration’s challenges;
B10: Infrastructure Standardization
b DEMATEL Analysis: Potential Solution influencing Industry 4.0. Note S1: Environmental product design
and life cycle analysis; S2: Policies with strict regulation; S3: Savings (Reduction in Overproduction, Energy
consumption,materialwastage), S4: Ensuring regulatory compliance; S5: Support,motivation, and job security
from management; S6: Working on reduction of drug wastage and better drug disposal; S7: Sustainable
production that increases Customer loyalty and brand image; S8: Organizational and institutional awareness;
S9: Educating customers for recycling practices; S10: Customer awareness and satisfaction

the decision of adoption owing to lack of funds or blocking the funds in a single venture.
Firms want to meet the dynamic needs but experimenting with collaborative working and
intelligent manufacturing needs prior researched cases. Innovator firms are the first to explore
any technology and other follows their path if their risks lead to successful ventures. This is
in line with our findings that emphasize that “costly venture” is the main impediment when
a firm think of implementing I4.0t (Nimawat & Gidwani, 2021). I4.0t helps a firm to work
on simulated models and has the opportunity to correct the errors before they encounter
them in real scenario. Hence, a firm can perform rapid experimentation, prototyping and
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faster concept testing. This saves a lot of cost which needs to be emphasised upon when a
firm make a decision of investment. I4.0t allows continuous cloud-based energy monitoring
that helps in successful execution of energy management thereby reducing cost related to
unwanted energy wastage. Hence the potential solution i.e., “savings (Reduction in energy
consumption and overproduction,)” should be discussed with potential adopters which can
motivate firms to move towards I4.0t and promote sustainability practices.

The other critical issue that needs immediate attention is “Deficit customer awareness”.
Customers do not have sufficient knowledge on how tominimise wastage. There are practices
that emphasize on recycle practices but minimisation of waste production needs immediate
attention. The customers should be committed with application of sustainable practices so
that the present activities does not cause any adverse effect on future. There should be
seminars, webinars, and conferences for consumer awareness. Government should advertise,
use social media platforms, and have dedicated programs ensuring the end-customer have
sufficient knowledge. The present findings also reveal that themost critical potential solutions
are” customer awareness and satisfaction” and “educating customers for recycling practices”.

“Lack of senior management support” acts as a primary inhibitor for I4.0t implementa-
tion in a firm. Firms need to enhance strategic organisational policies, personnel expertise,
improved governance, and employee-friendly professional practices. Proactive support from
top management is essential for the smooth implementation of any innovation (Sharma et al.,
2020a, 2020c). Hence, firms should emphasis on a more dedicated methodology to manage
organisational challenges (Teodosiu & Castells, 2017). A firm should help employees to look
for a wider picture and look for long term benefits. If the employee feels motivated to accept
new changes and upgrade his/her skills by his/her own will then the innovation is better
accepted and have chances of better outcomes.

“Lack of supplier flexibility” is another important deterrent. Non-cooperating supplier can
impede firms from moving towards new technological paradigm (de Sousa Jabbour et al.,
2018; Horváth et al., 2019). The firms should have a good understanding and support from
suppliers. It is critical since their flexibility and network collaboration are also of prime
importance while making any new technology related decision.

“Lack of Standardisation, Regulations, Legalisation and Forms of Certification” and “”
are yet another impediment when a firmmakes a decision towards technology advancements.
I4.0 global standards, government policies and information sharing procedures are required
for developing smart production systems (de Sousa Jabbour et al., 2018). Müller et al. (2018)
recommended that firms need global standardisation, governmental support for eliminating
I4.0 challenges in initial stages.Well defined protocols and policies can aid themanufacturing
firms to convert traditional industrial units to industrial units of the future.

“Employment Disruption (skill gaps, need for additional trainings)” is another major
blocker against I4.0 implementation. It is critical to understand that robots are only pro-
grammable machine that can implement tedious tasks and act as idyllic human confidante
for repetitive tasks. This makes it clear that robots will support human in jobs that do not call
for a real-time decision-making and will not cause any employment disruption (Nahavandi,
2019). Firms need to support its employees in understanding the benefits of digitalisation
rather than concentrating on fabricated dystopian view.

“Working on reduction of drug wastage and better disposal”, “Environmental product
design and life cycle analysis” and “Sustainable production that increases customer loyalty
and brand image” are the three critical potential solutions to motivate firms to move towards
I4.0. A small initiative can be minimising medications wastage that will reduce large scale
dumping of expired or unwanted medicines. Any firm that concentrates on greening their
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supply chain or green procurement processes are expected to have better business perfor-
mance in coming future. Especially after COVID-19 the end customers are willing to pay
more and looking for brands that provide sustainable and greener solutions (Sharma et al.,
2023b). These potential solutions will help in increasing firm’s brand value among end users
and eventually an increase in their market share (de Sousa Jabbour et al., 2018; Kazancoglu
and Ozkan-Ozen, 2018).

I4.0 is expected to be a highly revolutionary technologywhere production of small batches
of drugs, each with custom dosages, shapes, sizes and release characteristics is possible. I4.0
helps in the manufacturing of personalized medicines where the focus is on using principles
that guides them to judiciously use the available resources. I4.0 facilitates the creation of
sustainable value, leads to a more agile, intelligent and personalized pharmaceutical industry
and, in the long run, allows pharmaceutical companies to obtain competitive advantages
(Sharma et al., 2023a). A firm need to take difficult decision in situations that are complex, so
a firm should followmore formal and systematic approach to decision-making. Hence, a firm
should set clear goals and set definite objectives in order to achieve better results. Presently,
firms need solutions where they can function effectively in man–machine collaboration using
advanced techniques like sensors, audio and human intention analysis. One easy solution is
Collaborative Robots (CoRobs) that allows flexible and sound working environment. Based
on the scanning and interpretation of the product’s information from beacons, sensors and
tags, the CoRobs can determine when and where it needs to pass information and products
such as in deciding for wafers’ time and location of batch placement (Ivanov et al., 2019). AI
backed big data analytics empowers firmswith real-time decision-making to gain competitive
advantage (Chen et al., 2012). The principal objective of I4.0+ is to solve social problem and
stabilise financial progression which can be only be achieved by using a collaboration that
mimics the signals, constructions and processes (Refer Fig. 2).

Fig. 2 Working with Industry 4.0 technology. Alt Text: Describes how Industry 4.0 functions and role of
human–machine interaction leading towards Industry 5.0 for sustainable supply chain management
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The aim is to develop an advanced-diagnostics having near-zero error or failure rate for
sustainable, mass customised, superior quality manufacturing with human-centered manage-
ment (Sharma et al., 2022a). CoRobs play a very critical role in SCM. Routine tasks including
quality checks, packaging, heavy good transportation can be done by robots, and human can
use his expertise in more complex or advanced tasks. CoRobs can easily streamline SCM
processes by easily repeating mechanical tasks such as material assembly, packing, quality
checks, transportation, product delivery to the consumers and pick-ups of product return from
the consumers thereby also reducing total ownership cost. CoRobs enhance dexterity and can
easily perform dangerous, repetitious or physically challenging tasks. CoRobs work in har-
mony with human, thereby using his expertise to produce personalized and mass customized
products with high speed and accuracy.

Also, advanced diagnostics such as augmented reality, artificial intelligence with machine
cognition allows interoperability, better customization, network intelligence and real time
forecasting. Technologies like blockchain and big data allows decentralised management,
better decision making, operational transparency with reduced costs.

Internet of things acts a boon for manufacturing firms where firms can easily analyze by
monitoring the digital version of final products or processes. This can avoid total failures and
unexpected problems that may occur while processing a batch in the real world. The amal-
gamation of big data, artificial intelligence, and machine learning help in reducing defects,
inventory and maintenance costs and enhance overall system performance. These technolo-
gies make best use of data thereby diagnosing and eradicating irrelevant practices/approaches
and enhancing predictability and exploring innovative opportunities. Using the interconnec-
tion of multiple factory data these advanced technologies enable intelligent manufacturing
thereby producing mass customizable products. Hence, we propose that “collaborative and
cognitive working’ will lead to smart manufacturing that helps a firm to have SSCM.

6.1 Implications of the research

The research offers two important academics and four practical implications to academicians,
senior management and government bodies.

6.1.1 Academic implications

First, the present work has followed a detailed and sequential mixed- methodology approach
to unearth the barriers and propose potential solutions for the impediments that barricade
the adoption of I4.0. This is the first study that has integrated AHP-CODAS-DEMATEL
techniques. The output from AHP acts as an input to CODAS; i.e., integration of these
2 methods leads to synchronised solution. The relative weights from AHP has been used
to find which potential solution are of utmost importance in present context. Further, the
identification of accurate and critical barriers is of utmost importance owing to two reasons
a) to understand if these barriers are actually impacting the decision making and identifying
the underlying causes; b) to look for means and solutions that can help in removing such
impediments. The identification of criticality is also very important since the barriers priority
can be different in different firms. It is also seen that sometimes the firm delay critical
decisions thinking if it is well conceived by the employees however examining the viewpoint
of employees can only express if the employees are rigid or are they open to changes.
Hence, the factor may be accurate but is not critical for a firm where employees are open to
innovations.
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The detailed methodology is very critical because it helps to identify criticality as well as
cause-effect groups. The empirical evidence gives awider picture by classifyingwhich factors
fall under influencing (cause) group and which factors under influenced (effect) group. For
a decision-making firm it is recommended that they first cater cause group factors since they
not only impact the system themselves but also influence other factors which may change
the holistic landscape of decision making.

Second, the proposed framework will help firms to understand the functioning and
improvements that I4.0 will bring to the firm. This framework articulates the role of invest-
ment, standardisation and technology on I4.0 adoption intention. Moreover, our research
uncovered important relationships between human–machine interaction which is key to
success for coming generations especially in manufacturing. Human–machine interaction
depends on safety, reliability and standardisation which are discussed theoretically but needs
immediate attention in terms of implementation. It is also important that there should be well-
articulated and well-defined regulations that can provide assurance to all the stakeholders.
For example, firms feel insecure if technologies like big data, cloud computing and IoT are
implemented as then they have a misconception that their data is at stake. Technology is the
undeniable truth for future. As a firm that wants to grow, it is needed that they work in direc-
tion of advancements and accept technology as a partner in their business. However, adopting
anything just because others are implementing is not a right approach. A firm should clearly
understand their requirements and thoroughly check the regulations and policies related to
the technologies. For example, if the data is sensitive then adopting a private cloud is most
advisable option. However, if the firm has limited funds, then it is important to segregate data
into very critical, critical, less critical and non-critical. In such conditions a firm can adopt
hybrid clouds where more critical data can be stored on private cloud and less critical and
non-critical on public cloud.

Third, the findings contribute to the body of knowledge by giving a clear picture of which
impediments need to be overcome and how a firm can achieve this. The prior literature has
given disproportionate weight to solution identification as most of the work identify the
problem and rank the barriers. Hence, this is one of the few works that provide clear and
holistic understanding to both academicians as well as practitioners.

6.1.2 Practical implications

Our findings propose that the transparent and real-time information sharing with I4.0-
advanced diagnostics motivate more effective collaboration and communication among
manufacturers, distributors, suppliers, hospitals and end-consumers. The framework is very
critical since it gives a clear picture to all stakeholders about the functioning and benefits of
I4.0. A manufacturing firm spends and loses a lot of money if the defects are found while
the firm is actually operating in the product lifecycle. It is observed that IoT and AI provides
the capability of detecting counterfeit products early in the product life cycle by working
on prototypes and data modelling. These technologies save a lot of time, money and energy.
At the same time, it allows faster and effective modelling and prototype testing which can
revolutionise the industry as a whole. Disruptive technologies require increased regulatory
checks so that the critical data is not compromised. Hence, there is a need that firms remain
updated with the regulations and certifications.

One of the biggest issues with pharmaceutical manufacturing is rising consumer expec-
tations and difficulties managing brand health. The customised solutions with I4.0t can help
the manufactures to have an edge over other competitors and have first mover advantage by
quickly capturing the market. Sometimes customisation is not an added advantage as one size
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does not fits all. Smart manufactures are using technologies like AI, BDA for making mass
customisation possible in order to boost customer satisfaction that may win brand loyalty in
long run. These innovative manufacturing firms use digital capabilities and transforming the
pharmaceutical manufacturing business.

Second, human intention analysis and apt usage of human expertise help in early detection
of potential risks that may lead to system failure. This help in on-time execution of right
strategies that will reducewastage and leads to better utilisation of resources thereby ensuring
sustainable supply chain management (Sharma et al., 2022b).

Third, we propose that stakeholders can use connected systems and move towards real-
time monitoring for an agile and resilient manufacturing unit. The main benefit for such a
simulated environment is that automatic self-adjustments can be done in processes as per
the data trends and information processed. Since data is the soul and heart of I4.0 and data
analysis techniques such as AI, ML and DL enable simulations through which the system
can learn and optimize product quality.

Fourth, since inception of Industry 4.0, it is seen as the driver that enhances efficiency and
effectiveness of production processes thereby act as the enabling element of manufacturing
firms which meliorates “Smart Factory”. However, present research emphasis that I4.0 is
actually a paradigm shift where focus ismoving from the individual plants to a comprehensive
visualisation of the whole supply chain. Hence, I4.0 is amalgamation of digitalisation as well
as the concept of sustainability & circular economy. I4.0 enables the smart supply chain that
focusses on the circular economy.

Fifth, we recommend the “Educating customers for recycling practices” should be of
utmost importance for coming years. Indian consumers are brand conscious since a large
section follow influencers and actors without any questioning and sometimes even blindly.
Hence, brand ambassadors have an important role to play in influencing consumer behaviour
especially in Indianmarket (Goutam, 2013). Though there have also been empirical evidences
that indicate that normative values, social influence, and group esteem affect consumers’
intention to move towards green initiatives (Khare et al., 2013). Hence, we propose the
government should take initiatives and our leaders should address issues related to recycling
practices and green initiatives. Self-driven customers and social influences from peer groups
can influence other consumers with the help of right branding and awareness campaigns.

Sixth, we propose that ‘Customer awareness and satisfaction’ is the backbone of success in
this ever-evolving environment of pharmaceutical production. It is the duty of government and
big players in the market to arrange webinars, seminars, conferences to generate awareness
in the consumer. As a developing country with in numerous manpower strength, we should
understand that concerns related to ecological, ethical, and social issues need immediate
attention. Firms try to cost optimise their solutions but if planet concerns are the central
issues, then customers should also be willing to understand and pay for environmentally
solutions.

Seventh, real-time data monitoring helps in keeping a close eye on the resources consump-
tion and responds to production management. Moreover, digitalisation will help factories by
reducing the use of materials with the adoption of additive manufacturing (3D printing)
thereby less wasteful of resources than conventional subtractive methods.
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7 Conclusions, limitations, and scope for future research

This research has investigated barriers, suggested potential solutions, thatmay assist potential
adopters to move towards I4.0. The work also categorises the barriers and potential solutions
in cause-and-effect group thereby giving a clear understanding to potential adopters which
factors need more attention while making an adoption decision. The work emphasizes that
firms should look for holistic picture and beyond investment cost.We alsomake a proposition
that customer and organisational awareness can accelerate understanding of how emerging
technology can lead to sustainable solutions. The work tries to explore and finally revolves
around 5 important research questions (RQ). In order to answer the first and third RQ
respectively, author have done extensive literature review followed by detailed interviews
to investigate the comprehensive list of barriers and propose potential solutions. Further to
answer RQ2, AHP analysis is conducted which clearly highlights that “Costly Venture” &
“Deficit of customer awareness” are the critical impediments. The CODAS analysis pro-
poses that “Organisational/institutional awareness” & “Environmental Product Design and
life cycle analysis” as the critical potential solutions. Finally, in response to RQ4 and RQ5
DEMATEL analysis is utilised which proposes that “Deficit customer awareness” is the most
critical causal barrier while “Customer awareness and satisfaction” is the most critical causal
solution in response to the identified barrier which demands immediate attention from all
stakeholders. Further, this is the first work that proposes a human–machine interaction frame-
work leading towards Industry 5.0 for sustainable supply chainmanagement. This framework
will pave path for future researchers and practitioners to understand the importance of human-
centricity, sustainability, and resiliency. The contributions of this research should be seen in
the light of its limitations. First, the authors have used expert opinions from India that limits
the generalisability of results in other geographies that are advanced and more developed.
Even in other developing countries the scenario is different, one such example is China.
China lacks manufacturing technology though it is continuously working vigorously in field
of science and technology but has imperfect standard system of industrialization (Feng et al.,
2018). Hence, our findings may not resonate with such cases. Second, the results are based
on knowledge of 14 experts. Hence, the author propose that more cross sectional and longi-
tudinal works can be conducted. We also propose future researchers to use optimisation and
machine learning approaches to simulate the findings thereby predicting and proposing better
solution. Third, within the same sector findings may vary; i.e., the pharmaceutical manufac-
turing sector is very different form electronics or automotive sectors. Hence similar works or
cross-sectional studies should be done in other sectors to identify relevant barriers in order
to accelerate I4.0 adoption. Fourth, the this work has presented the barriers and solutions by
categorising under different dimensions; however, future works can use a detailed theoretical
underpinning and can test the same using survey method. The future scholars can explore
behaviour reasoning theory, theory of reasoned action or other relevant frameworks to inves-
tigate the phenomenon under question. The future studies can also compare different MCDM
techniques and provide comparative results on the same theme either on single country or
on different countries. Also, the present work only proposes a framework, future scholars
can empirically test the relevance of same using multiple case studies. Finally, more recently,
generative AI-based tools and applications, such as ChatGPT, BARD (Dwivedi et al., 2023a),
and technologies like metaverses (Dwivedi et al., 2022, 2023b), have emerged. They are pro-
jected to play an important role in supporting various activities across different industries.
Future studies should also examine the role of these nascent technologies and applications
in the context of Industry 4.0.
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Appendix A

See Table 5.

Table 5 Profile of Respondents

Participant Age Qualification Experience (Years) Gender Position

Firm A

1 57 Post-Graduate 35 Male Managing Director

2 56 Post-Graduate 33 Male Director (Tech)

3 48 Doctorate 16 Female Senior Research Analyst

4 44 Post-Graduate 20 Male Senior Business Analyst

5 44 Post-Graduate 18 Male Project Manager

6 42 Post-Graduate 16 Female Commercial Analyst

Firm B

7 45 Graduate 23 Male Managing Director and
Owner

8 43 Graduate 10 Female President and Co-Owner

9 40 Post Graduate 18 Male Operations Head

10 38 Doctorate 10 Male Research Head

11 37 Graduate 15 Male Warehouse Head

12 35 Graduate 13 Male Logistics Senior
Manager

13 33 Graduate 12 Female Logistics Manager
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Table 5 (continued)

Participant Age Qualification Experience (Years) Gender Position

14 31 Graduate 9 Female Business Analyst

15 29 Post-Graduate 4 Female Marketing and Sales
Manager

16 27 Graduate 6 Female Production Manager

17 27 Post-Graduate 4 Male Senior Research Analyst

18 25 Post-Graduate 2 Female Research Analyst

19 25 Graduate 4 Male Transportation Executive

20 25 Graduate 4 Male Logistics Executive
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