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Abstract: The fourth industrial revolution brought a paradigm shift in the present manufacturing
system and its supply chain management (SCM). The evolution of Industry 4.0 (I4.0) brought several
disruptive technologies like cloud computing (CC), blockchain, the Internet of Things (IoT), cyber-
physical systems (CPS), etc. These disruptive technologies have changed the face of the modern
manufacturing system and its manufacturing supply chain (SC). Several changes in manufacturing
in terms of lead time, cost reduction, agility, flexibility, and response to market sensitivity are seen in
almost all types of manufacturing. I4.0’s disruptive technologies influence lean SC, agile SC, leagile SC,
and green SC. The current study examines how I4.0 technologies affect society on such supply chains
(SCs), which leads to enhanced performance of the manufacturing SC. The effect of process innovation
(PI) resulting from I4.0 innovations is also investigated. SEM-PLS-based modeling is constructed
based on 195 responses received from manufacturing enterprises implementing various SC practices
in managing their manufacturing SCs. The findings demonstrate a favorable correlation between
I4.0 technology and the enhancement of various SCs. The result also revealed that there is a positive
impact of I4.0 technologies on PI, which leads to manufacturing SC performance improvements.

Keywords: agile supply chain; disruptive technologies; green supply chain; Industry 4.0; leagile supply
chain; lean supply chain; performance measurement; process innovation; sustainable supply chain

1. Introduction

The term ‘Industry 4.0’ (I4.0) marks the new paradigm of internet-based technologies
as a fourth industrial revolution in all production and service-related activities. I4.0 sym-
bolizes the global network of smart machine networks in a smart industry dealing in the
exchange of information and control of each other in real time [1]. The impact of I4.0-based
technologies on a supply chain becomes crucially important to understand the effect of
these technologies on the SC stakeholders, i.e., suppliers, manufacturers, and customers.
I4.0 technologies are playing a vital role in enhancing the quality and value of a process
and product throughout their manufacturing cycles, making manufacturers competitive
in local and global markets. I4.0 technologies lead to sustainable manufacturing practices
involving constant updates in skills, knowledge, and technology from SC stakeholders [2].
Further, the integration of I4.0 technologies and SC activities has become a competitive
necessity in most industries [3].

Supply chain management (SCM) is seen as strategically important for boosting organi-
zational performance and better achieving organizational objectives like higher profitability,
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improved customer service, and increased competitiveness [4]. A good supply chain (SC)
strategy can offer the necessary components for success in an environment that is becoming
more competitive. Consequently, there is a desire to increase delivery efficiency, adapt-
ability, quality, and cost effectiveness from an SC perspective while maintaining market
competitiveness, which can be dealt with by pursuing efficient and adaptable procedures
under an SC strategy [5]. In today’s highly competitive environment, I4.0 technologies,
sustainability, and coordination are becoming increasingly crucial [6]. Manufacturing
companies can achieve sustainable competitiveness in the global market by maintaining an
efficient manufacturing SC [7]. Sustainability in a manufacturing SC acts as the backbone
vital to remaining competitive in the market [8,9]. Sustainability through economic, techno-
logical, and societal innovation can help manufacturers survive the industry’s competition.
The technology change has helped all manufacturers overcome manufacturing defects
and achieve the best quality possible. Hence, the product manufactured using the same
manufacturing setup almost exhibits the same quality, making it difficult for manufacturers
to fight the competition relying on only quality attributes. The manufacturers adopt the
new technology to be the first to launch the product and earn the maximum possible profit.
The sudden technology-based disruption due to new technologies has pressured the manu-
facturing sector to change their ongoing manufacturing technology to be on par with I4.0
norms. The need of the day for the manufacturers is to adopt suitable new technology, as
given in Figure 1, with a good strategic vision that may help in achieving sustainability in
the value chain [10]. Sustainable manufacturing methods can offer businesses a competitive
edge by resulting in eco-friendly products and processes [11].
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Figure 1. I4.0-disruptive technologies.

I4.0 technologies such as additive manufacturing, collaborative robots, visual comput-
ing, and cyber-physical systems (CPS) help in manufacturing connectivity with stakehold-
ers. The ongoing acceptance of I4.0 technologies such as IoT and CPS in the manufacturing
SC enables its stakeholders to reap the benefits of information sharing at all levels in real
time with product advancement for increased benefits. Using I4.0 technology, several
constraints such as unpredictability, cost escalation, and SC complexity can be solved.
Nowadays, the manufacturing SC needs to be transformed to be smarter to bridge manufac-
turing infrastructure with customers and stakeholders using the process in [12]. CC helps
in information sharing among SC partners for the betterment of SC performance [13]. Data
capture, either from service or manufacturing sectors, is rapidly growing to make big data
favourable for the effective management of the manufacturing SC [14]. SC performance
is enhanced using blockchain technology by minimizing the negative consequences of
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information asymmetry [15]. Artificial intelligence (AI) in manufacturing SC helps auto-
mate the system with robust, optimized cycle time-oriented, error-free, and waste-free
production lines [16].

Process innovation (PI) is a paradigm shift in product manufacturing to shorten
the production lead time in a manufacturing SC. PI encompasses the new or potentially
changed production process to meet the customer’s needs innovatively, either through
radical changes in technologies, machines, equipment, or software [17]. Cost effectiveness
is the prime goal of PI, which offers a manufacturing company a cutting edge to fight
cutthroat competition. Manufacturers have attempted PI in search of profit and to cut
down on waste. I4.0 technologies, such as automated guided vehicles, 3D printing, and
robotics, enable businesses to cut down on resource waste and emissions, improving the
environment overall and lowering the marginal cost of manufacturing [18]. The resource
utilization of 7M (men, machine, money, material, method, matrix, and management) is
an essential decision-making process in sustainable manufacturing processes. Technology
adoption, along with the right decision-making, may help in optimizing resources and may
lead to a reduction in harmful environmental effects [19].

The good performance of the manufacturing SC exhibits market sensitivity in SC
integration [20]. There are several types of SC practices in the manufacturing sector for
different products. I4.0 technologies help such SCs prompt decision making throughout
the SC partners by accelerating the material, financial, and information flows. The various
SC practices are leagile supply chain (LEASC), agile supply chain (ASC), lean supply
chain (LSC), green supply chain (GSC), etc. I4.0 technologies have various impacts on SC
practices; for instance, big data analytics (BDA) and IoT influence lean practices, whereas
agile practices are impacted by CC and CPS [21]. SC strategies play a significant role in
performance improvement; however, research revealed that I4.0 base technologies do not
have the same effects on lean and agile SC strategies [22]. I4.0 technologies help manu-
facturing units cut down on wasted resources and emissions, leading to environmental
benefits as well as a reduction in marginal production costs [18]. The improvement in
various manufacturing SCs makes it capable of fulfilling the changes in customer needs
with the most effective cost solution in the most sensitive market. In an LSC, everything
revolves around supplying a product to the consumer as quickly and waste-free as possible;
thus, the amalgamation of lean with I4.0 technologies will boost speed, productivity, and
autonomous operations [23]. In an SC, leanness boosts profits by cutting expenses, but
agility increases profits by satisfying user needs. The cost-effectiveness of material manage-
ment in each SC is made possible by an LSC. The LSC also allows product distribution the
achievement of high service levels in a dynamically changing market.

The body of research relating I4.0 to SCM techniques is still very much in place, despite
being shown to be effective at enabling SC strategies. Apart from several conceptual studies,
literature-based studies, and various modelling lead studies, there is not much empirical
research examining the ways in which I4.0 technologies affect different forms of SCs and PIs
to enhance SC performance. This study examines the effects of I4.0 technologies on various
SCs that improve performance in the industrial sector to fill this apparent literature gap.

The current study uses statistical analysis to conduct data analysis and uses a well-
known structural equation modelling (SEM) technique. The main goals of the present
study are to (a) empirically assess the impact of I4.0 technologies on various types of
SCs; (b) determine empirically whether I4.0 technologies have a significant impact on
PI; and (c) investigate empirically whether I4.0 technologies have a significant impact on
business performance.

The paper is further documented as follows: SCM using strategies like agile, lean,
green, and lean is revisited, and a theoretical base is created using the detailed review of
the literature. Hypothesis formation is dealt with using literary background to provide
the basis for conducting empirical analysis and a structural relationship model; this is
described in Section 2. The SEM-PLS-based model is constructed and discussed in Section 3.
It also consists of detailed rules along with research methodology. Results are provided
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in Section 4. A discussion on the impact of disruptive technologies on various SC and
performance measurements is provided in Section 5. Section 6 discusses some limitations
encountered in the present research along with future research directions. At the end, a
detailed conclusion is provided.

2. Literature Review

In the manufacturing sector, SCM plays an important role in fulfilling the customer’s
demand by adopting strategic managerial practices like planning, directing, organizing,
and controlling. The various functions like sourcing, material supply, outsourcing, man-
ufacturing, constructing the required assembly, managing inventories, and warehouse
management to manage the final product deliveries at an optimum cost help in managing
the manufacturing SC. For various SC activities to meet demand and supply, manufacturing
enterprises must implement I4.0 technologies that result in PI and lead to the improvement
of SC performance [22].

To respond to rapid changes in supply and demand, ASC takes process effectiveness,
flexibility, and responsiveness into account and authorizes employees for prompt and
timely decision making. Many a time, part or product availability becomes the most
important aspect in fulfilling an order; hence, a strategic move towards ‘quick response’
becomes very significant and leads to an ASC. The cost involved in meeting demand and
supply makes it important to use lean, agile, and league, and sometimes green initiatives are
required. Figure 2 shows the SC integration with I4.0 technologies leading to PI. The firms
can gain higher performance by adopting I4.0-based technologies in their SC activities and
integrating them with PI [24]. I4.0 technologies help in accomplishing SC activities that lead
to effective outcomes and exhibit good and timely decision making. Various SCs receive
benefits from fulfilling timely deliveries for sustainable supply chain management (SSCM).
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A study revealed that SC activities enabling visibility and scalability are significantly
impacted by I4.0 technologies [21]. Despite I4.0 technology having a varying rate of
influence on organizational processes, it has the potential to influence lean and agile SCM.
The processes involved in lean and agile SCM practices are greatly influenced by I4.0 digital
technologies. Utilizing SC dynamics, a conceptual model was put forth to explore the ways
in which lean and green practices affect SC performance [25].

I4.0 technology such as CPS is vital in manufacturing SC for connectivity and trans-
parency through machine integrations with SC using BDA, CC, and IoT. A study was
carried out to investigate the CPS for performance monitoring, and the study found a
positive effect on intralogistics activities [26]. A study based on data analysis from 303 U.S.
manufacturing managers using covariance-based structural equation modelling method-
ology (CB-SEM) revealed that IIoT achieves greater agility along with blockchain [27]. A
study based on 520 South African mining executives used SEM-PLS and revealed that BDA
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improves sustainable supply chain outcomes [28]. A study examined the effect of big data
and predictive analytics on the supply chain for organizational performance [29]. The inte-
gration of BDA with GSC and its human resource-based management practices can enhance
the sustainable capabilities of firms [30]. The SC operates better due to BDA in terms of
flexibility, intelligence, responsiveness, efficiency, quality, innovation, market performance,
and partnership quality, according to a case study involving 380 SC practitioners from
50 Indian retail locations [31]. A study based on 394 respondents from Spanish companies
studied the relationship between CC and operational performance and revealed that CC
needs SC integration support for operational performance [32]. A study based on the
responses of 247 information technologists and supply chain professionals using SEM-PLS
revealed that CC can improve economic and environmental performance [33]. A study
based on 188 manufacturing professionals’ responses using SEM along with artificial neural
networks revealed that CC technology can improve innovativeness and firm performance
in manufacturing sectors [34].

Based on the review of the literature, no study has investigated the relationships
between I4.0 technology usage and performance of various SCs with the mediating effect
of PIs. I4.0 technology-based studies have concentrated on SC dimensions like agility,
flexibility, responsiveness, and SC performance. Hence, an empirical study leading to an
investigation of the impact of various I4.0 technologies on various SCs and their effect on
PI must be undertaken to reveal the SC’s performance and bridge the literature gaps.

2.1. Technology Utilization (TU) Influences Various SCMs for PI and Sustainable SC
Performance (SSCP)

Technology utilization (TU) is a process that has a profound impact on the outcome
of the process [35]. TU in SCs has an impact on SC activities, including flexibility, agility,
and responsiveness. The relationship between I4.0 technology and integrated lean and
agile strategies for performance improvement was empirically investigated in a study by
Raji et al. (2021). The performance of enterprises was improved by using lean and agile
SCM strategies [21].

In the results of a study by Núñez-Merinoet al. (2020), various significant benefits
were found in the areas of agility and flexibility to fulfil customers’ suddenly changing
needs [36]. Information sharing is enhanced by digital technologies, which also helps in
better synchronization and collaboration. SC intelligence and coordination are greatly
needed to enhance SC efficiency in terms of speed, delivery, and service rates. Digital
technologies also helped enhance material traceability and inventory control. One of
the studies investigated the impact of I4.0 technologies on SCM practices as well as SC
performance measures using SEM. The study was based on 361 respondents belonging to
Indian manufacturing [37].

The study of Arawati (2011) investigated the influence of strategic supplier partner-
ships, the postponement concept, lean production, and technology and innovation on SCM
to enhance flexibility and business performance [38]. The study revealed an increase in
return on sales, return on assets, and overall financial performance. A case study investigat-
ing the influence of lean SC on manufacturing companies in Malaysia revealed that there is
a positive influence on product quality and business performance [39]. The empirical study
further revealed that business performance was positively associated with an increase
in profits, market share, revenue, and assets. The influence of SC transparency drivers
was examined, which revealed a positive increase in business performance in terms of
relationship development, operation improvement, supplier performance, and technical
performance [40]. I4.0 technologies like BDA management capability and BDA capability
were investigated, which revealed that they increase SC innovativeness and lead to sustain-
able SC performance [28]. A study involving lean management practices and sustainable
management practices using I4.0 technologies revealed that there is an active influence
on environmental and social practices in SC that leads to sustainable SC performance in
terms of operational, ecological, and environmental aspects [41]. In Malaysia, an empirical
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study looked at how IoT impacts SC performance and organizational performance [42].
The Internet of Things (IoT) system enables computerization, which results in coordination
and communication, which in turn leads to overall profitability, performance, and business
processes [43]. An empirical study based on the responses of 223 Vietnamese SC experts
revealed that BDA and the Industrial Internet of Things (IIoT) have the greatest future
impact on SC performance [44].

2.2. Hypotheses Development
2.2.1. I4.0 Technology Utilization (TU) and Its Impact on Various SCs

The concept of I4.0 includes the advancement and incorporation of information and
communication technology into business operations [45]. The fourth industrial revolution
brought several disruptive technologies that introduced radical changes in the manufac-
turing process and its SC. Various technologies embraced under I4.0 include IoT, CPS, CC,
BDA, sophisticated robotics, radio frequency identification (RFID) technology, CPS, etc. IoT
significantly contributes to the transformation of SCs by offering a variety of opportunities
like location and speed monitoring remotely and in real time. The temperature sensors may
be useful in protecting the components from arid weather conditions, increasing the perfor-
mance of monitoring the location and speed of vehicles, and controlling the performance of
machines [46]. I4.0 includes automated systems that provide data from numerous devices,
sensors, and tools to enable customization, agility, and speed in manufacturing and service
operations. I4.0 technologies are considered drivers for SC performance improvement [21].
Using IoT devices, SC partners can share information instantly for machine-enabled deci-
sion making [47]. CPS plays a pioneering role in providing manufacturing solutions for
managing logistics and SCM [48]. BDA is used for greater SC information exploitation [49].
An empirical study examined the relationship between BDA capabilities, green innovation,
technological intensity, and GSC performance. The result revealed that the influence of
BDA supports green GSC performance [50]. IIoT enablers (digital technologies, connectiv-
ity, data, capabilities, and management) are highly related to the manufacturing network
coordination mechanism; hence, success depends upon I4.0 technology [51].

The hypothesis below is crucial to further research because the finding makes it
imperative to conduct further research.

The following hypotheses may be formulated:

H1. There is a positive influence of TU on LSC (TU has a significant positive influence on LSC).

H2. There is a positive influence of TU on ASC.

H3. There is a positive influence of TU on LEASC.

H4. There is a positive influence of TU on GSC.

2.2.2. Integration of TU with LSC-ASC-LEASC-GSC-SSCP

Over the past few decades, lean manufacturing and agile manufacturing have become
two prominent manufacturing practices, with the associated objectives of reducing waste
to achieve cheap costs and being flexible in production processes to support manufacturing
SCs. While integrating agile manufacturing with I4.0 largely increases flexibility, integrating
lean manufacturing with I4.0 primarily increases cost competitiveness in the performance
dimension [5]. The integration of leanness and agility further helped the manufacturing
SC adopt LEASC [52]. According to the simulation analysis findings, under simulated
conditions, the lean system provides superior customer service, while the leagile system
results in reduced enterprise-wide inventory levels [53]. Improvements in environmental,
operational, and economic performance are made possible through LSC practices. GSC
practices can help with the green PI needed to increase economic and environmental
effectiveness [54]. This study also suggests that the distinctive information processing
capacity created by green internal and customer integration can facilitate the green PI
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required to improve environmental and cost efficiency. GSC has an impact on operational
performance, which improves economic performance. Leanness has an impact on green
SC, which also improves environmental performance [24].

The hypothesis below is crucial to further research because the finding makes it
imperative to conduct further research.

The following hypotheses may be formulated:

H5. There is a positive influence of LSC on SSCP.

H6. There is a positive influence of ASC on SSCP.

H7. There is a positive influence of LEASC on sustainable SSCP.

H8. There is a positive influence of GSC on sustainable SSCP.

SCM practices adopted by manufacturing sectors influence operational performance
directly or indirectly [55]. The manufacturing SC becomes robust internally if IT-enabled
technologies are incorporated. The adoption of technology helps the internal process gain
operational performance [56]. Various types of SC considered in the present research are
influenced by I4.0 technology usage. The pace of technology adoption is very important
to organizational performance. The pace of technology adoption is governed by industry
size, its organizational structure, strategy taking care of technology adoption, financial
performance firms, supplier collaboration and their self-interest, and uncertainty in de-
mand and supply [3]. The use of supply chain technology and information technology
capabilities both seem to operate as intermediaries between total quality management
methods, SC management practices, and company supply performance [57]. The interac-
tion among the supply chain players is influenced by web-based technologies, which help
in effective information exchange and viable SC coordination in line with managerial and
strategic views [58].

2.2.3. Process Innovation (PI) and Sustainable Supply Chain Performance (SSCP)

PI refers to adding changes, new features, and improvements to production and distri-
bution processes, which could be accomplished through the application or introduction
of new technology. Through PI, strategy makers must meet customer needs sustainably,
respecting government policies. The inclusion of sustainable practices, lean practices, and
PI helps in accomplishing sustainable performance [59]. An empirical study including
374 manufacturing companies found that green practices and lean management had an
impact on PI and GSC performance [60]. Using I4.0 technologies like CC and corporate
data analytics, manufacturing organizations intending to leverage business integration may
also benefit from integrating their hardware and software to make them accessible and in-
terchangeable. According to the study revealing these relationships, PI significantly affects
the relationship in favour of the relationship between business system leveraging (BSL)
and SC performance, whereas the influence of BSL on SC performance is modest [61]. Lean
methodologies and GSC are positively correlated with I4.0 technology-based PI, which
improves performance [24]. PI has a significant impact on green manufacturing and re-
manufacturing. PI could be used to advance the nascent disassembly and remanufacturing
technologies and lower the cost of green products [62]. PI leads to competitive advantage,
which in turn increases organizational performance [63].

The hypothesis below is crucial to further research because the finding makes it
imperative to conduct further research:

The following hypotheses may be formulated:

H9. There is a positive influence of LSC on PI.

H10. There is a positive influence of ASC on PI.
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H11. There is a positive influence of LEASC on PI.

H12. There is a positive influence of GSC on PI.

H13. There is a positive influence of PI on SSCP.

The present study proposes the following conceptual model involving I4.0 technology
utilization influencing various SCs of LSC, ASC, LEASC and GSC. The influence leads to
PI, which leads to SSCP, as shown in Figure 3.
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3. Research Methodology

In the present study, a database of 420 Indian SMEs working in the manufacturing
sector was extracted from the Confederation of Indian Industry (CII) directory. The data
were extracted using a stratified sampling technique to ensure representation of the popu-
lation. For a pilot survey, a purposive nonrandom sampling technique was chosen, and a
sample of manufacturing consultants, academics, and shop floor practicing engineers was
contacted. Their responses were captured, and a few changes related to language were
carried out. For the final analysis, stratified random sampling was used, Google Form was
prepared, and URLs were distributed over emails, WhatsApp, Facebook, and LinkedIn as
part of the study. The researchers tried to avoid the potential bias as the sampling frame was
defined, stratified random sampling was used for data collection, and follow-up reminders
were sent to the respondents. At the end of the survey, 280 responses were gathered, for a
response rate of 66.67 percent. After cleaning and filtering the data, 220 responses were
considered appropriate for further analysis. Apart from the questionnaire’s formation and
administration, due care was taken regarding ethical practices.

Manufacturing sectors were classified according to their financial turnover and related
investments. The ranges of micro-enterprises (between Rs. 1 and Rs. 5 crores), small
enterprises (between Rs. 10 and Rs. 50 crores), and medium enterprises (between Rs. 20
and Rs. 100 crores) were identified. A Likert scale with five points was used, where 1 meant
strong disagreement with the item and 5 indicated strong agreement with the item.

Descriptive statistics and principal components were carried out using SPSS 28.0, and
later on, structural equation modelling was performed to test the hypothesis using Smart
PLS 4.0. Based on descriptive statistics, the mean value of the survey item responses was
greater than 3 and the standard deviation value was greater than 0.8. A high standard
deviation indicates that the data points are dispersed across a wide range of values. Further
principal component analysis offered insights into the underlying structure of the data and
helped in data exploration. SmartPLS 4.0 and AMOS 26.0 are the two most popular tools
used for structural equation modelling. AMOS produces precise results if the data follow a
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normal distribution, and the data are large. The intention for selecting SmartPLS 4.0 was
because of the study’s exploratory character and limited sample size [64]. The minimum
requirement of sample size was met as suggested by Roscoe’s rule of thumb, i.e., sample
size should be between 30 and 500. As the data met the requirements of SmartPLS 4.0,
analysis was performed.

4. Results
4.1. Sample Characteristics

The gender ratio of respondents consisted of 58.2% and 41.8% for men and women, re-
spectively. Table 1 lists the demographic data of the respondents. The survey questionnaire
is depicted in Table A1 under Appendix A.

Table 1. Demographic information.

Variable Item Frequency Percentage (%)

Gender
Male 128 0.582

Female 92 0.418

Firm size based on
employee strength

Micro (1–4) 53 0.241

Small (5–99) 72 0.327

Medium (100–499) 95 0.432

Establishment years

<5 41 0.186

>5 and <10 86 0.391

>10 years 93 0.423

Industry type

Casting machining 46 0.209

Gear manufacturing 30 0.136

Machines manufacturers 31 0.141

Surgical parts manufacturers 63 0.286

Automotive parts
manufacturers 19 0.086

Electrical parts manufacturers 14 0.064

Other 17 0.077

According to the demographic information, respondents were from various manu-
facturing areas. Respondents were at the senior level, with various occupations ranging
from engineers and senior engineers to managers, with a minimum education of a bach-
elor’s degree to a master’s degree in engineering. Some of them were from machined
casting manufacturers, manufacturers of surgical parts, gear manufacturers, manufactur-
ers of automotive parts, machine manufacturers, and manufacturers of electrical parts.
The mean value of the survey item responses was discovered to be larger than 3, and
the broader standard deviation value was greater than 0.8. In cases where the value of
the standard deviation was high, the value represented by the data points consisted of a
broader range [65–67]. Table 2 displays a descriptive analysis.

4.2. Confirmatory Factor Analysis

During the confirmatory factor analysis, specific observable variables whose weights
fell below the standardized regression cutoff of 0.7 were excluded. The measurement
model was assessed based on reliability and validity, as suggested by Hair et al. [64]. The
structural model was tested for the hypothesis. Table 3 shows factor loadings for various
constructs. The reliability and validity of the model were checked.
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Table 2. Descriptive analysis.

Construct Items Minimum Maximum Mean Std.
Deviation Skewness Kurtosis

TU

TU1 1 5 3.71 1.114 0.115 −0.851

TU2 1 5 3.54 0.928 −0.025 −0.263

TU3 1 5 3.04 1.041 −0.326 −0.325

TU4 1 5 3.05 0.978 −0.432 −0.126

LSC

LSC1 1 5 3.76 0.924 −0.892 0.931

LSC2 1 5 3.59 0.981 −0.584 0.080

LSC3 1 5 3.75 0.916 −0.828 0.840

ASC

ASC1 1 5 3.12 1.001 −0.203 −0.436

ASC2 1 5 3.09 0.959 −0.134 −0.298

ASC3 1 5 3.34 0.943 −0.413 −0.111

ASC4 1 5 3.02 0.902 0.034 −0.233

LEASC

LEASC1 1 5 3.87 1.051 0.046 −0.438

LEASC2 1 5 3.95 1.061 −0.074 −0.533

LEASC3 1 5 3.08 1.072 −0.185 −0.511

LEASC4 1 5 3.21 1.073 −0.305 −0.444

GSC

GSC1 1 5 3.59 1.039 −0.683 0.011

GSC2 1 5 3.47 0.977 −0.511 −0.207

GSC3 1 5 3.82 0.958 −0.863 0.645

GSC4 1 5 3.49 1.177 −0.567 −0.535

PI

PI1 1 5 3.47 0.977 −0.511 −0.207

PI2 1 5 3.95 1.061 −0.074 −0.533

PI3 1 5 3.09 0.959 −0.134 −0.298

PI4 1 5 3.59 0.981 −0.584 0.080

SSCP

SSCM1 1 5 3.59 1.039 −0.683 0.011

SSCM2 1 5 3.87 1.051 0.046 −0.438

SSCM3 1 5 3.12 1.001 −0.203 −0.436

SSCM4 1 5 3.76 0.924 −0.892 0.931

Table 3. Factor loadings for various constructs.

Constructs ASC LSC LEASC SSCP TU GSC PI

ASC1 0.873

ASC2 0.886

ASC3 0.805

ASC4 0.824

GSC1 0.861

GSC2 0.842

GSC3 0.761

GSC4 0.758
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Table 3. Cont.

Constructs ASC LSC LEASC SSCP TU GSC PI

LEASC1 0.802

LEASC2 0.785

LEASC3 0.893

LEASC4 0.857

LSC1 0.876

LSC2 0.880

LSC3 0.889

PI1 0.777

PI2 0.732

PI3 0.758

PI4 0.718

SSCP1 0.721

SSCP2 0.769

SSCP3 0.738

SSCP4 0.705

TU1 0.704

TU2 0.845

TU3 0.888

TU4 0.862

It is necessary to verify the measurement model’s reliability and validity before evalu-
ating the structural model. The factor loading (Cronbach’s alpha) values can be used to
evaluate the construct reliability. Calculating the average variance extracted (AVE) and
the construct dependability served as a test of convergent validity (CR). The AVE must
be greater than 0.50 [68], and the CR should be greater than 0.60 [69]. All items exhibited
significant loadings above 0.50, indicating the constructs’ convergent validity. Additionally,
the AVE values in our model fell between 0.64 and 0.76, whereas the CR values fell between
0.88 and 0.93, which is displayed in Table 4

Table 4. Reliability of constructs.

Construct Cronbach’s alpha Composite
Reliability (rho_c)

Average Variance
Extracted (AVE)

ASC 0.818 0.878 0.644

LSC 0.873 0.908 0.665

LEASC 0.862 0.898 0.747

SSCP 0.890 0.918 0.692

TU 0.901 0.926 0.759

GSC 0.848 0.896 0.684

PI 0.810 0.884 0.717

Both the composite reliability and Cronbach’s alpha were greater than 0.7. Every CR
value exceeded the AVE value, and every CR and AVE value was above the threshold values.
To test for discriminant validity, we assessed the AVE using the squared inter-construct
correlation values. All AVE values were higher than the inter-construct correlation, which
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indicates that there is no discriminant validity issue. Additionally, the measurement
model’s discriminant validity was evaluated using the cross-loading method and the
Fornell–Larcker criterion. According to the Fornell–Larcker technique, an indicator’s outer
loading on a linked construct should be higher than all other constructs’ outer loadings,
which is known as cross-loading [70]. The Heterotrait–Monotrait ratio of the correlations
(HTMT) was used to examine the discriminant validity. It reflects the average of the
heterotrait–hetero method correlations relative to the average of the monotrait–hetero
method correlations [70]. As indicated in Table 5, all values in the HTMT matrix were less
than 0.85. Thus, the measurement model provided satisfactory construct validity. The direct
and indirect path coefficients mediating the analysis were performed using bootstrapping.

Table 5. HTMT matrix.

ASC LSC LEA SC SSCP TU GSC PI

ASC

LSC 0.234

LEA SC 0.102 0.107

SSCP 0.112 0.283 0.363

TU 0.178 0.367 0.276 0.409

GSC 0.465 0.401 0.268 0.226 0.208

PI 0.355 0.351 0.194 0.113 0.178 0.175

Before conducting structural model analysis, an assessment was performed to figure
out any potential problems related to collinearity within the constructs. Multicollinearity,
when present, causes a problem in SEM, and test results could be biased. Hence, bivariate
correlation may be computed, or multiple regressions may be run to inspect the values of
the variation inflation factor (VIF). Sarstedt et al. (2017) suggested that VIF values exceeding
five indicated the presence of collinearity [71]. The VIF values for the items are displayed
in Table 6, and all values are below three as per the threshold value. Therefore, the studied
data do not include any evidence of multicollinearity [72].

Table 6. Checking for collinearity issues.

Items VIF

ASC1 2.405

ASC2 2.603

ASC3 1.804

ASC4 1.973

GSC1 2.045

GSC2 1.968

GSC3 1.552

GSC4 1.398

LEASC1 1.634

LEASC2 1.704

LEASC3 2.15

LEASC4 2.728
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Table 6. Cont.

Items VIF

LSC1 2.101

LSC2 2.041

LSC3 2.368

PI1 1.107

PI2 1.189

PI3 1.253

PI4 1.182

SSCP1 1.185

SSCP2 1.237

SSCP3 1.284

SSCP4 1.217

TU1 1.442

TU2 2.068

TU3 2.823

TU4 2.406

The R2 value indicates the coefficient of determinations; hence, it can be used to
determine the amount of explained variance in the endogenous constructs. Thus, the
predictive power of the model is tested. Table 7 presents the R2 values of various constructs.

Table 7. R2 values of constructs.

Items R-Square

ASC 0.339

LSC 0.208

LEASC 0.317

SSCP 0.868

GSC 0.313

PI 0.854

Table 8 presents the path coefficients for hypothesis testing. The results support
our hypothesis, and all the hypotheses are statistically significant. Figure 4 displays the
structural equation model estimated for the current study.

Table 8. Hypothesis testing.

Constructs Regression Coefficients t-Statistics p Values

ASC→ SSCP 0.283 5.659 0.00

ASC→ PI 0.508 10.057 0.00

LSC→ SSCP 0.300 5.529 0.00

LSC→ PI 0.338 7.190 0.00

LEASC→ SSCP 0.172 3.515 0.00

LEASC→ PI 0.405 7.664 0.00
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Table 8. Cont.

Constructs Regression Coefficients t-Statistics p Values

TU→ ASC 0.564 12.422 0.00

TU→ LSC 0.383 6.658 0.00

TU→ LEASC 0.543 10.892 0.00

TU→ GSC 0.399 6.648 0.00

GSC→ SSCP 0.298 5.808 0.00

GSC→ PI 0.318 6.916 0.00

PI→ SSCP 0.320 7.820 0.00
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5. Discussion

I4.0 technologies have revolutionized the manufacturing sector with new energies and
challenges. The manufacturing sector is struggling to overcome the inevitable technological
pressure to compete with local and global competition and gain momentum towards I4.0
readiness. Disruptive technologies significantly impact SC performance in integration,
collaboration, responsiveness, transparency and resilience; hence, they must be adopted
by the manufacturing sectors of SMEs [73]. TU plays a significant role where market
demand is volatile in the case of ASC and unpredictable in the case of LSC to track
and trace the product part or product assembly throughout the manufacturing SC. It
provides smooth control in cases of predictable market demand, like in LSC and GSC. TU
helps in maintaining the product life cycle, product variety, and product quantity control,
along with enhanced profit margin and quality [74]. It enhances market sensitivities,
which could support delivery speed, reduced manufacturing lead time, and product
reliability. The SC’s sensitivity could be enhanced by enhancing the delivery speed and
reliability and reducing the manufacturing lead time. The data-driven SC not only helps
in gauging the market response from customers, but also aids the SC partners in devising
and adopting suitable SC for their product part or product assembly. TU helps in building
much-needed process integration among SC partners to reduce the unnecessary hold-up
time caused by delayed decision making [73]. The process integration through TU helps
facilitate effective and timely decision making to reduce unnecessary delay and cost. The
SC collaboration becomes more effective when SC partners involve the TU in the SC.
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Effective collaboration among SC players helps enhance SC’s sensitivity. TU has a positive
association with enhancing operational and environmental performance. Environmental
performance leads to economic performance, while operational performance enhances
economic performance [24].

The research investigated the effects of I4.0 technology utilization on various SCs
leading to SSCP. The research also examined the effect of I4.0 technology utilization on
PI and its influence on SSCP. The SSCP is needed to offer companies the required cutting
edge to become self-reliant in terms of economic, social, and environmental aspects. It
has been well established that leanness helps enhance environmental and operational
performance in LSC and GSC, whereas PI helps operational performance directly and
economic performance indirectly [24]. Further, PI can be used as a lever to strengthen the
relationships among leanness, the green paradigm, and performance [24].

SMEs need to have TU by integrating digital technologies like CPS, IoT, CC, and
BDA into manufacturing and subsequent innovation in industrial processes as part of
the I4.0 movement towards sustainable manufacturing SC performance enhancement.
However, I4.0 technologies must also be evaluated to gauge their financial implications,
benefits, and relevant cost associations while implementing these advanced technologies to
achieve a sustainable manufacturing SC. SMEs need significant investments in hardware,
software, and other infrastructure like robotics and IoT devices, which may lead to high
initial investment costs. Automation through robots may also enhance operational costs
because of new knowledge and training needs. The SMEs should also assess the return
on investment (ROI) to recover the investment as quickly as possible. Although I4.0
technologies improve productivity and efficiency by reducing labor costs, waste, and
production optimization in manufacturing SCs [75], the increase in flexibility and agility
also helps SMEs respond quickly to changing market scenarios. To achieve higher efficiency
and ROI, SMEs need to analyze the investment and operation costs of IoT [76].

Managerial Implications

Based on the present research outcome, the application of I4.0-enabling technologies
will transform various SC activities, coupled with process innovation, towards SC per-
formance enhancements. It is further expected that the implementation of I4.0-enabling
technologies will result in new opportunities. Hence, the entrepreneurs of manufactur-
ing SMEs must implement I4.0-enabling technologies in their SC activities depending on
their types of SC practices for effective order fulfilment and transport logistics utilization.
A past study also revealed that 53.84% of the impact of technology is an opportunity,
while the remainder could be opportunities or threats, depending on the context of the
implementation. Similarly, for transport logistics, 61.54% of the impact of technology is
an opportunity: 7.69% is a threat and the rest is an opportunity or a threat [1]. SMEs must
adopt various I4.0-enabling technologies despite the financial crisis. Integrating the CPS as
a manufacturing system can help SMEs improve their communication system in the whole
SC by bringing customers into the production process [77].

Since CC offers many opportunities and could help companies improve their business
and effective technology usage, it is recommended that SMEs adopt it. SMEs may include
CC services through a cloud service provider, keeping various challenges such as loss of
governance, data loss, privacy, and data protection [78]. IIoT adoption may be coupled
with technological, organizational, and environmental factors in SMEs. SEMs may be
on board with adopting BDA in their business to anticipate their target audience and
customer preferences and needs [79]. Considering that the I4.0-based technology trend will
impact SCs in the upcoming years, this study makes a relevant contribution to researchers
and practitioners.
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6. Limitations and Directions for Future Research

The present study investigated the impact of TU on various SCs, i.e., LSC, ASC, LEASC,
and GSC, and investigated its impact on sustainable SC performance considering only
manufacturing sectors of Indian industries; hence, the results may not be generalized fully.
The paper further investigates the impact of TU on PI using various SC operations with the
same populations; hence, the results cannot be generalized as well. I4.0 technologies like
CPS, IoT, CC, and BDA are being adopted by various manufacturing sectors at different lev-
els and paces; hence, SSCP may vary depending on manufacturing sector activities. Future
research may investigate the internal sources of PI, which may lead to leanness, flexibility,
and performance. I4.0-based TU may also be explored to understand market dynamics,
customer mood, and changing customer needs. I4.0 base technologies like blockchains,
IoT, CC, and BDA may be explored to enhance SC’s robustness and effectiveness. The role
of more I4.0-enabling technologies directly or indirectly influencing various SCs like LSC,
ASC, LEASC, and GSC may be investigated. Their effects may also be investigated in the
manufacturing and service sectors of SMEs. In the future, various parameters of leanness,
agility, resilience, and the green paradigm may also be established in the manufacturing
and service sectors of SMEs.

7. Conclusions

In the present research, various relationships among TU, LSC, ASC, LEASC, and GSC
with PI and SSCP are investigated. Various I4.0-based technologies like CPS, IIoT, CC, and
BDA play a significant role in the effective management of manufacturing supply chains
involving lean, agile, and green operations. The impact of such I4.0-based technologies
also influences and compels process innovation in manufacturing operations. The positive
influence of TU is seen in all types of SC considered in the present research. Various SC
operations are also positively influencing SSCP. Apart from various SCs influencing SSCP,
they are also able to influence PI. PI ultimately influences SSCP. Thus, SSCP is yielded
through TU. Practicing managers must adopt I4.0-based technologies in their day-to-day
operations to accomplish effective supply chain management, leading to process innovation
and SSCP.
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Appendix A

Table A1. Survey Questionnaire.

Variables. Survey Mean SD

Technology use in the supply chain (1—no extent; 3—some extent; 5—great extent)

TU1 To what extent IIoT is used in the supply chain 3.71 1.114

TU2 To what extent CC is used in the supply chain 3.54 0.928

TU3 To what extent BDA is used in the supply chain 3.04 1.041

TU4 To what extent CPS is used in the supply chain 3.05 0.978

Lean supply chain performance measurement (1—strongly disagree; 3—neutral; 5—strongly agree)

LSC1 IIoT provides real-time data in LSC to make changes in order fulfilment 3.12 1.001

LSC2 CC helps in real-time data sharing in LSC to provide product/part replacement 3.09 0.959

LSC3 BDA helps in product/part processing data in LSC to enhance non-defective product 3.34 0.943

LSC4 CPS helps in product/part processing to order fulfilment 2.56 1.12

Agile supply chain performance measurement (1—strongly disagree; 3—neutral; 5—strongly agree)

ASC1 IIoT helps in selecting suppliers based on their performance in flexibility and responsiveness 3.12 1.001

ASC2 CC helps in maintaining short, flexible relationships with suppliers 3.09 0.959

ASC3 BDA helps to adjust/expedite its delivery lead times 3.34 0.943

ASC4 CPS helps in making adjustments to order specifications as requested by our customers 3.02 0.902

Leagile supply chain performance measurement (1—strongly disagree; 3—neutral; 5—strongly agree)

LEASC1 IIoT provides real-time data in LSC to make changes in order fulfilment 3.87 1.051

LEASC2 CC helps in maintaining short, flexible relationships with suppliers 3.95 1.061

LEASC3 BDA helps in product/part processing data in LSC to enhance non-defective product 3.08 1.072

LEASC4 CPS helps in making adjustments to order specifications as requested by our customers 3.21 1.073

Green supply chain performance measurement (1—strongly disagree; 3—neutral; 5—strongly agree)

GSC1 IIoT helps in recycling, reuse and remanufacturing of material 3.59 1.039

GSC2 CC uses advanced green production technology 3.47 0.977

GSC3 BDA provides Innovation of green products and design measures 3.82 0.958

GSC4 CPS helps in the evaluation of technical, economic and commercial feasibility of green products 3.49 1.177

Process innovation (1—strongly disagree; 3—neutral; 5—strongly agree)

PI1 IIoT helps in Automatic Replenishment 3.47 0.977

PI2 CC helps in Collaborative Planning, Forecasting and Replenishment (CPFR) 3.95 1.061

PI3 BDA helps in Enterprise Resource Planning (ERP) 3.09 0.959

PI4 CPS helps in Vendor Managed Inventory (VMI) 3.59 0.981

Sustainable supply chain performance (1—strongly disagree; 3—neutral; 5—strongly agree)

SSCP1 IIoT proactively manages risks in the supply network 3.59 1.039

SSCP2 CC significantly helps in reducing wastages in the supply chain network 3.87 1.051

SSCP3 BDA can adhere to environmental standards as per customer requirement 3.12 1.001

SSCP4 CPS can respond faster in the organization’s supply chain than competitors in the volatile
business environment 3.76 0.924
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