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Abstract: To survive in highly competitive markets, industries focus on enhancing product quality
and customer satisfaction. One specific iteration of this approach sees industries striving to optimize
processes to improve product quality while generating minimum waste. This has encouraged
companies to begin adopting management practices such as lean six sigma (LSS) and kaizen alongside
their implementation of digital technologies of automating processing. This study aims to identify
and analyze the barriers to integrating LSS practices with Industry 4.0 technologies for small and
medium enterprises. Upon shortlisting fifteen barriers from an exhaustive literature review, the
Grey-Decision-Making Trial and Evaluation Laboratory (DEMATEL) methodology is used to analyze
those shortlisted barriers and establish causal relations between barriers and outcomes. The findings
identify the lack of available infrastructure, lack of training on LSS, and lack of consultants in the
field as the most dominant barriers in the cause group. Furthermore, the influence map of barriers
produced demonstrates the relationship between cause-and-effect barriers. This study’s findings will
ensure that small and medium enterprises formulate business strategies that mitigate the barriers to
integrating LSS with Industry 4.0. This study offers insights into overcoming the identified challenges
by proposing strategies to enhance product quality and the accuracy of enterprise decision-making,
thereby facilitating a successful integration and fostering sustainable growth in SMEs.

Keywords: lean six sigma; Industry 4.0; barriers; Grey-DEMATEL; mitigating strategies

1. Introduction

Lean six sigma (LSS) describes a set of management practices designed to remove
excess or non-value-added events from industrial actions. The lean concept was first
developed in Japan, and most industries now apply it to improve their performance,
product quality, and value-added [1]. Lean business models represent financial consistency
by reducing cost and increasing productivity, and lean manufacturing is a grouping of
basic tools that reduce the waste produced by non-value-added events [2].

Meanwhile, Six Sigma is used to make important decisions by minimizing lead time
and implementing Industry 4.0 (I4.0) for effective decision-making by including smart
technologies. I4.0 and lean manufacturing satisfy the basic need to increase productivity
in an ever-evolving production system. Integrating LSS and I4.0 can provide a way for
organizations to deliver value-added high-quality goods to their clients [3].

Elsewhere, sustainable development has led to Green LSS, which is emerging in the
I4.0 era as a business strategy that is instrumental to the circular economy [4], prominently
exemplified by the implementation of the three Rs (i.e., reduce, reuse, recycle). This has
made experts cautious about implementation processes due to their lack of knowledge
about sustainable manufacturing despite their broad knowledge about and abilities in
different industries. This suggests a need to reframe the current knowledge about green
initiatives to analyze the critical success factors (CSFs). Notably, many countries have yet
to identify the factors to be evaluated in this context.

Organizations have been considerably influenced by the green revolution, as demon-
strated by various organizational measures. For example, one study of the lean tool
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application has observed environmental benefits drawn from the Toyota production sys-
tem, which sees a lean environmental approach reduce cost and lead time by systematically
eliminating waste [5]. The study highlights 5S practices for establishing an optimal work
environment to enhance both water and plant efficiency concurrently.

In the business context, lean refers to reducing costs and increasing efficiency. Mayr et al. [6]
suggested combining I4.0 and lean into a new concept: lean 4.0. Subsequent inquiries
have considered whether this integration is sufficiently systematic. Until and unless the
interest is not raised for integrated technology as the combined effect of lean and I4.0, the
benefits should be signified in terms of more efficiency with a lower cost [2,7–9] Given the
difficulties in implementing LSS and I4.0 individually, integrating the two is also not an
easy task and a failure rate of 60–90% has been identified for lean manufacturing [10,11].
The failure rate is also high for lean manufacturing digitalization.

Although there are several studies on lean manufacturing and I4.0 identifying the
barriers to implementation of one or the other [12], there is scarcity of research investigating
the incorporation of both technologies together, with practical case studies being especially
rare and mostly focused on financial rather than social benefits [13,14]. This indicates a
need for exhaustive research analyzing the barriers to integrating the two concepts. The
present study focuses on the benefits of an integrated approach that inquiries into the
challenges industries confront in the context of integration and implementation, together
with the CSFs [2,9].

This study marks an initial effort in pinpointing the challenges of merging LSS and I4.0
within an actual operational environment. It enriches the existing research by providing a
comprehensive account of the advantages and obstacles associated with incorporating LSS
and I4.0 in a tangible situation. Post-integration, there ought to be no deficiencies in either
the social or environmental aspects of a company’s operations.

The remaining portion of this study is organized as follows: In Section 2, a survey of
the pertinent literature is presented, and Section 3 delineates the research approach. The
acquired results are discussed in Section 4, while Sections 5 and 6 provide an implications
and conclusions of the study.

2. Literature Review

A literature review is an integral part of any study that covers several areas of in-
terest. This paper’s literature review concerns the integration of LSS and I4.0 practices,
barriers to integrating LSS and I4.0, and the gaps in the existing research. This review
also describes various relevant technologies and methodologies, including multi-criteria
decision-making (MCDM), fuzzy analytic hierarchy process (F-AHP), Six Sigma, lean
manufacturing, and I4.0.

2.1. Integrating LSS and I4.0 Practices

Kamble et al. [15] discussed the application of I4.0 to lean manufacturing in sustainable
organizations. Zhong et al. [16] identified smart manufacturing and digital manufacturing
as more flexibly able to meet the demands of current businesses. Industries must increase
their production rate by utilizing supply chain mechanisms. Other studies have noted that
faster growth can be achieved through advanced lean technologies, I4.0, cloud computing,
and Internet of Things [17].

Pozzi et al. [18] studied the interaction between lean production and the fourth in-
dustrial revolution, relying on the capabilities of data science in the field of operations
management. The work contains a series of case studies conducted in the context of Italian
industrial production. Thus, the analysis and the obtained examples of data science mani-
fested in various lean production techniques contain empirical material that is significant
to both the practical sphere and the prospects for further, in-depth research.

Industries which adopt lean technologies try to map factors according to the industry
sector. Few authors have advised hybridizing lean and I4.0 models to achieve the competi-
tiveness goals of SMEs [19,20]. Nonetheless, some researchers have found that the real-time
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application of advanced technologies via machine learning (ML) and computer-related
manufacturing technologies can increase industrial operational performance [21,22].

Significant effects of manufacturing applications have been observed in terms of cost,
quality, flexibility, and lead time, indicating a huge need for I4.0 in the manufacturing sector
for achieving goals and providing better solutions. For decades, industries have been stuck
in the learning phase, moving towards adopting lean systems for the production process.
Now, it is time for the industries to respond to market needs and frame digital solutions
accordingly [18].

By implementing intelligent digital technologies, companies can achieve command
over lean practices. Sanders et al. [23] demonstrated that I4.0 removes the barriers to lean
implementation among manufacturing organizations, with lean manufacturing enabling
the proper installation of modern technologies. Value Stream Mapping (VSM) stands as
a fundamental tool within lean manufacturing. Its purpose is to illustrate the various
activities encompassing the production process from its inception to the final delivery to
the customer. In this context, I4.0 assumes a crucial role by furnishing precise insights
into the manufacturing processes that influence the value stream in the realm of lean
manufacturing. Paperwork is outdated in VSM due to the advent of sensors, software, and
real-time data. I4.0 provides high-level integration of lean processes that further contributes
to organizational development [24].

Meanwhile, the digitization and automation of features help reduce costs and lead
time, increasing customer satisfaction. These factors also provide opportunities for the
employees to gain knowledge that can increase their performance. Utilizing intelligent
tools in the manufacturing industry has the potential to drive advancements in technology
automation. However, the challenges associated with lean implementation include a lack of
proper monitoring, communication, and integration, all of which are required to implement
the high-end solutions provided by I4.0. Lean automation integrates ML with automation
within the realm of lean manufacturing. This application involves tasks such as automated
product inspection and error detection. Manufacturing entities have sought to leverage the
synergies between lean principles and I4.0 with the shared goal of enhancing production
output without compromising on quality [2].

Meanwhile, Six Sigma can be defined in different ways, with some researchers describ-
ing it as a statistical approach to measuring and analyzing processes to decrease variations
based on the define, measure, analyze, improve, and control (DMAIC) methodology. Mean-
while, some researchers indicate that Six Sigma is a control methodology used to prevent
machine errors during the production phase. According to Kumar et al. [25], the main
aim of Six Sigma is collecting accurate and informative data via big data analytics, which
extract important information from data by utilizing artificial intelligence (AI) and ML.

Big data analytics and ML techniques provide more knowledge compared to tradi-
tional data analysis methods. The interaction between Six Sigma and new digital technolo-
gies can provide better results concerning qualitative and quantitative data for industrial
needs. Arcidiacono and Pieroni [26] defined certain LSS tools that depend on data to drive
process improvements, with these processes being better resolved via the data analytics
techniques available in I4.0. The researchers applied LSS 4.0 in the healthcare sector and
identified positive approaches in terms of waste reduction and cost benefits. However, the
potential incorporation of LSS into I4.0 represents a topic of interest, with the possibility of
increased data extraction capable of optimizing business processes in the LSS context [27].
Henao et al. [28] identified sustainability as a major concern for LSS adoption by large and
mid-level manufacturers wanting to incorporate I4.0 to improve product quality and the
manufacturing culture. Using smart machines generates huge volumes of data that cannot
be handled using statistical tools. As such, there is a need to create capabilities for machines
to learn autonomously and predict outcomes. I4.0 features modern algorithms with good
computational techniques for data-driven activities in real-time decision-making process
that enable better-performing production processes.



Systems 2024, 12, 125 4 of 18

According to Ren et al. [29], the advanced features of smart manufacturing address
uncertainties, optimize resource utilization, and produce customized services and items.
Kumar et al. [25] demonstrated that several companies have started using new edge
technologies and Internet of Things sensors, AI, virtual reality, and cloud computing,
verifying significant improvements in computing, connectivity, and data accessibility. This
suggests that LSS practitioners must enhance their skills in terms of data collection to enable
them to develop actionable insights from the collected data that can help them incorporate
new advanced technologies into operational aspects.

2.2. Barriers to Integrating LSS and I4.0

This section is dedicated to identifying the key obstacles in implementing LSS within
the framework of I4.0 systems. Raj et al. [30] conducted a comprehensive study on the
impediments to the adoption of I4.0 across various countries. They employed the Grey-
Decision-Making Trial and Evaluation Laboratory (Grey-DEMATEL) technique to analyze
these barriers, pinpointing high expenditure with uncertain financial returns as the most
prominent obstacle. Additionally, Yadav et al. [31] focused on discerning the factors
contributing to sustainable adoption in Indian manufacturing industries using I4.0. They
constructed and examined a model aimed at addressing the complexities associated with
the effective management of sustainable supply chains involving circular economy, utilizing
I4.0 measures. The research model’s effectiveness was evaluated using the Best Worth
Method. Meanwhile, Ali and Aboelmaged [32] specifically identified the factors and
obstacles associated with implementing I4.0 from a supply chain perspective within the
food industry.

Bag et al. [33] employed a fuzzy index to model and enumerate the obstacles found in
digital manufacturing, with the aim of enhancing sustainability within the circular economy.
It is worth noting that while various researchers have elucidated the challenges in adopting
I4.0 [15,34], and numerous authors have identified roadblocks to LSS, only a handful have
addressed LSS barriers within the context of I4.0 [35,36].

Barriers identified through this literature review that may be seen as common to
both LSS and I4.0 encompass high initial investment costs, insufficient infrastructure
availability, a shortage of skilled workforce, coordination gaps in the supply chain, limited
comprehension of LSS within the I4.0 context, absence of standardization, inadequate
LSS training, absence of a robust database management system, scarcity of available data
for effective analytics, insufficient top management commitment, concerns about security
breaches, resistance to change, shortage of specialized consultants in the field, lack of clarity
among different functional groups, and the potential for disruptive events [12,37–39]. The
identified barriers to integrating LSS and I4.0 appear in Table 1.

Table 1. List of identified barriers to integrating LSS and I4.0.

Barriers References

B1 “High initial investment cost” [15,30]

B2 “Lack of available infrastructure” [40,41]

B3 “Lack of skilled workforce” [34,37]

B4 “Lack of coordination in supply chain” [42]

B5 “Lack of understanding of I4.0” [42,43]

B6 “Lack of standardization” [30,44]

B7 “Lack of training on LSS” [43,45]

B8 “Lack of database management system” [29,46]

B9 “Lack of available data for data analytics” [43]

B10 “Lack of top management commitment” [47,48]

B11 “Risk of security breaches” [45,49]
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Table 1. Cont.

Barriers References

B12 “Resistance to change” [44,50]

B13 “Lack of consultant in the field” [44,51]

B14 “Lack of clarity among different functional group” [48,52]

B15 “Risk of disruption” [53]

2.3. Research Gaps

Güçdemir and Selim [54] used AHP to resolve the complex problems with LSS and
I4.0 integration by breaking down significant decision challenges into multiple sub-criteria
that align with hierarchical levels, with each level encompassing groups of items associated
with each sub-criterion. AHP is a MCDM method in which each item has their importance
or weight [55,56]. Due to certain inadequacies with AHP, some researchers have tried using
F-AHP, which uses fuzzy set theory [57].

Elsewhere, Raval et al. [58] identified 40 CSFs that influence the implementation of LSS
in manufacturing industries in India, with the authors identifying the relationships between
factors using the DEMATEL approach in conjunction with fuzzy set theory. Meanwhile,
Belhadi et al. [59] listed the probable solutions to the barriers to LSS implementation for SMEs
using the fuzzy-TOPSIS methodology, and Govindan et al. [60] implemented fuzzy-AHP to
analyze the barriers in the context of the manufacturing sector in India’s automotive industry.
However, most authors have engaged fuzzy set theory in the context of the MCDM technique,
considering this a better solution for problem identification in manufacturing industries,
which can lead towards the improved amalgamation of LSS and I4.0.

3. Research Methodology

The present study’s research flow is presented in Figure 1. This study identified
a total of 15 obstacles through an examination of the literature and consultations with
professionals in the field. The identified list of barriers (see Table 1) was analyzed using the
Grey-DEMATEL approach.

The shortlisted barriers to integrating LSS with I4.0 were analyzed by collecting data
from experts from various SMEs. We reached out to various industries for data collection
from industry practitioners. As the investigating field is very niche, very few industry
experts are available in the field of LSS and I4.0. We tried connecting with LSS and I4.0 field
experts but we were only able to discuss the theme with four experts. Therefore, we formed
a team of those four experts who were working at different levels in the organizations (one
general manager, two managers, and one industrial engineer). The input sheet was created
and circulated to a team of four experts and their individual opinions were recorded. The
collected input data from the experts were in the form of grey linguistic terms as specified in
Table 2. The experts gave their response in the form of a grey linguistic variable representing
the influence of one barrier on another. The collected data were then converted into a grey
number in accordance with Table 2. Upon converting the expert data to grey numbers, data
analysis was employed using the Grey-DEMATEL methodology, as presented in Section 3.1.

Table 2. Grey linguistic terms used in the study to represent expert responses and corresponding
grey numbers.

Linguistic Terms Grey Number

“No impact (NO)” (0, 0)

“Very low impact (VL)” (0, 0.25)

“Low impact (L)” (0.25, 0.5)

“High impact (H)” (0.5, 0.75)

“Very high impact (VH)” (0.75, 1)
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3.1. Grey-DEMATEL Methodology

Once the obstacles were identified by referencing the existing literature, the experts
were tasked with offering input data by assigning scores using grey numbers. The Grey-
DEMATEL-based multi-criteria decision-making technique was employed to assess the
identified barriers. The input data, gathered from experts in the form of grey numbers, were
used to establish the initial DEMATEL relationship matrix. The literature has widely used
the DEMATEL technique to analyze barriers and classify them based on barriers associated
with causes and effects. DEMATEL is a structural-modeling-and-prioritization approach
that builds on identified interdependencies between different barriers [61]. There are
different methods available for structural modeling, including ISM, TISM, and DEMATEL,
with the advantage of using DEMATEL over ISM and TISM being its capacity to categorize
barriers into cause-and-effect barriers. The structural modeling performed using DEMATEL
is called a causal diagram and depicts the contextual relationships between barriers.

There are many reasons to select the DEMATEL methodology Firstly, DEMATEL is
especially effective in addressing complex interrelationships between factors, which is
vital for obtaining an in-depth knowledge of the intertwined complexities of LSS and I4.0
integration in SMEs. Unlike the Analytic Hierarchy Process (AHP) or Technique for Order of
Preference by Similarity to Ideal Solution (TOPSIS), DEMATEL provides an opportunity to
obtain a deeper understanding of the problem by enabling examinations of not only causal
relationships, but also the direction and strength of their impact. Furthermore, DEMATEL
does not need subjective pre-set weights for criteria, thereby reducing the probability of
biases in the outcomes. Moreover, DEMATEL’s visualization of causal connections from
a direct influence matrix simplifies finding the central driving and restraining factors,
allowing for their better targeting.

Many researchers have used DEMATEL techniques for various applications [62], such
as Shaik and Abdul-Kader [63], who employed the approach to analyze the interdependen-
cies between reverse logistic performance factors and develop a performance model for
reverse logistic operations in an enterprise. Kumar and Dixit [64] applied the DEMATEL
approach to scrutinize obstacles in the adoption of e-waste management practices in India,
while Singh et al. [65] employed the DEMATEL technique to assess barriers in adopting
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green practices within the manufacturing sector. The Grey-DEMATEL approach involves
the following steps in problem-solving:

• Step 1: Preparation of direct relation matrix

The initial stage of the DEMATEL technique involves constructing a direct relation
matrix based on data gathered from experts. These experts provide information regarding
the interrelationships between barriers. During this phase, data are gathered concerning
the impact of a factor on all other factors, expressed in linguistic terms. The scores provided
by each expert are then aggregated, and their mean value is used to form a direct relation
matrix (Z). The presented averaged direct relation matrix demonstrates the mean impact of
a factor on other factors, considering input from various experts. Equation (1) defines the
direct relation matrix.

zij=
1
n∑n

i=1 xk
ij (1)

Here, zij represents an individual element within the direct relation matrix, n stands
for the total number of experts, and xk

ij denotes the rating provided by expert k, signifying
the influence of factor i on j.

• Step 2: Normalization of direct relation matrix

Following the establishment of the direct relation matrix, the subsequent phase in-
volves generating a normalized relation matrix (N). This normalization process is achieved
through the application of Equations (2) and (3), which standardize the data to facilitate
meaningful comparisons.

m = min

⌊
1

max∑n
j=1 dij,

,
1

max∑n
i=1 dij

⌋
(2)

N = Z × m (3)

• Step 3: Development of total relation matrix

Following the creation of the normalized decision matrix, we employ Equation (4)
to generate the overall relation matrix. This matrix allows for the calculation of both the
prominent score and relation score.

T = N(I − N)−1 (4)

where I is the unit matrix.

• Step 4: Identification of influential and prominent barriers

To identify influential and prominent barriers, the total relation matrix undergoes a
process of summing each row and column, denoted as (R) and (C), respectively. Addition-
ally, prominence and relation scores are determined through the calculations of (R+C) and
(R-C), where the highest values correspond to the most prominent and influential barriers,
respectively.

3.2. Grey Systems

Grey numbers are widely used for systems with partially known and partially un-
known information [66]. Grey systems are used in situations that include human percep-
tion errors and incomplete information [67]. Grey systems theory is often integrated with
MCDM methods, such as DEMATEL, AHP, TOPSIS, and ANP to minimize the vague-
ness associated with decision-making problems [68]. For example, Xia et al. [69] used
the Grey-DEMATEL approach to analyze barriers to re-manufacturing practices in au-
tomotive industries in China. Govindan et al. [70] used Grey-DEMATEL to analyze the
criteria for shortlisting and selecting third-party logistics service providers. Furthermore,
many literature reviews have used the Grey-DEMATEL approach with regard to, for ex-
ample, analyzing enablers of circular economy practices in the supply chain, developing
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a structural model for sustainable production, barriers to re-manufacturing in the Indian
scenario, enablers of supply chain risk in the electronics supply chain, and the CSFs of the
business process [38,71,72]. Accordingly, this study uses a Grey-DEMATEL methodology
to analyze the challenges to integrating LSS with I4.0, adopting the steps to solving grey
system numbers from Majumdar et al. [73]. Table 2 shows the grey number system used in
this study.

4. Results and Discussions

As indicated, steps one and two of the Grey-DEMATEL methodology involve devel-
oping the average direct relation matrix and normalized direct relation matrix, which are
presented in Tables A1 and A2 of Appendix A. Next, in accordance with step three, a total
relation matrix was developed. This is presented in Table A3 of Appendix A. The next
and final step involved identifying the relation and prominence score for each barrier. The
sums of the rows (R) and columns (C) of the overall relationship matrix were evaluated
for each barrier, and then (R+C) and (R-C) were calculated. The (R+C) score (i.e., the
prominence score) of a barrier indicates the driving power or causal power, indicating its
dependence on other barriers. The (R-C) value (i.e., the relation score) indicates the impact
of a particular barrier on the system. The (R-C) score is considered to categorize the barriers
in cause-and-effect barriers. A positive value of (R+C) is considered to represent a causal
barrier. A negative (R-C) value indicates effect barriers. The prominence and relation scores
of all barriers appear in Table 3.

Table 3. Relation and prominence scores of barriers.

Barriers R C Prominence
Score (R+C)

Relation Score
(R-C) Prominence Rank Cause/Effect

B1 3.261 2.767 6.028 0.494 14 Cause

B2 4.298 2.788 7.086 1.509 6 Cause

B3 3.375 3.019 6.394 0.355 12 Cause

B4 3.216 3.824 7.04 −0.608 7 Effect

B5 3.63 3.726 7.357 −0.096 3 Effect

B6 2.919 3.649 6.568 −0.729 8 Effect

B7 3.834 3.446 7.28 0.388 4 Cause

B8 3.351 2.516 5.867 0.834 15 Cause

B9 3.46 2.715 6.175 0.745 13 Cause

B10 3.752 3.924 7.676 −0.172 1 Effect

B11 3.498 3.73 7.228 −0.232 5 Effect

B12 2.589 3.928 6.517 −1.339 9 Effect

B13 4.148 3.378 7.526 0.77 2 Cause

B14 3.213 3.275 6.488 −0.062 10 Effect

B15 2.269 4.128 6.398 −1.859 11 Effect

4.1. Prominent and Causal Barriers

The prominence scores of the following barriers were positive: “lack of top manage-
ment commitment” (B10) > “lack of consultants in the field” (B13) > “lack of understanding
about LSS in the context of I4.0” (B5) > “lack of training on LSS” (B7) > “risk of security
breaches” (B11) > “lack of available infrastructure” (B2) > “lack of coordination in the
supply chain” (B4) > “lack of standardization” (B6) > “resistance to change” (B12) > “lack
of clarity among the different functional group” (B14) > “risk of disruption” (B15) > “lack
of skilled workforce” (B3) > “lack of available data for data analytics” (B9) > “high initial
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investment cost” (B1) > “lack of database management system” (B8). Amongst these, three
barriers (“lack of consults in the field”, “lack of training on LSS”, and “lack of available
infrastructure”) pertain to the category of cause category barriers due to their very high
(R+C) value and positive (R-C) value.

“Lack of top management commitment” (B10) was revealed to be the most prominent
barrier. This barrier was identified as an effect type, signifying that it is driven by other
barriers. Table 3 reveals that of the fifteen barriers, seven were of a casual type: “lack of
consultants in the field” (B13), “lack of training on LSS” (B7), “lack of available infras-
tructure” (B2), “lack of skilled workforce” (B3), “lack of available data for data analytics”
(B9), “high initial investment cost” (B1), and “lack of database management system” (B8).
Of these seven casual barriers, “lack of available infrastructure” (B2), “lack of database
management system” (B8), “lack of consultants in the field” (B13), and “lack of available
data for data analytics” (B9) were found to be prominent due to their very high (R-C)
scores (1.509, 0.834, 0.77 and 0.745). This highlights the need for appropriate strategies to
address these barriers. Yadav et al. [36] advised focusing on top management commitment
for a successful deployment of LSS in industries. The pattern for attaining integration
could be used by managers and consultants as a recommendation for the execution [44].
Practitioners must understand that the integrated model does not obviate the need for
developing analytics for business intelligence and establishing essential KPI data mapping.

To illustrate how causal barriers influence the effect group barriers, the influence map
presented in Figure 2 was generated. A threshold value was established that considers the
results of the total relation matrix (Table A4 of Appendix A) to omit the weaker causal links.
The results show that the mean and standard deviation were 0.2258 and 0.0522. When
calculating the threshold value of 0.312, the single-tail test’s 95 percent confidence level
(Z = 1.65) was considered. Therefore, only links that are relevant and scores above 0.312 are
displayed. Five barriers—“risk of disruption” (B15), “lack of skilled workforce” (B3), “lack
of available data for data analytics” (B9), “high initial investment cost” (B1), and “lack of
database management system” (B8)—are not shown on the influence map because they do
not influence other barriers or vice versa. Although B3, B9, B1, and B8 were observed in
the causal category of barriers, their impact on other barriers was observed to be below
the threshold value. Figure 2 also indicates that several barriers possess significant casual
power, namely, “lack of consultants in the field” (B13), “lack of training on LSS” (B7),
and “lack of available infrastructure” (B2). This strongly supports the findings presented
in Table 3. Practitioners should prioritize addressing these challenges and formulating
effective strategies for the seamless integration of LSS with I4.0 [42].

“Lack of available infrastructure” (B2) positively influences six barriers, namely, “lack
of top management commitment” (B10), “risk of security breaches” (B11), “lack of coor-
dination in the supply chain” (B4), “lack of standardization” (B6), “resistance to change”
(B12), and “risk of disruption” (B15).

“Lack of training on LSS” (B7) positively influences “lack of coordination in the supply
chain” (B4) and “risk of disruption” (B15). “Lack of consultants in the field” (B13) strongly
influences the “lack of top management commitment” (B10), “lack of understanding about
LSS in the context of I4.0” (B5), “resistance to change” (B12), and “risk of disruption”
(B15). Other noteworthy findings include the high prominent score barrier for “lack of top
management commitment” (B10), which was strongly influenced by two barriers “lack
of available infrastructure” (B2) and “lack of consultants in the field” (B13). This implies
that manufacturers ought to enlist knowledgeable and proficient individuals for advisory
boards in order to proficiently carry out the implementation framework outlined in the
industry’s vision document. It is imperative to establish a robust mechanism for assessing
the economic advantages of LSS implementation within the context of I4.0 [42,74]. After
reducing variation and streamlining business processes using LSS, manufacturers should
begin implementing I4.0 technologies. With respect to the “lack of training on LSS” and
“lack of understanding about LSS”, organizations can implement I4.0 solutions without first
realizing LSS. However, although I4.0 technologies can reduce waste via automation, this
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may result in suboptimal solutions [44,75]. Given the lack of available infrastructure, it is
possible that deploying I4.0 technologies in operational activities should be integrated with
LSS, with manufacturing companies observing processes that utilize updated mapping
tools, like a smart Value Stream Map (VSM), to incorporate I4.0 and LSS. The effectiveness
of this integration largely hinges on the outcomes of the mapping process, potentially
fostering horizontal integration [5,44].
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As industries progress towards the era of Industry 5.0, which emphasizes human–
technology collaboration and the integration of smart technologies with human-centered
processes [4,14,74,75], addressing roadblocks in the integration of LSS and I4.0 becomes
even more critical. By resolving challenges such as data interoperability, workforce up-
skilling, and cultural transformation, SMEs can lay a strong foundation for transitioning to
Industry 5.0. Integrating LSS principles with I4.0 technologies enables SMEs to streamline
processes, enhance quality, and improve decision-making, thus creating a solid framework
for embracing the human-centric advancements of Industry 5.0. This proactive approach
ensures that SMEs are well-positioned to leverage emerging technologies, empower their
workforce, and drive sustainable growth in the evolving industrial landscape.

4.2. Establishment of Strategy for Overcoming the Barriers to Integration

Several rounds of discussion with top LSS professionals and I4.0 experts have pro-
vided insights concerning realizing strategies for overcoming the barriers of LSS and I4.0
integration. The experts explained the recognized barriers in the first round and then
suggested adopting effective management as a strategy for overcoming the barriers. A
lack of top management commitment hinders the smooth adoption of novel concepts.
Manufacturing industries are simultaneously focused on creating high-quality goods and
services, increasing productivity, and enhancing their ability to react quickly to customer
needs to be healthy in this market. This suggests that programs raising awareness about
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LSS and I4.0 could contribute usefully, with exclusive sessions on LSS in I4.0 potentially
assisting successful implementation in manufacturing industries. In I4.0, the workforce
must be trained for LSS by highlighting the need for project selection and effective cross-
function management. Finally, collaboration between industry, academia, and government
is necessary to tackle areas of common concern related to LSS and I4.0 integration.

To effectively overcome barriers to integrating LSS and I4.0, SMEs should focus on
enhancing process standardization and quality management systems to ensure consistent
product quality. Moreover, fostering a data-driven decision-making culture supported by
decision support systems and cross-functional collaboration will enhance the accuracy and
effectiveness of decision-making processes. Implementing I4.0 technologies for real-time
monitoring and predictive analytics further enables proactive quality control measures and
informed decision-making. Additionally, aligning performance metrics with organizational
goals and providing training programs to enhance critical thinking and data analysis skills
among employees will support continuous improvement efforts in both product quality
and decision-making accuracy.

5. Implications
5.1. Theoretical Implications

The current study makes significant contributions to the recognition and analysis
of barriers to I4.0 and LSS integration. Companies intend to discover methods for the
effective implementation of quality improvement by developing technologies in a continu-
ally changing manufacturing scenario. This study delivers a robust basis for researchers
and practitioners to initiate a tactical route towards gaining command of the barriers to a
successful execution of LSS in the context of I4.0. This study offers a complete list of the
barriers that Indian manufacturing industries face when realizing LSS in association with
an I4.0 approach. This research represents the initial examination of obstacles hindering
the practical incorporation of LSS and I4.0. It adds to the current research by presenting the
benefits and barriers to a combined LSS and I4.0 implementation in a practical scenario.
There should be no gaps in the social and environmental dimensions of a company’s
mission after integration.

5.2. Implications for Practitioners

The findings of this research have important implications for professionals in the
industry. After conducting a comprehensive literature review and consulting with experts,
this study identified 15 potential challenges hindering the smooth amalgamation of LSS
with I4.0. The results of this study offer an opportunity for industrial practitioners to
examine and tackle these obstacles that are impeding the amalgamation of LSS and I4.0.
Prioritizing these barriers can guide practitioners in recognizing the most significant ones
and devising strategies to overcome them. The analysis revealed that the most prominent
barrier to the integration of LSS and I4.0 is a “lack of commitment from top management”
(B10). Additionally, other barriers such as a “shortage of consultants in the field” (B13), a
“limited understanding of LSS in the context of I4.0” (B5), and a “deficiency in LSS training”
(B7) suggest that raising awareness about LSS in the context of I4.0 and establishing
a technological foundation for small and medium-sized enterprises (SMEs) could be a
productive focus. These observations suggest that, in addition to training, management-
level staff members must also improve their ideological outlook. In this context, Indian
SME policymakers may play a significant role by holding seminars and workshops to
highlight the advantages of implementing LSS in I4.0, emphasizing that LSS and I4.0
implementation can positively impact operational and financial performance, enabling
organizations to reap vast economic benefits and improve product and service quality. It is
further advised that Indian SMEs note the ranking of different barriers to help them focus
on particular problems during the implementation process. The findings of this research
underscore the importance of strategic planning, resource allocation, and continuous
improvement in overcoming roadblocks to integrating LSS and I4.0 in SMEs. Investing in
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training and skill development, fostering collaboration, and implementing pilot projects are
essential strategies to effectively navigate integration challenges. Furthermore, practitioners
should actively engage in knowledge-sharing activities and leverage best practices to
accelerate their integration journey and achieve sustainable growth and competitiveness
in the rapidly evolving business landscape. These strategies can then produce a set of
operational guidelines for choosing the subsequent course of action.

6. Conclusions

LSS delivers a good foundation for maximizing the advantages of I4.0 for operational
excellence. To reduce the risk of failure in terms of LSS and I4.0 integration, 15 barriers have
been recognized from a comprehensive literature review and consultation with experts
with rich operational experience. The present study has highlighted the significance of
these barriers to LSS and I4.0 integration and suggested strategies for overcoming them.
This study has also examined the relationships between these barriers by adopting Grey-
DEMATEL as a solution methodology. This technique has been found to be effective
for integrating the perspectives of experts, dividing complex sets of barriers into cause-
and-effect barriers using a causal diagram. The top prioritized barriers concerning LSS
and I4.0 integration according to prominence score were a “lack of top management
commitment” (B10), “lack of consultants in the field” (B13), “lack of understanding of
LSS in the context of I4.0” (B5), and “lack of training on LSS” (B7). To illustrate how
these causal barriers influence the effect barriers, an influence map was established. The
causal barriers identified were a “lack of consultants in the field” (B13), “lack of training
on LSS” (B7), “lack of available infrastructure” (B2), “lack of skilled workforce” (B3),
“lack of available data for data analytics” (B9), “high initial investment cost” (B1), and
a “lack of database management system” (B8), with effect barriers being a “lack of top
management commitment” (B10), “lack of understanding about LSS in context of I4.0”
(B5), “risk of security breaches” (B11), “lack of coordination in supply chain” (B4), “lack
of standardization” (B6), “resistance to change” (B12), “lack of clarity among different
functional group” (B14) and “risk of disruption” (B15). There are some limitations to
the present study. First, the findings only apply to SMEs, which are in the initial phase
of I4.0 and LSS integration. Second, the assessment of the barriers depends upon the
opinions of the experts recruited for this study and may include bias. In the future, the
integration of I4.0 and LSS should be assessed by developing appropriate constructs for
validation using statistical methods, namely, structural equation modeling. Future studies
could also focus on an integration-based MCDM approach that develops a secondary
level conceptual model to strengthen the findings. To establish generalizability, additional
studies are required in the form of large-scale surveys comparing the data acquired via
different MCDM approaches. Future research can be performed on strategies and barriers
for confronting the LSS projects and the use of I4.0 technologies.
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Appendix A

Table A1. Average direct relation matrix rendered in grey.

“B1” “B2” “B3” “B4” “B5” “B6” “B7” “B8” “B9” “B10” “B11” “B12” “B13” “B14” “B15”

“B1” (0, 0) (0.313,
0.75)

(0.313,
0.75)

(0.375,
0.833)

(0.188,
0.583) (0.5, 1) (0.5, 1) (0.313,

0.75)
(0.375,
0.833)

(0.688,
10.25)

(0.563,
10.083)

(0.688,
10.25)

(0.25,
0.667)

(0.188,
0.583)

(0.25,
0.667)

“B2” (0.5, 1) (0, 0) (0.5, 1) (0.5, 1) (0.438,
0.917)

(0.625,
10.167)

(0.438,
0.917)

(0.438,
0.917)

(0.563,
10.083)

(0.625,
10.167)

(0.75,
10.333)

(0.625,
10.167) (0.5, 1) (0.375,

0.833)
(0.625,
10.167)

“B3” (0.375,
0.833)

(0.25,
0.667) (0, 0) (0.625,

10.167)
(0.75,

10.333)
(0.375,
0.833) (0.5, 1) (0.188,

0.417) (0, 0.167) (0.5, 1) (0.375,
0.833) (0.5, 1) (0.375,

0.833) (0.5, 1) (0.5, 1)

“B4” (0.25,
0.667)

(0.375,
0.833) (0.25, 0.5) (0, 0) (0.25, 0.5) (0.5, 1) (0.375,

0.833)
(0.25,
0.667)

(0.313,
0.75)

(0.625,
10.167) (0.5, 1) (0.5, 1) (0.375,

0.833)
(0.375,
0.833)

(0.625,
10.167)

“B5” (0.25,
0.667)

(0.375,
0.833) (0.5, 1) (0.5, 1) (0, 0) (0.625,

10.167)
(0.625,
10.167)

(0.125,
0.333)

(0.375,
0.667) (0.5, 1) (0.375,

0.833) (0.5, 1) (0.625,
10.167) (0.5, 1) (0.375,

0.833)

“B6” (0.375,
0.833) (0.25, 0.5) (0.375,

0.833) (0.5, 1) (0.375,
0.833) (0, 0) (0.25,

0.667) (0.25, 0.5) (0.375,
0.833) (0.5, 1) (0.625,

10.167)
(0.25,
0.667) (0.25, 0.5) (0.25, 0.5) (0.5, 1)

“B7” (0.25,
0.667)

(0.375,
0.667)

(0.75,
10.333)

(0.75,
10.333)

(0.625,
10.167) (0.5, 1) (0, 0) (0.5, 1) (0.375,

0.667) (0.5, 1) (0.375,
0.833) (0.5, 1) (0.25, 0.5) (0.5, 1) (0.625,

10.167)

“B8” (0.438,
0.917)

(0.625,
10.167)

(0.188,
0.583)

(0.625,
10.167) (0.5, 1) (0.563,

10.083) (0.25, 0.5) (0, 0) (0.625,
10.167)

(0.25,
0.667)

(0.625,
10.167) (0.25, 0.5) (0.25, 0.5) (0.25, 0.5) (0.375,

0.833)

“B9” (0.5, 1) (0.375,
0.667) (0.25, 0.5) (0.5, 1) (0.5, 1) (0.375,

0.833)
(0.375,
0.833)

(0.375,
0.833) (0, 0) (0.25, 0.5) (0.625,

10.167)
(0.25,
0.667)

(0.375,
0.833)

(0.625,
10.167)

(0.75,
10.333)

“B10” (0.375,
0.667)

(0.375,
0.833) (0.5, 1) (0.625,

10.167)
(0.375,
0.833)

(0.375,
0.833)

(0.75,
10.333)

(0.375,
0.833)

(0.375,
0.833) (0, 0) (0.375,

0.833)
(0.625,
10.167)

(0.375,
0.833)

(0.625,
10.167)

(0.375,
0.833)

“B11” (0.375,
0.667)

(0.25,
0.667)

(0.375,
0.667) (0.25, 0.5) (0.375,

0.833)
(0.375,
0.833) (0.5, 1) (0.563,

10.083)
(0.625,
10.167)

(0.375,
0.833) (0, 0) (0.625,

10.167)
(0.625,
10.167) (0.25, 0.5) (0.625,

10.167)

“B12” (0.25, 0.5) (0.25, 0.5) (0.25,
0.667)

(0.375,
0.833) (0.5, 1) (0.25,

0.667)
(0.25,
0.667) (0.25, 0.5) (0, 0) (0.625,

10.167) (0.25, 0.5) (0, 0) (0.375,
0.833)

(0.375,
0.833) (0.5, 1)

“B13” (0.25, 0.5) (0.5, 1) (0.375,
0.833) (0.5, 1) (0.75,

10.333)
(0.625,
10.167)

(0.625,
10.167)

(0.25,
0.667)

(0.25,
0.667)

(0.625,
10.167) (0.5, 1) (0.75,

10.333) (0, 0) (0.75,
10.333) (0.5, 1)

“B14” (0.25,
0.667)

(0.25,
0.667)

(0.375,
0.833)

(0.625,
10.167) (0.5, 1) (0.375,

0.833)
(0.25,
0.667)

(0.188,
0.417) (0.25, 0.5) (0.375,

0.833)
(0.375,
0.833) (0.5, 1) (0.625,

10.167) (0, 0) (0.625,
10.167)

“B15” (0.25, 0.5) (0.25,
0.667)

(0.25,
0.667)

(0.063,
0.417)

(0.438,
0.917)

(0.188,
0.417)

(0.313,
0.583)

(0.188,
0.417) (0.25, 0.5) (0.313,

0.75)
(0.375,
0.833)

(0.313,
0.75)

(0.438,
0.917)

(0.188,
0.583) (0, 0)
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Table A2. Normalized relation matrix presented using crisp number.

“B1” “B2” “B3” “B4” “B5” “B6” “B7” “B8” “B9” “B10” “B11” “B12” “B13” “B14” “B15”

“B1” 0 0.044 0.042 0.05 0.027 0.068 0.066 0.045 0.052 0.091 0.073 0.09 0.036 0.027 0.035

“B2” 0.071 0 0.066 0.066 0.058 0.084 0.058 0.061 0.076 0.083 0.098 0.082 0.068 0.05 0.082

“B3” 0.054 0.036 0 0.082 0.098 0.052 0.066 0.022 0.002 0.067 0.05 0.066 0.052 0.066 0.066

“B4” 0.038 0.052 0.028 0 0.028 0.068 0.05 0.037 0.044 0.083 0.066 0.066 0.052 0.05 0.082

“B5” 0.038 0.052 0.066 0.066 0 0.084 0.082 0.015 0.043 0.067 0.05 0.066 0.084 0.066 0.05

“B6” 0.054 0.029 0.05 0.066 0.05 0 0.035 0.029 0.052 0.067 0.082 0.035 0.029 0.028 0.066

“B7” 0.038 0.043 0.098 0.098 0.082 0.068 0 0.069 0.043 0.067 0.05 0.066 0.029 0.066 0.082

“B8” 0.062 0.084 0.027 0.082 0.066 0.076 0.028 0 0.084 0.035 0.082 0.028 0.029 0.028 0.05

“B9” 0.071 0.043 0.028 0.066 0.066 0.052 0.05 0.053 0 0.028 0.082 0.035 0.052 0.082 0.098

“B10” 0.045 0.052 0.066 0.082 0.05 0.052 0.098 0.053 0.052 0 0.05 0.082 0.052 0.082 0.05

“B11” 0.045 0.036 0.042 0.028 0.05 0.052 0.066 0.078 0.084 0.051 0 0.082 0.084 0.028 0.082

“B12” 0.03 0.029 0.035 0.05 0.066 0.036 0.035 0.029 0 0.083 0.028 0 0.052 0.05 0.066

“B13” 0.03 0.068 0.05 0.066 0.098 0.084 0.082 0.037 0.036 0.083 0.066 0.098 0 0.098 0.066

“B14” 0.038 0.036 0.05 0.082 0.066 0.052 0.035 0.022 0.029 0.051 0.05 0.066 0.084 0 0.082

“B15” 0.03 0.036 0.035 0.013 0.058 0.022 0.035 0.022 0.029 0.043 0.05 0.042 0.06 0.027 0

Table A3. Total relation matrix.

“B1” “B2” “B3” “B4” “B5” “B6” “B7” “B8” “B9” “B10” “B11” “B12” “B13” “B14” “B15”

“B1” 0.139 0.181 0.193 0.24 0.214 0.246 0.235 0.172 0.186 0.282 0.255 0.281 0.203 0.192 0.241

“B2” 0.25 0.184 0.261 0.313 0.301 0.319 0.283 0.225 0.252 0.337 0.337 0.336 0.287 0.264 0.349

“B3” 0.192 0.179 0.159 0.275 0.284 0.239 0.243 0.151 0.142 0.269 0.238 0.268 0.227 0.233 0.275

“B4” 0.173 0.187 0.177 0.188 0.212 0.242 0.218 0.161 0.177 0.271 0.246 0.256 0.217 0.209 0.281

“B5” 0.19 0.204 0.233 0.277 0.21 0.283 0.27 0.156 0.19 0.284 0.255 0.283 0.268 0.247 0.28

“B6” 0.176 0.153 0.183 0.231 0.213 0.163 0.19 0.143 0.172 0.239 0.243 0.211 0.181 0.174 0.247

“B7” 0.2 0.206 0.269 0.317 0.296 0.278 0.203 0.211 0.2 0.294 0.266 0.292 0.229 0.254 0.32
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Table A3. Cont.

“B1” “B2” “B3” “B4” “B5” “B6” “B7” “B8” “B9” “B10” “B11” “B12” “B13” “B14” “B15”

“B8” 0.204 0.223 0.181 0.271 0.251 0.261 0.205 0.132 0.224 0.237 0.273 0.23 0.204 0.194 0.262

“B9” 0.213 0.19 0.187 0.262 0.259 0.243 0.23 0.184 0.146 0.236 0.275 0.243 0.231 0.248 0.311

“B10” 0.202 0.21 0.238 0.299 0.264 0.26 0.289 0.196 0.204 0.228 0.262 0.303 0.244 0.266 0.288

“B11” 0.192 0.186 0.202 0.233 0.251 0.245 0.247 0.209 0.225 0.258 0.201 0.286 0.26 0.205 0.299

“B12” 0.137 0.14 0.156 0.2 0.21 0.18 0.173 0.127 0.108 0.235 0.174 0.158 0.185 0.18 0.225

“B13” 0.204 0.241 0.243 0.307 0.329 0.311 0.297 0.195 0.206 0.329 0.297 0.342 0.218 0.301 0.326

“B14” 0.171 0.173 0.197 0.263 0.247 0.229 0.205 0.145 0.16 0.245 0.23 0.258 0.248 0.163 0.28

“B15” 0.125 0.133 0.14 0.147 0.186 0.15 0.156 0.11 0.122 0.179 0.177 0.18 0.176 0.143 0.144

Table A4. Total relation matrix for diagraph.

“B1” “B2” “B3” “B4” “B5” “B6” “B7” “B8” “B9” “B10” “B11” “B12” “B13” “B14” “B15”

“B1” 0.139 0.181 0.193 0.24 0.214 0.246 0.235 0.172 0.186 0.282 0.255 0.281 0.203 0.192 0.241
“B2” 0.25 0.184 0.261 0.313 0.301 0.319 0.283 0.225 0.252 0.337 0.337 0.336 0.287 0.264 0.349
“B3” 0.192 0.179 0.159 0.275 0.284 0.239 0.243 0.151 0.142 0.269 0.238 0.268 0.227 0.233 0.275

“B4” 0.173 0.187 0.177 0.188 0.212 0.242 0.218 0.161 0.177 0.271 0.246 0.256 0.217 0.209 0.281

“B5” 0.19 0.204 0.233 0.277 0.21 0.283 0.27 0.156 0.19 0.284 0.255 0.283 0.268 0.247 0.28

“B6” 0.176 0.153 0.183 0.231 0.213 0.163 0.19 0.143 0.172 0.239 0.243 0.211 0.181 0.174 0.247
“B7” 0.2 0.206 0.269 0.317 0.296 0.278 0.203 0.211 0.2 0.294 0.266 0.292 0.229 0.254 0.32
“B8” 0.204 0.223 0.181 0.271 0.251 0.261 0.205 0.132 0.224 0.237 0.273 0.23 0.204 0.194 0.262

“B9” 0.213 0.19 0.187 0.262 0.259 0.243 0.23 0.184 0.146 0.236 0.275 0.243 0.231 0.248 0.311

“B10” 0.202 0.21 0.238 0.299 0.264 0.26 0.289 0.196 0.204 0.228 0.262 0.303 0.244 0.266 0.288

“B11” 0.192 0.186 0.202 0.233 0.251 0.245 0.247 0.209 0.225 0.258 0.201 0.286 0.26 0.205 0.299

“B12” 0.137 0.14 0.156 0.2 0.21 0.18 0.173 0.127 0.108 0.235 0.174 0.158 0.185 0.18 0.225
“B13” 0.204 0.241 0.243 0.307 0.329 0.311 0.297 0.195 0.206 0.329 0.297 0.342 0.218 0.301 0.326
“B14” 0.171 0.173 0.197 0.263 0.247 0.229 0.205 0.145 0.16 0.245 0.23 0.258 0.248 0.163 0.28

“B15” 0.125 0.133 0.14 0.147 0.186 0.15 0.156 0.11 0.122 0.179 0.177 0.18 0.176 0.143 0.144

The highlighted values are critical values and have been considered for developing Figure 2.
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