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Abstract In recent years, integrating Industry 4.0 (I4.0)

and circular economy (CE) principles has gained signifi-

cant attention for promoting sustainable and flexible

manufacturing systems. However, there is limited research

on (i) identifying and prioritizing the critical success fac-

tors (CSFs) that drive this integration and foster sustain-

able transformation in manufacturing and (ii) exploring the

interdependencies between these two approaches, specifi-

cally in achieving sustainability and flexibility in manu-

facturing. This study addresses these gaps by identifying

key CSFs necessary to integrate I4.0 and CE successfully.

The Delphi technique was used to identify 22 CSFs from

the literature and grey influence analysis (GIA) was

employed to understand the influence dynamics among

these factors. The CSFs considered include the imple-

mentation of data collection via sensors and Internet of

Things (IoT) devices, comprehensive evaluations of envi-

ronmental impacts across the entire product life cycle,

strategies to protect biodiversity, training of personnel to

facilitate technological adaptation, and data-driven anal-

ysis for insights into resource utilization and waste

reduction. Furthermore, the hierarchies and complex

causal relationships among these variables were illumi-

nated through the Decision-Making Trial and Evaluation

Laboratory (DEMATEL) approach. This study aims to

introducing sustainability and flexibility within manufac-

turing practices and contributes by enabling decision-

makers to set investment priorities across different pro-

cesses in alignment with the ongoing environmental and

technological revolution.

Keywords Circular economy � Delphi technique �
Flexibility � Grey influence analysis �
Hierarchical framework � Industry 4.0 �
Sustainable manufacturing

Introduction

In the era of Industry 4.0 and circular economy (CE),

sustainable and flexible production systems are increas-

ingly important as emergent business models that address

fast-changing market demands. Sustainable manufacturing

aims to reduce environmental impact by preserving

resources and fostering social responsibility (Machado

et al., 2020). It mainly involves implementing environ-

mental practices to reduce waste, enhance energy effi-

ciency, and promote renewable resource usage. Sarkar and

Bhuniya (2022) indicated that the demand for a flexible

manufacturing system has become more crucial due to

market fluctuations, sudden incidents, and technological

changes. These systems enable firms to adapt production

processes appropriately so that they can deal with the

changed design of the product and volatile consumer

demand (Höse et al., 2023; Lu et al., 2024). To remain

competitive in today’s dynamic market, both flexibility and

sustainability must be integrated by businesses in the
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manufacturing line (Srivastava & Bag, 2023). These prin-

ciples have helped companies achieve operational excel-

lence, reduce risks, and deliver value to their stakeholders

(Margherita & Braccini, 2023).

Thus, CE is a strategic response to environmental tur-

moil created due to the linearity production and con-

sumption model. A circular economy would instead focus

on regeneration and sustainable utilization of resources.

Napoleone et al. (2022) and Viles et al. (2022) argued that

a CE model promotes recycling, reusing, and reducing

waste for better economic growth, supporting sustainable

and flexible production. It also has tremendous opportuni-

ties to close loops and reduce dependency on virgin

material resources (Ciliberto et al., 2021; De los Rios et al.,

2017). These CE practices create economic opportunities

by enhancing resource efficiency and achieving waste

minimization targets towards accomplishing environmental

goals (Akter et al., 2022). Integrating CE with I4.0 tech-

nologies enables a balance between economic development

and ecosystem protection (Chauhan et al., 2022). This

integration leads to designing flexible and sustainable

production systems.

The integration of I4.0 and CE is to be enabled by

several vital technological enablers for sustainable and

flexible manufacturing systems. Sassanelli et al. (2023)

explored the role of these disruptive I4.0 technologies in

innovative supply chain development from a triple-bottom-

line perspective. Rosa et al., (2020) discussed the interac-

tion between I4.0 technologies and obsolete practices,

mentioning the need for more research. Another charac-

teristic work where simulation technologies are applied to

disassembly processes was presented by Sassanelli et al.

(2021). More recently, Tota et al. (2024) have suggested

implementing Digital Twin technology in production pro-

cesses to align them with environmental standards. Urbi-

nati et al. (2023) indicated that 3D printing has been

relevant in enabling circular business models; it has shown

ways in which innovative technologies allow value cre-

ation and transfer. Such advancements provide proper

resource monitoring, thus minimizing overproduction and

waste generation. According to Ciliberto et al. (2021) and

Peña et al. (2021), the integration of materials and products

within the search processes gives more ease towards the

development of lean manufacturing systems that are both

sustainable and agile. With Industry 5.0 introducing new

notions such as human centricity, sustainability, and resi-

lience, technologies built through I4.0 are the building

blocks on which such aspirations can concretely be

achieved. The present study focuses on I4.0, automation,

data analytics, and connectedness as the stepping stone

towards the greater ambitions of Industry 5.0 and affirms

that such integration will lead to a more sustainable and

responsive industry. The study, therefore, presents an

elaborative readiness journey from I4.0 to Industry 5.0.

Organizational issues also play a vital role in integrating

I4.0 and CE. Taddei et al. (2024) proposed a model that

guides firms in the transition to circular supply chains. In

their study, high costs and collaboration issues were iden-

tified as significant barriers. Acerbi et al. (2021) identified

proper information management as one of the essential

factors in overcoming critical barriers that hinder the

adoption of circular manufacturing strategies. Acerbi et al.

(2022) introduced an abstract data model to support data

sharing internally and with external stakeholders, thereby

driving pro-circularity decisions. Acerbi et al. (2024)

extended their previous work with a maturity model to

assess the ability of manufacturers to realize the use of data

towards alignment with circularity values. Other critical

organizational factors include strong partnerships with

suppliers and workforce adaptability, which have a mutu-

ally reinforcing effect on building resilience for the sus-

tainability of circular business practices. Close

relationships with suppliers and an open value chain

facilitate environmentally friendly material sourcing and

waste handling. The convergence of I4.0 and CE will

enable a paradigm shift towards sustainable and flexible

production systems. Reviewing productive processes

would have enhanced innovation in these contexts,

implying increased industrial competitiveness and efficient

waste management.

Secondly, environmental impact issues also continue to

keep the surface. Sassanelli et al. (2023) worked on opti-

mizing the life cycle assessment and waste management.

Rocca et al. (2020) demonstrated how I4.0 technologies,

such as Virtual and Digital Twin technologies, improve

these circular economy practices like waste disassembly,

reducing environmental footprints. Basile et al. (2023)

proposed the Blockchain CE Index to rank blockchain

platforms according to energy expenditure and transaction

costs to meet the sustainability objectives of technological

solutions. Collectively, these studies indicate that across

firms and individuals, the integration of I4.0 with CE

principles must be multi-dimensional, comprising techno-

logical innovation, organizational readiness, and environ-

mental responsibility.

Similarly, Lu et al. (2024) emphasized the integration of

I4.0 with the circular economy. Future research is expected

to explore the interrelated dynamics of I4.0-CE principles

in manufacturing systems, with a focus on sustainability

and adaptability. While existing literature acknowledges

the contributions of I4.0 (Höse et al., 2023; Margherita &

Braccini, 2023; Patidar et al., 2023) and CE (Dwivedi

et al., 2023a, 2023b; Edwin Cheng et al., 2022) to sus-

tainable practices, there is little research on their syner-

gistic impact on manufacturing operations. Although recent
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studies have indicated that I4.0 technologies enable CE

practices, few studies address the overall integration of I4.0

technologies for sustainable manufacturing. From an

environmental perspective, reducing carbon emissions

through renewable energy and waste-to-energy pro-

grammes is critical for manufacturing sustainability.

Emphasizing renewable resources enables organizations to

reduce their carbon footprints and create value from waste

materials, aligning with the core principles of I4.0 and CE.

Drawing insights from multiple disciplines, this study

synthesizes a comprehensive framework to explain the

interdependent relationship between I4.0 and CE, promot-

ing sustainable manufacturing practices. This research

addresses the following core questions:

RQ1: What key CSFs influence the successful integration

of I4.0 technologies with CE principles in manu-

facturing systems?

RQ2: How can decision-makers prioritize these CSFs to

determine their impact on sustainable and flexible

manufacturing within the I4.0 and CE framework?

The primary contribution of this study is a comprehen-

sive analysis of CSFs for integrating I4.0 with CE princi-

ples in sustainable and flexible manufacturing systems.

Using the Delphi technique, GIA, and DEMATEL, we

identify and rank the CSFs critical for seamless integration.

This research sheds light on critical strategies such as

deploying sensors and IoT devices, conducting environ-

mental impact assessments, conserving biodiversity, train-

ing the workforce, and applying data-driven analytics.

These strategies help stakeholders navigate the complexi-

ties of sustainable manufacturing, illustrating the interplay

between technological advancements and environmental

considerations. The study addresses both theoretical and

practical dimensions. Theoretically, it contributes to an

understanding of the way integration between I4.0 tech-

nologies and CE principles supports industries in pursuit of

sustainable but flexible manufacturing systems through

means of identifying and prioritizing CSFs based on a

structured framework. These will further add depth to the

knowledge of the interplay between technology innovation

and environmental stewardship in modern manufacturing.

Managerially, it gives active recommendations for deci-

sion-makers, emphasizing investments in the most relevant

strategies regarding staff training, advanced data analytics,

and supply chains using renewable resources. This research

gives managers the means to surmount operational pro-

duction challenges while responding to sustainability goals

that will help them overcome the hurdles while moving

towards more resilient and adaptive production processes.

The remaining sections of this paper include reviews of

pertinent literature (Sect. ‘‘Theoretical Background’’),

research methodology (Sect. ‘‘Research Methodology’’), a

discussion of the results (Sect. ‘‘Results and Discussion’’),

managerial implications (Sect. ‘‘Managerial Implica-

tions’’), and conclusion along with suggestions for future

research (Sect. ‘‘Conclusion, Limitations, and Future

Scope’’).

Theoretical Background

This literature review provides an overview of the current

knowledge on integrating I4.0 with CE principles, focusing

on sustainability and flexibility in the design and imple-

mentation of manufacturing systems. It is structured into

three broad categories, technological, organizational, and

environmental CSFs, each providing a detailed analysis of

such integration. This categorization is premised on the

effective integration of I4.0 and CE, which demands

complete comprehension of how one aspect interfaces and

influences others. The paper integrates a structured per-

spective on seamless and effective integration of these

transformational paradigms within the manufacturing

ecosystem because of the given situation by addressing

technological advancement, organizational dynamics, and

environmental considerations. This structured approach

provides deeper insights into a more nuanced analysis of

CSFs influencing the integration process, benefiting

researchers, practitioners, and policymakers.

Technological Factors

Integrating I4.0-CE initiatives into implementing a flexible

and sustainable manufacturing system has attracted con-

siderable attention and is fragmentary in understanding the

literature. However, several studies note the potential of

emerging I4.0 technology to enhance adaptability and

sustainability (Alexopoulos et al., 2022; Asokan et al.,

2017; Dalenogare et al., 2018). Although there is great

interest in integrating these technologies, there is still a

lack of holistic frameworks that address the various

dimensions of integrating these technologies. For example,

Kamble et al. (2018) and Kumar et al., (2022a, 2022b)

studied organizational barriers and I4.0 readiness factors

but did not propose practical strategies for surmounting

some challenges. Similarly, Kazancoglu et al. (2022) and

Vargas et al. (2023) emphasized flexibility and agility in

maintaining supply chains, but the ability of these concepts

to be enacted in practice remains theoretically argued and

poorly contextualized across divergent industrial settings.

Conceptual frameworks were therefore advanced by Al-

Khatib (2023) and Erboz and Yumurtacı Hüseyinoğlu

(2023) to bridge this gap but lack empirical validation

under natural conditions.

Global Journal of Flexible Systems Management (March 2025) 26 (Suppl 1):S115–S145 S117

123



The literature has emphasized isolated technological

solutions without considering their systemic implications.

For example, De Mattos Nascimento et al. (2022) identified

3D printing as an enabling technology in recycling metal

scraps but did not consider the wide-range effects that this

might have on supply chains and energy use if the tech-

nology were widely adopted. Similarly, Luo et al. (2023)

and Liu et al. (2022) examined the indirect influences of

digital technologies on green innovation, but overlooked

any possible rebound effects or adverse side effects of

digital transformation. Ali and Johl (2023) and Zhou and

Zheng (2023) further developed insights on the drivers of

I4.0 adoption in developing economies and SMEs,

respectively. However, these two also do not fully elabo-

rate on the gaps in technology between large and smaller

corporations. Mishra et al. (2023) highlighted the signifi-

cance of blockchain concerning data privacy and legisla-

tive frameworks; however, but no critical discussion was

raised regarding the technology’s energy intensity and

scalability issues.

Organizational Factors

Besides, although literature contributions on CE integrated

with I4.0 towards sustainable and resilient manufacturing

systems have been vastly discussed, the main organiza-

tional challenges and opportunities of such integration on

one side and relative opportunities on the other are outlined

fragmentarily. While most contributions propose only

preliminary frameworks or models, few works, such as

Alcayaga et al. (2019), Ghobakhloo et al. (2021), Rajput

and Singh (2019), and Rosa et al., (2020), indicate a lack of

concrete empirical validations or statements of practical

strategy implementations. For instance, Fonseca and

Simões (2019) and Nascimento et al. (2019) identified the

potential of digital technologies and circular business

models, respectively, but fall short in discussing how these

could be harnessed through complex organizational chan-

ges. Along the same line, Ghobakhloo’s (2020) compre-

hensive systematic review of the sustainability functions of

I4.0 does not adopt a critical approach towards possible

negative impacts and trade-offs of technological adoption.

Awan et al. (2021) debated stakeholders’ interests, and

Ciliberto et al. (2021) explored lean methodologies; how-

ever, their analytic foci are not critically related to the

issues of power dynamics and possible conflicts linked with

the organizational transformation process. While the road

map suggested by Ghobakhloo et al. (2021) and the para-

digm of systematic correlation by Khan et al. (2021) do

provide valuable insights, there was too much simplifica-

tion of issues related to organizational change in diverse

industrial contexts. Rajput and Singh (2021) identified

deterrents to digitization or interoperability, but did not

elaborate actionable strategies to overcome such deterrents,

especially in resource crunch situations.

While recent studies have strived to address specific

sectors and fast-growing concepts, most studies fail to

address holistic organizational transformation. Akter et al.

(2022) specifically considered waste management, which

has limited generalizability in the industry, while Chari

et al. (2022) focused on resilient supply chains. Camarinha-

Matos et al. (2022) evaluated the use of collaborative

networks, but did not consider a critical evaluation con-

cerning its disadvantages and limitations. Although the

research paradigm suggested by Bag and Pretorius (2022)

and barrier modelling by Bag et al. (2022) provide valuable

frameworks, both failed to capture the dynamic nature of

change within an organization in front of rapid techno-

logical changes. Meanwhile, Govindan’s (2023) investi-

gation into intelligent CE through digitalization does sound

promising but fails to consider the probable digital divide

and accessibility issues. Leng et al. (2023) proposed a new

framework in decentralized autonomous manufacturing;

however, their work is insufficient regarding the organi-

zational and ethical consequences that come with such a

radical change of paradigm in manufacturing.

Environmental Factors

A critical literature review on integrating CE with I4.0 for

sustainable and adaptive manufacturing systems reflects a

fragmented conceptual landscape with practical challenges.

Zheng et al. (2021) and Reiman et al. (2021) tried to

explain the environmental impact caused by I4.0 in circular

supply chains but mostly remained short of real-world

insights that could be useful in their implementation. While

Bai et al. (2022) and Chauhan et al. (2022) underlined the

increasing relevance of social sustainability and digital

technologies in CE strategies, these studies tend to simplify

the complex socio-technical systems involved. Viles et al.

(2022) provided a critical analysis of sustainable produc-

tion principles but neglected the tensions between envi-

ronmental sustainability and technological advancement.

Similarly, the methodologies for demand management by

Kamalahmadi et al. (2022) and digital supply chains by

Dwivedi and Paul (2022) often fail to consider barriers to

adoption at the organizational and cultural levels. Behl

et al. (2023), Dwivedi et al. (2023a), and Mishra et al.

(2023) identified facilitators and precursors for sustainable

operations, but viewed technological solutions in an

overoptimistic light with limited consideration of potential

drawbacks or unintended outcomes. While the recent

works by Narkhede et al. (2023) and Atif (2023) add novel

dimensions to the discussion concerning the integration of

CE-I4.0 because of the latest concepts on Industry 5.0,

most of these studies still lack critical investigation of the
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transition challenges from one industrial paradigm to

another. While sectoral analyses, such as those specific to

the Indian textile industry (Dohale et al., 2023) and those

dealing with SMEs (Zheng et al., 2023), are indeed

insightful, they have limited generalization capacity. Sim-

ilarly, Torres Vergara et al. (2023) and Patidar et al. (2023)

addressed resilient and sustainable supply chains but failed

to capture the dynamic and interwoven nature of global

systems found in manufacturing. Nayal et al. (2024) dis-

cussed the potential of AI in operational resilience without

paying attention to the ethical and societal implications that

may increase automation.

This literature review indicates a need for more inter-

disciplinary research that identifies the possible synergies

between CE and I4.0, critically examining tensions, trade-

offs, and potential negative externalities of their integra-

tion. Future research must transcend conceptual frame-

works and fragmented case studies while developing

empirically grounded context-specific strategies for

addressing environmental sustainability, technological

advancement, and social equity in the ever-changing

landscape of manufacturing systems. The above findings

underline the potential to strengthen the synergy between

I4.0-CE integration and offer flexible and sustainable

manufacturing systems in real-world applications. Through

a comprehensive literature review and expert insights

within the present study, several CSFs were identified as

relevant to this study. These CSFs listed in Table 1 are

developed from thorough academic investigation and

expert decisions.

Research Methodology

The present research adopted an integrated decision-mak-

ing technique using the Delphi method with GIA, a multi-

criteria tool applied to solving the hierarchical framework.

The Delphi technique is an orderly and iterative procedure

used to collect opinions and perceptions from experts to

reach a consensus on complex and uncertain issues related

to Industry 4.0 practices and the circular economy. Intrinsic

GIA applies to decision-making processes with ambiguity.

Therefore, using the GIA technique, this study analysed the

interdependencies and influence of different CSFs within

the identified hierarchical structure (Rajesh, 2023a, 2023b).

An integrated Delphi-GIA framework provides a compre-

hensive understanding of the multifaceted relationships

among I4.0 technologies, CE principles, and sustainability

in manufacturing systems. It provides insight into the

dynamics of decision-making on vital CSFs and forms the

basis for developing sustainable and flexible manufacturing

practices. The methodology structure is presented in Fig. 1,

showing the structured approach adapted to integrate

Delphi-GIA techniques from the perspectives of I4.0-CE,

considering sustainable and flexible manufacturing

systems.

The methodology is segmented into three phases, as

outlined below:

Phase I: Identification of CSFs

After an extensive critical literature review, 22 CSFs rel-

evant to integrating I4.0 with a CE approach for sustainable

and flexible manufacturing systems were identified. These

are presented in Table 1, forming the basis for further

analysis and exploration in this study.

Phase II: Finalization of CSFs

These CSFs were finalized with expert opinions. A snow-

ball sampling technique was followed wherein an initial

pool of ten potential experts was identified. After multiple

rounds of communication, six experts agreed to participate

in the study. Their profiles are summarized in Table 2. In

this study, the Delphi technique sought comprehensive

consensus among informed experts. This structured com-

munication technique required successive rounds of ques-

tionnaires or surveys, whereby experts commented on the

identified CSFs. The process was repeated until either

opinions converged or a pre-specified level of consensus

was reached. This iterative process validated and refined

the CSFs through systematic development of expert

consensus.

Phase III: Prioritization of CSFs

GIA is a powerful decision-making tool in complex envi-

ronments. While the traditional MCDM methods may

struggle while dealing with complex data, GIA manages

such complexity through ‘‘grey numbers’’ and allows this

approach to consider both known and unknown informa-

tion. GIA ranks alternatives similarly to other traditional

MCDM methods but illustrates initially how influence

relationships among CSFs hang together. This identifies the

key drivers of the decision-makers and targets interven-

tions and strategic control. For instance, GIA has been

applied to analyse the challenges of implementing Industry

5.0 (Rajesh, 2023a). The major strength of GIA, among

other causal modelling approaches like ISM or DEMA-

TEL, is its capability to deal with extensive data from

response aggregation without losing valuable information

(Rajesh, 2023b). In most traditional methods, responses are

averaged out, which results in losing information, partic-

ularly in studies where many expert responses are neces-

sary. GIA does not perform an aggregation of responses but

accumulates the same and incorporates all the responses.
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Table 1 Identified CSFs from the literature

Main CSFs Sub-CSFs References CSFs mapping with SC Resilience

and/or Sustainability

Technological

factors

Utilizing sensors and IoT devices to

collect data from machines and

processes

Al-Khatib (2023); Kazancoglu et al. (2022); Luo

et al. (2023)

Enhances real-time monitoring,

improving SC visibility and

resilience

Analysing large volumes of data for

insights into resource usage and

waste reduction

Asokan et al. (2017); Al-Khatib (2023); Ali and

Johl (2023); Luthra and Mangla (2018)

Enables data-driven decision-

making, reducing waste and

enhancing sustainability

Implementing robots for automation

and waste reduction

Kazancoglu et al. (2022); Mishra et al. (2023);

Vargas et al. (2023);

Increases operational efficiency

and minimizes waste,

contributing to a resilient SC

Embracing 3D printing for on-

demand production and waste

reduction

Braglia et al. (2020); Dalenogare et al. (2018);Liu

et al. (2022)

Supports flexibility in production,

reducing waste and bolstering

SC sustainability

Leveraging AI for predictive

maintenance and process

optimization

Alexopoulos et al. (2022); Braglia et al. (2020);

De Mattos Nascimento et al. (2024)

Predicts and prevents disruptions,

enhancing resilience and

reducing environmental impact

Ensuring transparency and

traceability in the SC for

sustainability

Kazancoglu et al. (2022); Napoleone et al. (2022) Improves accountability, fostering

sustainable practices across the

SC

Adopting energy-efficient machinery

and equipment

Braglia et al. (2020); Kumar et al.,

(2022a, 2022b); Luthra and Mangla (2018); Yu

et al. (2022)

Reduces energy consumption,

contributing to environmental

sustainability and cost savings

Incorporating renewable energy

sources to reduce carbon footprint

Erboz and Yumurtacı Hüseyinoğlu (2023);

Kazancoglu et al. (2022)

Lowers carbon emissions,

promoting a sustainable and

resilient SC

Converting waste into energy to

minimize environmental impact

Kamble et al. (2018); Luthra and Mangla (2018);

Zhou and Zheng (2023);

Transforms waste management

into a resource, enhancing

sustainability

Organizational

Factors

Incorporating circular design

principles into product

development

Alcayaga et al. (2019); Bag and Pretorius (2022);

Ciliberto et al. (2021); Camarinha-Matos et al.

(2022); Govindan (2023); Leng et al. (2023)

Facilitates the creation of

sustainable products, enhancing

long-term SC resilience

Collaborating with suppliers and

partners for resource optimization

Awan et al. (2021); Ghobakhloo et al. (2021);

Rajput and Singh (2019);

Strengthens partnerships,

promoting resource efficiency

and SC resilience

Training the workforce to adapt to

new technologies and circular

practices

Ciliberto et al. (2021);Camarinha-Matos et al.

(2022); De Mattos Nascimento et al.

(2024);Ghobakhloo (2020); Govindan (2023);

Rosa et al., (2020); Rajput and Singh (2021)

Ensures a skilled workforce,

capable of supporting

sustainable and resilient SC

practices

Transitioning to circular business

models like product-as-a-service

Akter et al. (2022); Chari et al. (2022); Khan et al.

(2021); Nascimento et al. (2019)

Encourages sustainable

consumption patterns, enhancing

SC sustainability

Ensuring data privacy and security

while collecting and sharing data

Camarinha-Matos et al. (2022); Leng et al. (2023);

Rajput and Singh (2019); Rajput and Singh

(2021)

Safeguards critical information,

maintaining trust and resilience

in the SC

Managing organizational change

during the transition to I4.0 and CE

Akter et al. (2022); Awan et al. (2021); Bag and

Pretorius (2022); Ghobakhloo et al. (2021);

Facilitates smooth transitions,

ensuring continuity and

resilience in the SC

Sourcing materials and components

with a focus on sustainability

Alcayaga et al. (2019); Bag et al. (2022); Chari

et al. (2022); Fonseca and Simões (2019);

Govindan (2023); Leng et al. (2023); Rosa

et al., (2020)

Promotes the use of sustainable

resources, reducing

environmental impact and

improving resilience

S120 Global Journal of Flexible Systems Management (March 2025) 26 (Suppl 1):S115–S145

123



Table 1 continued

Main CSFs Sub-CSFs References CSFs mapping with SC Resilience

and/or Sustainability

Environmental

Factors

Leveraging I4.0 for efficient resource

utilization and environmental

impact reduction

Bai et al. (2022); Behl et al. (2023); Chauhan et al.

(2022); Govindan (2023); Mishra et al. (2023);

Optimizes resource use,

minimizing environmental

impact and supporting a resilient

SC

Integrating innovative technologies to

reduce waste and promote circular

practices in manufacturing

Patidar et al. (2023); Viles et al. (2022) Reduces waste and enhances

sustainability by implementing

circular practices

Ensuring data privacy while utilizing

I4.0 for sustainable data collection

and sharing

Chauhan et al. (2022); Govindan (2023); Zheng

et al. (2021)

Protects data integrity, maintaining

trust and resilience in sustainable

practices

Implementing eco-friendly and

recyclable materials in packaging

through I4.0 innovations

Behl et al. (2023); Govindan (2023);

Kamalahmadi et al. (2022); Reiman et al.

(2021); Viles et al. (2022)

Reduces packaging waste,

supporting a more sustainable

SC

Utilizing digital tools for

comprehensive environmental

impact assessments throughout

product life cycles

Atif (2023); Behl et al. (2023); Bai et al. (2022);

Torres Vergara et al. (2023)

Provides insights into

environmental impact, guiding

sustainable product development

Integrating I4.0 for biodiversity

protection and enhancement in

manufacturing ecosystems

Dohale et al. (2023); Govindan (2023) Supports ecosystem sustainability,

ensuring long-term SC resilience

Fig. 1 Flowchart of the

proposed work
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This makes GIA all the more valuable in complex causal

modelling situations involving marketing and supply chain

studies (Rajesh, 2024). In this study, GIA assessed the

interdependencies among CSFs for I4.0 integration with

CE processes in manufacturing, handling incomplete data

and mapping the relationships and influences between

CSFs correctly. This approach enhances decision-making

by highlighting the most influential factors and assures

effective strategies for sustainable and agile manufacturing

systems. The step-by-step GIA process is outlined below:

Step 1: Identify CSFs related to the research from the

literature and establish cause-and-effect relationships

without using complex terms.

Step 2: Collect expert data using linguistic labels to

assess each factor’s direct impact on others. Responses are

measured using a Likert scale ranging from very high to

very low (5 points).

Step 3: Clean the data by removing biased or incomplete

responses, either manually or through software tools.

Step 4: Translate the linguistic scales into greyscale

values (as shown in Table 3).

These greyscales represent numerical values with upper

and lower limits. For instance, the influence of attribute i

over j, denoted as �cij, can be represented as follows:

�cij ¼ �cij; �cij

� �
ð1Þ

Step 5: Aggregate the influence relations provided by

experts using the addition operation with grey numbers to

obtain the cumulative influence relation matrix. This

procedure aims to minimize data losses and incorporate

all valid responses. Assuming there are n valid responses in

the expert opinion-based study, the elements of the

cumulative influence relation matrix can be obtained and

presented as follows:

Xn

i¼1

�clij ¼
Xn

i¼1

�clij;
Xn

i¼1

�clij

 !

; l ¼ 1; 2; 3; . . .; n ð2Þ

Step 6: Whiten the grey values using critical, ideal, and

most typical models. The critical model aggregates the sum

of the lower bound values, the ideal model aggregates the

upper bound values, and the most typical model represents

the average.

Step 7: Compute the direct influence coefficient matrix

using three crisp values (#) that represent the critical, ideal,

and most typical models. These values can be specified in

Eq. (3), allowing representation of the direct influence

coefficient matrices as illustrated in Eq. (4).

y#ij ¼
y#ij

y#j
; i; j ¼ 1; 2; 3; . . .; n; # ¼ 1; 2; 3 ð3Þ

Y# ¼ y#ij

h i

n�n
¼

y#11 � � � y#1n
..
. . .

. ..
.

y#n1 � � � y#nn

2

64

3

75; # ¼ 1; 2; 3 ð4Þ

Step 8: Calculate the complete influence coefficients

using

Table 2 Experts’ profile

Experts’ Years of Exp Position Education Industry

Expert 1 18 SC Manager Master’s in Industrial Engineering Electronics

Expert 2 22 Production Manager Master’s in Manufacturing Engineering Heavy Machinery

Expert 3 25 Operations Director Master’s in Business Administration Consumer Goods

Expert 4 12 Research Scientist PhD in Materials Science Aerospace

Expert 5 16 Quality Assurance Manager Bachelor’s in Chemical Engineering Pharmaceuticals

Expert 6 21 Project Manager Master’s in Project Management Textiles

Table 3 Linguistic variables with greyscale

Rating Linguistic labels Greyscales

1 Very low (0,3)

2 Low (2,5)

3 Medium (4,7)

4 High (6,9)

5 Very high (8,10)
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S# ¼ 1 � Y#
� ��1�I
� �

; # ¼ 1; 2; 3 ð5Þ

where I is the identity matrix having the same dimension as

Y#, and S# can be represented as follows:

S# ¼ s#ij

h i

n�n
¼¼

s#11 � � � s#1n
..
. . .

. ..
.

s#n1 � � � s#nn

2

64

3

75; # ¼ 1; 2; 3 ð6Þ

Step 9: Compute the grey responsibility and grey

influence coefficients, respectively. The grey

responsibility coefficient of the ith attribute is determined

by Eq. (7) as follows,

a#i ¼
Pn

j¼1 s
#
ij

1
n

Pn
i¼1

Pn
j¼n s

#
ij

; # ¼ 1; 2; 3 ð7Þ

while the grey influence coefficient of the jth attribute can

be computed by Eq. (8) as follows:

b#j ¼
Pn

i¼1 s
#
ij

1
n

Pn
i¼1

Pn
j¼n s

#
ij

; # ¼ 1; 2; 3 ð8Þ

Step 10: Compute grey importance coefficients, which

can be determined using Eq. (9). Here, # = 1, 2, 3

corresponds to the grey importance coefficients of the

critical model, the ideal model, and the most typical model,

respectively.

c#ij ¼ a#i þ b#j ; 8i ¼ j; # ¼ 1; 2; 3 ð9Þ

Step 11: Identify the most influential factors

corresponding to the critical, ideal, and typical models by

calculating the mean of these c#ij values using Eq. (10).

tij
c1

ij þ 4 � c2
ij

� �
þ c3

ij

� �

l
ð10Þ

where l is an arbitrary number. Adhering to the Pareto

principle, the top 20% of factors can be chosen as the most

influential among a selected set of factors identified in a

study. The Pareto principle posits that in any causal sce-

nario, 20% of the causes contribute to 80% of the effects.

Results and Discussion

The results are analysed and discussed in three phases, each

corresponding to the distinct methodologies adopted for

each phase.

Finalization of CSFs Using the Delphi Technique

With its small number of expert participants, the Delphi

method focuses on the insights of respondents with deep

expertise. According to Okoli and Pawlowski (2004), each

Delphi study is effectively conducted with a small expert

panel of knowledgeable individuals, ensuring high-quality

feedback with minimum chance of unqualified inputs. Hsu

and Sandford (2007) similarly found that Delphi studies

often involve fewer respondents, enabling more extensive

discussions focused on specific points. The selection of

experts thus becomes a crucial step in the entire process.

Skulmoski et al. (2007) added that with fewer experts, the

reliability of the Delphi method to converge issues towards

consensus on complex matters is higher, provided the

participants have substantial experience in the domain

under discussion. Although a few experts may limit gen-

eralizability, the validity of findings remains intact if the

selection process is sound.

For this study, six industry experts were chosen to

enhance the depth and breadth of the CSFs. A brief profile

of the experts is provided in Table 2. Iterative Zoom

meetings and collaborative discussions resulted in refine-

ment of the initially identified CSFs emerged, reflecting the

evolving perspectives in the dynamic manufacturing land-

scape. These deliberations excluded three factors deemed

irrelevant to the research context: ‘‘Integrating life cycle

assessment for eco-friendly product development’’,

‘‘Implementing effective change management during

transitions’’, and ‘‘Innovating to reduce greenhouse gas

emissions in manufacturing’’. At the same time, experts

proposed four additional pivotal CSFs aligned with con-

temporary sustainability paradigms and substantiated by

existing literature: ‘‘Adopting energy-efficient machinery

and equipment’’, ‘‘Transitioning to circular business mod-

els like product-as-a-service’’, ‘‘Conducting comprehensive

assessments of the environmental impact of products

throughout their life cycle, from production to disposal’’,

and ‘‘Incorporating measures to protect and enhance bio-

diversity and ecosystems impacted by manufacturing

activities’’.

Subsequently, a comprehensive questionnaire was cir-

culated to the same panel of experts to measure the sig-

nificance of these factors, resulting in a unanimous

acknowledgment of the dominant importance of the 22

final CSFs, rated on a scale of 1 to 5. All CSFs finalized in

this phase received an average importance rating greater

than 4.5. The Delphi results, demonstrating the consensus

obtained, are presented in Table 4, providing a nuanced

understanding of these prioritized CSFs crucial for steering

sustainable manufacturing systems within the I4.0 and CE

framework.

Based on Gregor’s (2006) Type I theory, also known as

‘‘Theory for Analysing’’, the focus is on describing ‘‘what

is’’ by categorizing and summarizing common traits and

correlations of events without explaining causality or

making predictive generalizations. This approach, shown

in Fig. 2, establishes a typology of the identified CSFs.
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Culminating in collective consensus, the experts proposed

a structured categorization of these CSFs into technologi-

cal, organizational, and environmental domains, as pre-

sented in Fig. 2.

Prioritization of CSFs through GIA

The GIA technique was applied to explore the dynamic

interrelationships among the 22 CSFs identified using the

Delphi method. GIA provides an integrative approach for

investigating, discovering, and analysing the empowered

complex interrelation and dependencies among the key

factors for the top five critical factors of integrating I4.0

into CE practices within sustainable and flexible manu-

facturing systems. It offers a comprehensive and realistic

understanding of the factors significantly influencing the

successful integration of principles of I4.0 with CE. The

various measures of influence in the questionnaire have

been described by linguistic labels such as ‘‘Very High’’

and ‘‘Very Low’’. Completeness was verified to ensure the

data was adequate for further analysis. The grey value of

each response was determined using Eq. (1), reflecting

fairness and impartialness when giving equal weight to

each expert. These responses were summated using Eq. (2)

to produce the critical, ideal, and most typical whitened

values presented in Table 7 of Appendix. The direct

influence coefficient matrix was subsequently established

using Eqs. (3) and (4), as shown in Table 8 (Appendix).

Comprehensive influence coefficients were calculated

using Eqs. (5) and (6), as detailed in Table 9 (Appendix).

The grey responsibility and influence coefficients were

derived using Eqs. (7) and (8) and are presented in Table 5.

The grey significance coefficients, calculated using Eq. (9),

are also presented in Table 5.

The grey influence model, derived from Eq. (10), has

proved to be a valuable tool for examining influence rela-

tionships. The CSFs with the most significant impact on the

successful integration of I4.0 and CE practices in

Table 4 Finalization of CSFs by Delphi approach

Critical success factors Identification Average Accept/Reject/

Proposed

Utilizing sensors and IoT devices to collect data from machines and processes LR 4.610 Accept

Analysing large volumes of data for insights into resource usage and waste reduction LR 5.862 Accept

Implementing robots for automation and waste reduction LR 5.895 Accept

Embracing 3D printing for on-demand production and waste reduction LR 5.663 Accept

Leveraging AI for predictive maintenance and process optimization LR 5.690 Accept

Ensuring transparency and traceability in the SC for sustainability LR 5.535 Accept

Adopting energy-efficient machinery and equipment Expert/LR 4.727 Proposed

Integrating life cycle assessment for eco-friendly product development LR 2.122 Reject

Incorporating renewable energy sources to reduce carbon footprint LR 4.943 Accept

Converting waste into energy to minimize environmental impact LR 4.984 Accept

Incorporating circular design principles into product development LR 4.506 Accept

Collaborating with suppliers and partners for resource optimization LR 4.761 Accept

Training the workforce to adapt to new technologies and circular practices LR 4.833 Accept

Transitioning to circular business models like product-as-a-service Expert/LR 4.790 Proposed

Ensuring data privacy and security while collecting and sharing data LR 4.550 Accept

Managing organizational change during the transition to I4.0 and CE LR 4.763 Accept

Implementing effective change management during transitions LR 1.134 Reject

Sourcing materials and components with a focus on sustainability LR 4.785 Accept

Leveraging I4.0 for efficient resource utilization and environmental impact reduction LR 4.894 Accept

Integrating smart technologies to reduce waste and promote circular practices in manufacturing LR 4.987 Accept

Innovating to reduce greenhouse gas emissions in manufacturing LR 1.017 Reject

Ensuring data privacy while utilizing I4.0 for sustainable data collection and sharing LR 4.993 Accept

Implementing eco-friendly and recyclable materials in packaging through I4.0 innovations LR 4.511 Accept

Utilizing digital tools for comprehensive environmental impact assessments throughout product

life cycles

Expert/LR 4.782 Proposed

Integrating I4.0 for biodiversity protection and enhancement in manufacturing ecosystems Expert/LR 4.891 Proposed

S124 Global Journal of Flexible Systems Management (March 2025) 26 (Suppl 1):S115–S145

123



sustainable and flexible manufacturing systems were

identified through their application. As illustrated in

Table 5, key factors significantly influence grey influence

coefficients, particularly concerning supply chain (SC)

resilience and sustainability in manufacturing systems.

Maximizing resource use to minimize waste and environ-

mental impact directly contributes to SC sustainability by

reducing resource depletion and waste generation. Tech-

nologies such as 3D printing and on-demand production

reduce waste and increase SC resilience by enabling flex-

ible and more efficient production since the lead times and

wastes are reduced. Furthermore, renewable energy sources

reduce carbon footprint and make the supply chain more

sustainable and resilient due to decreased dependency on

non-renewable energy and increased adaptability of supply

chains to environmental policies and regulations. Equally

crucial for SC resilience is the training of the workforce in

new technologies and circular practices. A skilled work-

force can efficiently manage and execute those technolo-

gies and practices. The usage of sensors and, in general,

IoT devices significantly improves SC visibility through

data gathering from machines and processes, enhancing

responsiveness and providing resilience.

The top three factors among grey responsibility coeffi-

cients are the same; however, the AI-related factors rank

fourth and fifth. AI can be implemented in predictive

Fig. 2 Hierarchical structure of CSFs
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maintenance and process optimization to make SC more

resilient and avoid ruptures. In addition, ensuring data is

private and secure at all collection and information dis-

semination levels ensures that SC integrity is maintained

and hoop confidence among stakeholders is instilled.

Among identified factors, data extraction from machines

and processes through sensors and IoT devices is critical,

as it lays the foundation for increased visibility and

responsiveness of the SC. Full life cycle product assess-

ment concerning manufacturing and disposal is the second-

most important CSF because it directly contributes to the

sustainability of the SC by allowing informed decisions

that minimize harm to the environment. Integrating mea-

sures to protect and enhance biodiversity and ecosystems

impacted by production processes ranks lower in relative

importance but still contributes to the long-term

sustainability of the SC. Training the workforce to adapt to

new technologies and circular practices ranks fourth while

analysing large volumes of data for insights into resource

use and waste reduction ranks fifth in the hierarchy of

CSFs. These factors are essential for developing resilient

and sustainable manufacturing systems while allowing for

a flexible SC that minimizes environmental impact.

Figure 3 highlights the comparative influence and

responsibility of various CSFs within the system. The Total

Influence line, especially prominent for CSF2 and CSF20,

identifies key factors driving both change and susceptibility

in the system, making these factors crucial for strategic

focus. While the overall influence, represented by the green

line, appears broader, it indicates that certain CSFs, like

CSF4 and CSF21, disproportionately impact the system.

The grey influence and response coefficients are more

Table 5 Grey responsibility, influence, and the importance coefficients

CSF CSF

1

CSF

2

CSF

3

CSF

4

CSF

5

CSF

6

CSF

7

CSF

8

CSF

9

CSF

10

CSF

11

Critical: Grey inf coeff 0.0503 0.0458 0.0455 0.0455 0.0443 0.0448 0.0447 0.0453 0.0454 0.0451 0.0457

Critical: Grey resp coeff 0.0444 0.0419 0.0460 0.0493 0.0475 0.0458 0.0444 0.0486 0.0455 0.0400 0.0418

Critical: Sum (GIC, GRC) 0.0947 0.0877 0.0915 0.0948 0.0919 0.0906 0.0892 0.0939 0.0909 0.0851 0.0875

Ideal: Grey inf coeff 0.0463 0.0456 0.0454 0.0456 0.0452 0.0453 0.0453 0.0457 0.0455 0.0454 0.0454

Ideal: Grey resp coeff 0.0447 0.0438 0.0452 0.0468 0.0468 0.0464 0.0451 0.0465 0.0454 0.0424 0.0428

Ideal: Sum (GIC, GRC) 0.0910 0.0893 0.0906 0.0925 0.0920 0.0917 0.0904 0.0921 0.0908 0.0877 0.0882

Typical: Grey inf coeff 0.0472 0.0457 0.0455 0.0456 0.0450 0.0452 0.0451 0.0455 0.0455 0.0453 0.0454

Typical: Grey resp coeff 0.0447 0.0431 0.0454 0.0477 0.0471 0.0462 0.0449 0.0472 0.0454 0.0415 0.0424

Typical: Sum (GIC, GRC) 0.0918 0.0888 0.0909 0.0933 0.0921 0.0913 0.0900 0.0927 0.0909 0.0868 0.0878

Aggregate: Grey inf coeff 0.0475 0.0457 0.0455 0.0456 0.0449 0.0451 0.0451 0.0455 0.0455 0.0453 0.0455

Aggregate: Grey resp coeff 0.0446 0.0430 0.0455 0.0478 0.0471 0.0461 0.0448 0.0473 0.0454 0.0414 0.0424

Total Influence 0.0922 0.0887 0.0910 0.0934 0.0920 0.0913 0.0899 0.0928 0.0909 0.0867 0.0878

Rank 5 20 12 2 7 10 17 3 14 22 21

CSF CSF

12

CSF

13

CSF

14

CSF

15

CSF

16

CSF

17

CSF

18

CSF

19

CSF

20

CSF

21

CSF

22

Critical: Grey inf coeff 0.0465 0.0444 0.0439 0.0445 0.0444 0.0449 0.0449 0.0455 0.0449 0.0467 0.0468

Critical: Grey resp coeff 0.0465 0.0462 0.0474 0.0467 0.0437 0.0500 0.0459 0.0451 0.0432 0.0471 0.0430

Critical: Sum (GIC, GRC) 0.0930 0.0906 0.0914 0.0912 0.0881 0.0949 0.0908 0.0906 0.0881 0.0938 0.0898

Ideal: Grey inf coeff 0.0458 0.0452 0.0451 0.0452 0.0452 0.0453 0.0453 0.0454 0.0453 0.0459 0.0458

Ideal: Grey resp coeff 0.0467 0.0464 0.0466 0.0460 0.0444 0.0476 0.0455 0.0455 0.0454 0.0456 0.0443

Ideal: Sum (GIC, GRC) 0.0925 0.0916 0.0917 0.0912 0.0896 0.0930 0.0909 0.0910 0.0907 0.0915 0.0901

Typical: Grey inf coeff 0.0460 0.0450 0.0448 0.0450 0.0450 0.0452 0.0453 0.0455 0.0452 0.0461 0.0460

Typical: Grey resp coeff 0.0467 0.0465 0.0469 0.0462 0.0442 0.0486 0.0457 0.0454 0.0447 0.0457 0.0439

Typical: Sum (GIC, GRC) 0.0927 0.0914 0.0917 0.0912 0.0892 0.0939 0.0909 0.0909 0.0899 0.0918 0.0899

Aggregate: Grey inf coeff 0.0461 0.0449 0.0447 0.0449 0.0449 0.0452 0.0452 0.0455 0.0452 0.0462 0.0461

Aggregate: Grey resp coeff 0.0466 0.0464 0.0470 0.0463 0.0441 0.0487 0.0457 0.0454 0.0446 0.0460 0.0438

Total Influence 0.0927 0.0913 0.0916 0.0912 0.0891 0.0939 0.0909 0.0908 0.0897 0.0921 0.0899

Rank 4 9 8 11 19 1 13 15 18 6 16
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closely clustered towards the centre, suggesting lower

independent influence for these factors in terms of overall

influence and response. This visualization aids in identi-

fying the CSFs which have the most significant systemic

impact, helping prioritize efforts for sustainable and flexi-

ble manufacturing. Ultimately, it supports decision-making

by revealing the interdependencies among the CSFs.

Integrating the I4.0 revolution with a CE approach is

recognized as a strategic enabler of sustainable and flexible

manufacturing systems. This study identifies top-ranked

CSFs essential for this integration. Specifically, ‘‘Using

sensors and IoT devices to collect data from machines and

processes’’ is vital for real-time data collection, enabling

informed and rational decision-making in intelligent man-

ufacturing environments. This approach significantly

enhances SC resilience through higher visibility, respon-

siveness, and the ability to anticipate disruptions and adapt

quickly. It is worth noting that scholarly articles by Rajput

and Singh (2021), Al-Khatib (2023), and Jauhar et al.

(2023) strongly argue for the necessity of data-driven

decision-making and the implementation of advanced

technologies in manufacturing. Integrating I4.0 and CE can

enable sustainability and flexibility in manufacturing sys-

tems with the aid of these technologies. Optimization

amplified with the effective use of resources and waste

reduction makes the attitude much more responsive to

market changes, raising the efficiency and resilience of the

SCs. Such an approach would better contribute to making

resource management more sustainable; thus, manufactur-

ing systems can quickly adapt to changes within demand,

regulatory frameworks, and direct environmental context to

build prerequisites for the long-term sustainability and

resilience of SCs.

This study confirms that integrating real-time data col-

lection and sophisticated decision-making tools provides

greater flexibility in the manufacturing system. Agility

refers to the ease with which operations can be relocated

quickly in response to supply chain disruptions or envi-

ronmental challenges. According to Sassanelli et al. (2021),

other technologies also enable circular economy practices;

for example, virtual disassembly optimizes and streamlines

end-of-life processes, showing that I4.0 technologies and

circular economy principles may support one another.

Furthermore, Rocca et al. (2020) indicated that integration

Fig. 3 Presentation of

influence, responsibility, and

total influence
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of feedback mechanisms and higher-order simulations

enables more informed decisions and fosters supply chain

sustainability in the long run. This ensures efficiency in the

usage and allocation of resources, with flexibility in the

marketplace.

The second-most vital CSF is ‘‘Conducting a compre-

hensive assessment of product-related environmental

impact along the life cycle’’, which calls for a holistic

dimension of consideration of environmental impact right

from production through disposal. Leng et al. (2023)

elaborated on how a detailed assessment at every stage of

the life cycle of a product, in terms of environmental

impact, demonstrates the contribution to complete such

objectives of sustainable and agile manufacturing systems.

It enhances the resilience and sustainability of the SC by

making better decisions so that it possesses a solid

knowledge base on environmental implications caused by

efficient use of resources and waste reduction.

‘‘Integrating measures for protecting and enhancing

biodiversity and ecosystems affected by manufacturing

activities’’ ranked third, giving more emphasis to the

environment, as emphasized by Nascimento et al. (2019)

and Zheng et al. (2023). These further advance ecological

minimization towards resilient manufacturing systems,

considering resource conservation and biodiversity pro-

tection. It ensures that the manufacturing processes,

besides achieving production-related goals, consider the

natural environment for the long-term SC sustainability.

The results indicated that life cycle assessments and bio-

diversity protection align with sustainable and flexible

manufacturing systems ensuring that perceived environ-

mental impact assessment is present in decision-making. It

also increases resource use efficiency and minimizes waste,

contributing to circular production models. As underlined

by Urbinati et al. (2023), using tools such as 3D printing in

CE frameworks guarantees flexibility and environmental

purposes. The manufacturers would, therefore, have an

easy and timely upgrade of changes in market demand

without compromising sustainability. On the other hand,

Taddei et al. (2022) argue that this could reduce production

costs, promote collaboration between supply chain actors,

and enhance the resiliency and flexibility of the manufac-

turing process.

‘‘Training the workforce to adapt to new technologies

and circular practices’’ and ‘‘Examining large volumes of

data for insights into resource use and waste reduction’’

ranked fourth and fifth, respectively. This focus on work-

force training emphasizes human-centred strategies within

I4.0, developing people for them to effectively adopt and

manage sustainable practices. Big data analytics, on the

other hand, provide critical support to resource use opti-

mization and waste management in setting up a more

resilient and sustainable SC. These factors, as supported by

de Mattos Nascimento et al. (2022), Kumar et al.,

(2022a, 2022b), Margherita and Braccini (2023), Nasci-

mento et al. (2019), highlight the integration of human

capital and data-driven decision-making as critical drivers

for both sustainable and flexible manufacturing systems.

The sixth strategic adoption is ‘‘Embracing 3D printing

for on-demand production and waste reduction’’ that helps

drive sustainability. This factor serves the dual purpose of

increasing resource efficiency and reducing process waste

while offering the economy of personalized production.

This finding aligns Nascimento et al. (2019) and de Mattos

Nascimento et al. (2022), who argued 3D printing as a

pivotal innovation in the grant of sustainability to manu-

facturing systems so that the supply chains become resi-

lient yet environmentally sensitive. The CSF at seventh

position is ‘‘Incorporating renewable energy sources to

reduce carbon footprints’’, meaning that a wider scope

would reduce environmental impacts through green energy.

This, in turn, corroborates Agrawal et al. (2022) by

pointing out that renewable energy forms the base for

reducing environmental impacts, thereby allowing sus-

tainable manufacturing practices towards eco-friendly

flexible manufacturing systems.

The CSF ‘‘Implementing strategies to reduce green-

house emissions and manufacturing carbon footprints’’

ranks eighth, showing how much industrial manufacturing

processes depend on reducing emissions. Ghobakhloo

(2020) posited a need to reduce greenhouse gas emissions

and carbon footprints to create resilient and climate-resis-

tant manufacturing systems. ‘‘Collaborating with suppliers

and partners for resource optimization’’ and ‘‘Implemen-

tation of robots to automate the process and reduce waste’’

ranks ninth and tenth, respectively. Kumar et al.,

(2022a, 2022b) and Margherita and Braccini (2023)

observed that using robots in automation improves pro-

duction processes, eliminates human errors, optimizes

resource utilization, and secures sustainable and flexible

production systems that are also efficient with minimal

environmental concern.

The importance of these CSFs is related to their capa-

bility to synergize I4.0 technologies with CE principles.

For instance, sensors and IoT devices provide direct

information allowing decisions in real time along with

product traceability, critical enablers in the loop-closing

exercise in a circular economy (Rosa et al., 2020). In this

regard, the focus on the environmental impact assessment

is relevant to the CE objective of reducing the environ-

mental footprints of products (Chari et al., 2022). This

requires adopting a life cycle perspective, examining both

the product’s production point and end-of-life stages.

Commitment to biodiversity preservation addresses the

broader ecological effect of manufacturing, aligning with

the regenerative system of CE on manufacturing processes
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that consider making a positive contribution to the

ecosystem in which it operates (Ciliberto et al., 2021).

Moreover, adapting the workforce highlights the human

aspect of I4.0 and its alignment with circularity practices.

Thus, the fifth industrial revolution will be a follow-up to

human workforce adaptation until it will be needed for

upskilling (Grosse et al., 2023). Resource usage data ana-

lytics delivers critical insight into reducing waste,

improving operational efficiency, and eventually helping

optimize resources within the CE framework.

Analytics applied to big data brings out the patterns and

scopes of improvement, effectively enhancing resource use

and waste management. This approach adheres to the CE

principles of continuous improvement and efficient use of

resources, strengthening SC resilience and ensuring the

optimization of resources while minimizing waste (Gho-

bakhloo, 2020). 3D printing supports the CE principle of

shifting from mass production to customization and local-

ization by allowing production on demand and reducing

redundancy. It reduces overproduction and other forms of

waste, increasing the sustainability and flexibility within

the SC. Manufacturing based on actual demand helps

establish a resilient and adaptive production system.

The inclusion of renewable energy helps reduce the

environmental impact due to manufacturing. This aligns

with the CE objective of decreasing negative externalities

by reducing greenhouse gas (GHG) emissions and enabling

overall sustainability. It further enables the transition to

greener energy sources and leads to a more holistic level of

sustainability regarding the environment and SC resilience

(Govindan et al., 2023).

Besides effective collaboration with suppliers and other

stakeholders, the CE framework enables the efficient uti-

lization of available resources. Resource sharing, expertise,

and know-how have considerable advantages for sustain-

ability while increasing flexibility in the manufacturing

ecosystem. Sharma et al. (2023) and Braglia et al. (2020)

emphasized that effective collaboration creates a network

of mutually shared resources and expertise that provides

resistance to disturbance for the SC. Again, adopting robots

for automation, where waste must be minimized to reach

efficient operation, is a critical idea in CE. This should

minimize waste and make good use of the resources, cre-

ating a much more sustainable and agile production system.

Robots significantly reduce the rate of waste and improve

efficiency towards the resilience and sustainability of SC.

The results of this study demonstrate that integrating CE

and I4.0 technologies fosters an adaptive and resource-ef-

ficient manufacturing ecosystem. This aligns with Acerbi

et al. (2021), who highlighted how waste reduction and

improved resource utilization can be achieved at every SC

level regarding practical data usage. Research by Acerbi

et al. (2024) also emphasized that only well-organized data

analytics can support flexible production systems, which

calls for increased interest in CSFs for the present study,

authentic data collection and resource optimization. Con-

sequently, industries adopting the principles of I4.0 and CE

would lead to increased sustainability and enhance flexi-

bility in manufacturing systems, making the latter more

resilient against demand fluctuations and external

disruptions.

These CSFs provides a foundation for integrating I4.0

with the CE approach in sustainable and flexible manu-

facturing systems. The factors identified to range between

technological utilization and adapting the workforce in

collaborative efforts give rise simultaneously to a paradigm

shift in the manufacturing system. Thus, understanding the

interrelationship between I4.0 and CE principles could

pave the way for organizations to achieve a more sustain-

able and flexible future. These CSFs outline the present

state of research and practice and serve as a road map for

future attempts to harmonize technological advancements

with environmental stewardship.

Categorization of factors by DEMATEL Approach

The DEMATEL method, developed by the Science and

Human Affairs Programme of the Battelle Memorial

Institute in Geneva (1972–1976), was designed to analyse

and address complex, interconnected problems (Fontela &

Gabus, 1974). This study applied the DEMATEL technique

to the 22 CSFs identified through the Delphi method. In

addition to identifying the top critical factors for integrat-

ing I4.0 with CE practices in sustainable and flexible

manufacturing systems, this technique clarified the relative

importance of each factor. It revealed the cause-and-effect

relationship and priorities that were part of the complex

influence network of these factors, which oriented the

decision-making by prioritizing investments in the devel-

opment of technology that was following environmental

concerns.

This work follows the step-by-step DEMATEL process

described by Wu and Tsai (2011), as shown in Fig. 4. The

results of the DEMATEL process are presented in Table 6.

The horizontal vector of (R ? C) represents the impor-

tance of each essential CSF for sustainable and flexible

manufacturing systems, while the vertical vector of

(R - C) determines the degree to which a driver influences

the system. A positive (R - C) value indicates a casual

variable, while a negative value represents an effect.

Mapping the influence graph is the final step in the

DEMATEL model, assisting decision-makers in identify-

ing which CSF has the maximum influence on outcome.

The R ? C values are shown on the X-axis, and the R - C

values are indicated on the Y-axis in Fig. 5. Among the

CSFs, the most influential is placed at the top level, while
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the least influential is placed at the bottom. These results

were then validated through the literature review and dis-

cussions with industry professionals, which provided sev-

eral insights into merging I4.0 with the CE approach to

create flexible and sustainable manufacturing systems.

Therefore, this section discusses all these insights and

suggestions about CSFs necessary for making adapt-

able and sustainable manufacturing systems.

This study validates earlier studies that identified some

factors needed for linking I4.0 with the CE principles to

maintain sustainable and flexible manufacturing systems.

Data collection through sensors and IoT devices demon-

strates that advanced technologies are critical and more

appropriate for assessing the performance of the sustain-

ability of a manufacturing organization (Gupta et al.,

2021). It involves the reduction of greenhouse gas emis-

sions and increasing the use of renewable energy in line

with Agrawal et al. (2022), who highlighted the contribu-

tion of I4.0 towards environmental sustainability. Sustain-

able material sourcing and efficient resource utilization

with minimal waste are also vital, as demonstrated by

Nascimento et al. (2019) for the integration of these

practices with I4.0 technologies to support CE practices.

On the other hand, identifying the impacts of factors

such as waste reduction strategies and assurance of supply

chain transparency presents challenges identified by pre-

vious studies. For example, Dwivedi et al. (2023b)

emphasized that transparency and traceability enable to

keep the circularity in the supply chain amidst global dis-

ruptions. Workforce training is also in line with Margherita

and Braccini (2023), who focus on businesses having to

invest in worker-centred strategies if the companies are to

realize I4.0 technologies’ potential for sustainable organi-

zational value on flexible manufacturing systems. More-

over, experts reviewed the findings, validating that the

identified causal factors were influencers of change in

manufacturing systems towards sustainability and flexibil-

ity. This expert validation enhances the reliability of such

findings and generalization to practical manufacturing

situations.

Managerial Implications

Integrating I4.0 and CE principles can be holistic,

encompassing technological adoption, workforce develop-

ment, and collaboration practices. A data-driven approach

prioritized by manufacturing firms and supported by effi-

cient policy design will contribute measurably towards

sustainability, resilience, and competitiveness within an

increasingly complex industrial scenario. Another critical

key to the sustainability and resilience of manufacturing

companies is the integration of I4.0 and CE principles. This

study aims to apply a data-driven approach to decision-

Fig. 4 DEMATEL Steps
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Table 6 Categorization of CSFs

CSF R C R ? C R–C Group

CSF1 14.2077 10.3366 24.5443 3.87117 Causal

CSF2 13.6653 13.0306 26.6959 0.63463 Causal

CSF3 14.3735 13.5504 27.9239 0.82303 Causal

CSF4 14.2273 13.8799 28.1072 0.34741 Causal

CSF5 13.6687 13.329 26.9977 0.33972 Causal

CSF6 13.5197 13.6876 27.2072 - 0.1679 Effect

CSF7 13.2148 11.7312 24.946 1.48361 Causal

CSF8 13.1304 12.1171 25.2476 1.01327 Causal

CSF9 13.4822 14.4932 27.9753 - 1.011 Effect

CSF10 12.625 14.6709 27.2958 - 2.0459 Effect

CSF11 12.3569 14.724 27.0809 - 2.3671 Effect

CSF12 13.8578 13.62 27.4778 0.23777 Causal

CSF13 13.2329 14.48 27.7129 - 1.247 Effect

CSF14 12.6287 10.5404 23.1691 2.08827 Causal

CSF15 12.6439 12.0261 24.67 0.61775 Causal

CSF16 12.5374 11.2744 23.8118 1.26307 Causal

CSF17 12.431 12.5226 24.9536 - 0.0916 Effect

CSF18 12.3245 10.7708 23.0954 1.5537 Causal

CSF19 13.2181 13.0191 26.2371 0.19902 Causal

CSF20 12.1116 11.2673 23.3789 0.84433 Causal

CSF21 12.0052 12.5155 24.5207 - 0.5104 Effect

CSF22 13.8987 13.7638 27.6625 0.13496 Causal

Fig. 5 Cause-and-effect

relationship
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making and human resource development with environ-

mental sensitivity.

Utilizing sensors and, in general, IoT devices to collect

real-time data from the production process defines some

key CSFs that shape the increasing diffusion of data-driven

decision-making processes within the manufacturing

industry differently. In this respect, managers should pri-

oritize investing in new sensor technologies and IoT

devices to upgrade operational efficiency, enhance resource

use, and build strong resilience in the supply chain. Such

investment in actionable insights facilitates timely deci-

sions to leverage I4.0 and circular economy frameworks.

Ecological responsibility is an ever-growing requirement

for manufacturing: the CSF proved manufacturing’s

adherence to complete life cycle assessments of all prod-

ucts. In this regard, managers are encouraged to implement

LCA within product development and manufacturing to be

environmentally friendly. The proactive approach will help

identify and reduce environmental effects, encourage sup-

pliers to achieve greener practices, and support recycling

and waste reduction. These assessments, if integrated into

each step of the product’s life cycle, further enhance the

resilience and sustainability of supply chains, aligning with

Sassanelli et al. (2023), who emphasized life cycles as

fundamental for the functioning of circular supply chains.

Another critical area is developing a well-trained work-

force that adapts to new technologies and circular prac-

tices. According to Rosa et al., (2020), in the long term,

effective upskilling and reskilling programmes will equip

workers with all relevant competencies to be successful in

an ever-changing industrial landscape. Managers should

pay more attention to all-inclusive training programmes to

properly equip the workforce to implement and adapt I4.0

technologies and circular practices effectively. It is an

initiative that will not only help address different organi-

zational challenges but also empower the employees to

innovate and participate in sustainability, thus making

manufacturing systems more resilient and adaptive.

Firms can implement following strategies to facilitate

transition and transformation towards sustainable and

flexible manufacturing systems.

1. As suggested by Acerbi et al. (2022), the data

governance framework may enhance data flow man-

agement. It involves structured protocols for concerted

gathering, sharing, and utilization of data in a

standardized manner to enhance decision-making in

manufacturing companies.

2. Collaborative networks should be developed among

manufacturers, suppliers, and technology providers. As

Taddei et al. (2024) reported, the imperatives can be

overcome in these networks by sharing knowledge and

optimizing resources along the value chain.

3. Digital twin technology, as suggested by Tota et al.

(2024), can be combined to enhance environmental

performance because of the simulation and optimiza-

tion of production operations that it allows. Digital

twins provide a real-time look at the environmental

impacts of processes and help manufacturers tune these

processes in line with ISO certifications and sustain-

ability goals.

4. Basile et al. (2023) stated that blockchain solutions can

offer more transparency and traceability to circular

supply chains, helping them build trust among their

stakeholders, especially considering regulatory

adherence.

5. Maturity models, as proposed by Acerbi et al. (2024),

may help manufacturers with a way to measure their

capability to use data within circular contexts. These

models highlight where particular deficiencies and

further improvements are needed to support firms in

reaching the optimum decision and alignment towards

CE principles.

Implementing these strategies will help the organiza-

tions and managers develop a sustainable and flexible

manufacturing system.

Conclusion, Limitations, and Future Scope

This research identified and prioritized 22 critical CSFs for

integrating I4.0 technologies with CE principles to develop

sustainable and flexible manufacturing systems. The study

applied the Delphi, GIA, and DEMATEL techniques and

identified CSFs that utilized IoT and sensors for real-time

data collection, comprehensive life cycle environmental

impact assessment, and increasing adaptability within the

workforce through focused training. The findings provide

an integral framework for addressing challenges of sus-

tainability and flexibility with actionable strategies in place

for striking an efficient balance between technological

innovations and environmental stewardship. The results

highlight the interdependencies that CSFs have with each

other, therefore enabling organizations, through strategic

investment prioritization, to make informed decisions that

align with long-term sustainability goals.

From a practical perspective, the research offers critical

insights to managers for operationalizing the integration of

I4.0 and CE. For example, the measures that improve

environmental and economic performance are adopting

advanced technologies that could reduce waste, adopting

circular supply chain management practices, and fostering

collaboration across industrial networks. The study further

emphasizes that technological advancement must relate to

biodiversity conservation, resource efficiency, and
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employee skill development for resilience in changing

manufacturing environments. Such contributions go

beyond mere theoretical advancements and provide a clear

direction for policy and practice in the transition to sus-

tainable industrial ecosystems. Future research could

explore whether these findings are applicable across dif-

ferent industry and regional contexts to establish validity

and reinforce the proposed framework.

Appendix

See Table 7.

See Table 8.

See Table 9.

Table 7 Whitenized (critical, ideal, and typical) responses

CSF CSF1 CSF2 CSF3 CSF4 CSF5 CSF6 CSF7 CSF8 CSF9 CSF10 CSF11

Critical

CSF1 0 24 28 31 28 22 34 24 14 28 34

CSF2 21 0 22 26 27 30 30 22 40 34 24

CSF3 35 32 0 34 34 34 28 22 24 20 30

CSF4 30 36 28 0 26 30 26 28 26 22 12

CSF5 16 22 28 29 0 15 18 26 26 26 28

CSF6 36 42 28 17 21 0 31 20 26 29 28

CSF7 26 22 22 24 31 29 0 13 28 26 35

CSF8 23 34 24 32 26 20 40 0 24 28 24

CSF9 26 14 20 32 32 18 30 32 0 36 20

CSF10 34 30 38 18 26 38 34 36 36 0 30

CSF11 30 32 34 25 28 25 22 34 32 36 0

CSF12 20 32 16 21 38 24 26 26 22 20 24

CSF13 18 26 30 22 38 24 30 40 26 20 35

CSF14 24 34 18 30 22 22 36 26 36 16 27

CSF15 42 20 21 32 28 22 22 32 22 38 30

CSF16 30 24 28 14 20 30 32 24 26 24 28

CSF17 20 24 24 28 20 30 22 26 22 22 30

CSF18 12 38 34 19 24 24 30 24 24 20 32

CSF19 32 38 16 27 22 26 22 21 28 32 18

CSF20 24 27 34 26 26 32 40 23 18 30 28

CSF21 7 32 29 36 33 24 32 28 34 24 26

CSF22 22 21 34 20 30 22 34 22 34 24 38

Ideal

CSF1 0 40 45 47 44 39 49 41 32 46 52

CSF2 36 0 40 43 42 46 47 40 54 50 41

CSF3 42 49 0 51 51 50 46 40 41 37 47

CSF4 46 51 45 0 43 48 43 46 43 39 30

CSF5 33 40 45 44 0 32 35 43 44 42 44

CSF6 52 55 44 34 37 0 45 36 42 43 44

CSF7 43 39 40 41 47 45 0 30 45 43 49

CSF8 39 50 42 49 42 38 56 0 42 44 42

CSF9 42 32 37 48 48 36 46 48 0 51 38

CSF10 48 47 54 36 43 53 51 51 51 0 46

CSF11 47 49 50 41 45 41 39 50 49 52 0

CSF12 38 49 34 31 53 41 44 43 37 37 41

CSF13 36 43 46 39 54 42 46 55 44 35 49

CSF14 41 49 36 46 39 39 51 43 52 34 42

CSF15 57 37 37 48 44 39 39 50 40 54 46
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Table 7 continued

CSF CSF1 CSF2 CSF3 CSF4 CSF5 CSF6 CSF7 CSF8 CSF9 CSF10 CSF11

CSF16 47 41 45 32 38 46 48 40 44 42 45

CSF17 38 42 41 45 38 46 39 43 39 40 47

CSF18 30 53 51 35 41 42 46 40 40 38 49

CSF19 48 53 34 43 40 43 42 36 44 44 36

CSF20 42 43 49 42 44 48 54 32 34 46 42

CSF21 24 49 44 51 48 40 48 45 51 41 44

CSF22 39 38 50 38 46 40 50 39 49 41 53

Typical

CSF1 0 32 36.5 39 36 30.5 41.5 32.5 23 37 43

CSF2 28.5 0 31 34.5 34.5 38 38.5 31 47 42 32.5

CSF3 38.5 40.5 0 42.5 42.5 42 37 31 32.5 28.5 38.5

CSF4 38 43.5 36.5 0 34.5 39 34.5 37 34.5 30.5 21

CSF5 24.5 31 36.5 36.5 0 23.5 26.5 34.5 35 34 36

CSF6 44 48.5 36 25.5 29 0 38 28 34 36 36

CSF7 34.5 30.5 31 32.5 39 37 0 21.5 36.5 34.5 42

CSF8 31 42 33 40.5 34 29 48 0 33 36 33

CSF9 34 23 28.5 40 40 27 38 40 0 43.5 29

CSF10 41 38.5 46 27 34.5 45.5 42.5 43.5 43.5 0 38

CSF11 38.5 40.5 42 33 36.5 33 30.5 42 40.5 44 0

CSF12 29 40.5 25 26 45.5 32.5 35 34.5 29.5 28.5 32.5

CSF13 27 34.5 38 30.5 46 33 38 47.5 35 27.5 42

CSF14 32.5 41.5 27 38 30.5 30.5 43.5 34.5 44 25 34.5

CSF15 49.5 28.5 29 40 36 30.5 30.5 41 31 46 38

CSF16 38.5 32.5 36.5 23 29 38 40 32 35 33 36.5

CSF17 29 33 32.5 36.5 29 38 30.5 34.5 30.5 31 38.5

CSF18 21 45.5 42.5 27 32.5 33 38 32 32 29 40.5

CSF19 40 45.5 25 35 31 34.5 32 28.5 36 38 27

CSF20 33 35 41.5 34 35 40 47 27.5 26 38 35

CSF21 15.5 40.5 36.5 43.5 40.5 32 40 36.5 42.5 32.5 35

CSF22 30.5 29.5 42 29 38 31 42 30.5 41.5 32.5 45.5

CSF CSF12 CSF13 CSF14 CSF15 CSF16 CSF17 CSF18 CSF19 CSF20 CSF21 CSF22

Critical

CSF1 26 34 26 26 30 26 26 30 29 32 24

CSF2 36 24 34 34 32 24 20 28 29 33 40

CSF3 32 24 30 36 22 40 20 18 28 19 14

CSF4 14 30 22 26 18 26 24 32 38 30 18

CSF5 36 20 24 31 30 27 28 30 36 18 33

CSF6 28 33 25 19 37 18 39 16 30 29 25

CSF7 36 32 28 27 29 19 42 23 32 36 25

CSF8 22 30 38 16 38 17 34 14 26 14 30

CSF9 40 26 32 32 26 32 20 30 28 22 29

CSF10 26 28 28 36 26 32 26 32 28 20 40

CSF11 26 30 34 32 30 26 34 30 40 31 12

CSF12 0 18 27 26 32 24 32 26 28 40 34

CSF13 21 0 21 27 26 32 23 20 26 30 21

CSF14 26 20 0 24 24 26 27 35 17 24 32

CSF15 13 34 28 0 38 30 24 23 35 13 32

CSF16 30 32 28 30 0 34 28 30 36 28 26
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Table 7 continued

CSF CSF12 CSF13 CSF14 CSF15 CSF16 CSF17 CSF18 CSF19 CSF20 CSF21 CSF22

CSF17 20 28 26 26 25 0 30 24 16 20 22

CSF18 26 28 20 32 33 32 0 36 26 25 28

CSF19 24 20 30 26 32 30 38 0 28 34 30

CSF20 30 30 22 24 28 34 22 30 0 29 27

CSF21 36 22 28 24 23 32 32 24 30 0 27

CSF22 22 30 28 32 38 22 34 30 31 26 0

Ideal

CSF1 44 51 43 43 47 43 44 45 44 50 42

CSF2 51 42 50 49 48 42 37 44 45 48 54

CSF3 48 42 48 52 42 54 38 36 45 36 32

CSF4 32 46 40 44 35 44 41 47 54 47 34

CSF5 51 38 39 45 47 43 45 47 52 35 47

CSF6 44 47 41 35 50 36 52 34 47 44 41

CSF7 51 49 45 43 45 35 56 39 47 52 41

CSF8 39 46 54 34 54 34 50 32 43 32 46

CSF9 55 43 48 47 43 48 37 47 45 39 44

CSF10 43 46 45 52 42 48 42 49 45 37 54

CSF11 44 48 51 50 47 43 49 48 55 47 30

CSF12 0 35 42 42 48 42 48 42 45 56 50

CSF13 36 0 38 42 42 49 39 37 43 46 37

CSF14 43 37 0 42 42 43 43 49 34 41 48

CSF15 29 51 45 0 53 46 41 39 49 29 49

CSF16 47 49 44 46 0 49 45 46 51 45 42

CSF17 38 45 43 44 41 0 47 40 34 38 40

CSF18 43 45 38 47 47 49 0 53 43 41 45

CSF19 41 37 46 43 47 46 53 0 45 49 45

CSF20 48 46 40 41 42 51 40 47 0 45 39

CSF21 52 40 46 40 39 49 48 42 48 0 36

CSF22 39 46 45 47 54 39 50 47 45 43 0

Typical

CSF1 35 42.5 34.5 34.5 38.5 34.5 35 37.5 36.5 41 33

CSF2 43.5 33 42 41.5 40 33 28.5 36 37 40.5 47

CSF3 40 33 39 44 32 47 29 27 36.5 27.5 23

CSF4 23 38 31 35 26.5 35 32.5 39.5 46 38.5 26

CSF5 43.5 29 31.5 38 38.5 35 36.5 38.5 44 26.5 40

CSF6 36 40 33 27 43.5 27 45.5 25 38.5 36.5 33

CSF7 43.5 40.5 36.5 35 37 27 49 31 39.5 44 33

CSF8 30.5 38 46 25 46 25.5 42 23 34.5 23 38

CSF9 47.5 34.5 40 39.5 34.5 40 28.5 38.5 36.5 30.5 36.5

CSF10 34.5 37 36.5 44 34 40 34 40.5 36.5 28.5 47

CSF11 35 39 42.5 41 38.5 34.5 41.5 39 47.5 39 21

CSF12 0 26.5 34.5 34 40 33 40 34 36.5 48 42

CSF13 28.5 0 29.5 34.5 34 40.5 31 28.5 34.5 38 29

CSF14 34.5 28.5 0 33 33 34.5 35 42 25.5 32.5 40

CSF15 21 42.5 36.5 0 45.5 38 32.5 31 42 21 40.5

CSF16 38.5 40.5 36 38 0 41.5 36.5 38 43.5 36.5 34

CSF17 29 36.5 34.5 35 33 0 38.5 32 25 29 31

CSF18 34.5 36.5 29 39.5 40 40.5 0 44.5 34.5 33 36.5
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Table 8 Direct influence coefficient matrices

CSF CSF1 CSF2 CSF3 CSF4 CSF5 CSF6 CSF7 CSF8 CSF9 CSF10 CSF11

Critical

CSF1 0.0000 0.0397 0.0504 0.0571 0.0483 0.0407 0.0549 0.0437 0.0246 0.0505 0.0585

CSF2 0.0398 0.0000 0.0396 0.0479 0.0466 0.0555 0.0485 0.0401 0.0704 0.0613 0.0413

CSF3 0.0663 0.0530 0.0000 0.0626 0.0586 0.0628 0.0452 0.0401 0.0423 0.0360 0.0516

CSF4 0.0568 0.0596 0.0504 0.0000 0.0448 0.0555 0.0420 0.0510 0.0458 0.0396 0.0207

CSF5 0.0303 0.0364 0.0504 0.0534 0.0000 0.0277 0.0291 0.0474 0.0458 0.0468 0.0482

CSF6 0.0682 0.0695 0.0504 0.0313 0.0362 0.0000 0.0501 0.0364 0.0458 0.0523 0.0482

CSF7 0.0492 0.0364 0.0396 0.0442 0.0534 0.0536 0.0000 0.0237 0.0493 0.0468 0.0602

CSF8 0.0436 0.0563 0.0432 0.0589 0.0448 0.0370 0.0646 0.0000 0.0423 0.0505 0.0413

CSF9 0.0492 0.0232 0.0360 0.0589 0.0552 0.0333 0.0485 0.0583 0.0000 0.0649 0.0344

CSF10 0.0644 0.0497 0.0683 0.0331 0.0448 0.0702 0.0549 0.0656 0.0634 0.0000 0.0516

CSF11 0.0568 0.0530 0.0612 0.0460 0.0483 0.0462 0.0355 0.0619 0.0563 0.0649 0.0000

CSF12 0.0379 0.0530 0.0288 0.0387 0.0655 0.0444 0.0420 0.0474 0.0387 0.0360 0.0413

CSF13 0.0341 0.0430 0.0540 0.0405 0.0655 0.0444 0.0485 0.0729 0.0458 0.0360 0.0602

CSF14 0.0455 0.0563 0.0324 0.0552 0.0379 0.0407 0.0582 0.0474 0.0634 0.0288 0.0465

CSF15 0.0795 0.0331 0.0378 0.0589 0.0483 0.0407 0.0355 0.0583 0.0387 0.0685 0.0516

CSF16 0.0568 0.0397 0.0504 0.0258 0.0345 0.0555 0.0517 0.0437 0.0458 0.0432 0.0482

CSF17 0.0379 0.0397 0.0432 0.0516 0.0345 0.0555 0.0355 0.0474 0.0387 0.0396 0.0516

CSF18 0.0227 0.0629 0.0612 0.0350 0.0414 0.0444 0.0485 0.0437 0.0423 0.0360 0.0551

CSF19 0.0606 0.0629 0.0288 0.0497 0.0379 0.0481 0.0355 0.0383 0.0493 0.0577 0.0310

CSF20 0.0455 0.0447 0.0612 0.0479 0.0448 0.0591 0.0646 0.0419 0.0317 0.0541 0.0482

CSF21 0.0133 0.0530 0.0522 0.0663 0.0569 0.0444 0.0517 0.0510 0.0599 0.0432 0.0448

CSF22 0.0417 0.0348 0.0612 0.0368 0.0517 0.0407 0.0549 0.0401 0.0599 0.0432 0.0654

Ideal

CSF1 0.0000 0.0421 0.0495 0.0532 0.0475 0.0436 0.0508 0.0460 0.0349 0.0512 0.0561

CSF2 0.0415 0.0000 0.0440 0.0486 0.0453 0.0515 0.0488 0.0449 0.0589 0.0556 0.0442

CSF3 0.0484 0.0516 0.0000 0.0577 0.0550 0.0559 0.0477 0.0449 0.0447 0.0412 0.0507

CSF4 0.0530 0.0537 0.0495 0.0000 0.0464 0.0537 0.0446 0.0516 0.0469 0.0434 0.0324

CSF5 0.0380 0.0421 0.0495 0.0498 0.0000 0.0358 0.0363 0.0483 0.0480 0.0467 0.0475

CSF6 0.0599 0.0580 0.0484 0.0385 0.0399 0.0000 0.0467 0.0404 0.0458 0.0478 0.0475

CSF7 0.0495 0.0411 0.0440 0.0464 0.0507 0.0503 0.0000 0.0337 0.0491 0.0478 0.0529

CSF8 0.0449 0.0527 0.0462 0.0554 0.0453 0.0425 0.0581 0.0000 0.0458 0.0489 0.0453

CSF9 0.0484 0.0337 0.0407 0.0543 0.0518 0.0403 0.0477 0.0539 0.0000 0.0567 0.0410

CSF10 0.0553 0.0495 0.0594 0.0407 0.0464 0.0593 0.0529 0.0572 0.0556 0.0000 0.0496

CSF11 0.0541 0.0516 0.0550 0.0464 0.0485 0.0459 0.0405 0.0561 0.0534 0.0578 0.0000

CSF12 0.0438 0.0516 0.0374 0.0351 0.0572 0.0459 0.0456 0.0483 0.0403 0.0412 0.0442

CSF13 0.0415 0.0453 0.0506 0.0441 0.0583 0.0470 0.0477 0.0617 0.0480 0.0389 0.0529

Table 7 continued

CSF CSF12 CSF13 CSF14 CSF15 CSF16 CSF17 CSF18 CSF19 CSF20 CSF21 CSF22

CSF19 32.5 28.5 38 34.5 39.5 38 45.5 0 36.5 41.5 37.5

CSF20 39 38 31 32.5 35 42.5 31 38.5 0 37 33

CSF21 44 31 37 32 31 40.5 40 33 39 0 31.5

CSF22 30.5 38 36.5 39.5 46 30.5 42 38.5 38 34.5 0
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Table 8 continued

CSF CSF1 CSF2 CSF3 CSF4 CSF5 CSF6 CSF7 CSF8 CSF9 CSF10 CSF11

CSF14 0.0472 0.0516 0.0396 0.0520 0.0421 0.0436 0.0529 0.0483 0.0567 0.0378 0.0453

CSF15 0.0657 0.0390 0.0407 0.0543 0.0475 0.0436 0.0405 0.0561 0.0436 0.0601 0.0496

CSF16 0.0541 0.0432 0.0495 0.0362 0.0410 0.0515 0.0498 0.0449 0.0480 0.0467 0.0485

CSF17 0.0438 0.0443 0.0451 0.0509 0.0410 0.0515 0.0405 0.0483 0.0425 0.0445 0.0507

CSF18 0.0346 0.0558 0.0561 0.0396 0.0442 0.0470 0.0477 0.0449 0.0436 0.0423 0.0529

CSF19 0.0553 0.0558 0.0374 0.0486 0.0431 0.0481 0.0436 0.0404 0.0480 0.0489 0.0388

CSF20 0.0484 0.0453 0.0539 0.0475 0.0475 0.0537 0.0560 0.0359 0.0371 0.0512 0.0453

CSF21 0.0276 0.0516 0.0484 0.0577 0.0518 0.0447 0.0498 0.0505 0.0556 0.0456 0.0475

CSF22 0.0449 0.0400 0.0550 0.0430 0.0496 0.0447 0.0519 0.0438 0.0534 0.0456 0.0572

Typical

CSF1 0.0000 0.0412 0.0498 0.0547 0.0478 0.0425 0.0524 0.0451 0.0310 0.0509 0.0570

CSF2 0.0408 0.0000 0.0423 0.0484 0.0458 0.0530 0.0486 0.0431 0.0633 0.0578 0.0431

CSF3 0.0552 0.0522 0.0000 0.0596 0.0564 0.0585 0.0467 0.0431 0.0438 0.0392 0.0511

CSF4 0.0544 0.0560 0.0498 0.0000 0.0458 0.0544 0.0436 0.0514 0.0465 0.0420 0.0279

CSF5 0.0351 0.0399 0.0498 0.0512 0.0000 0.0328 0.0335 0.0479 0.0471 0.0468 0.0477

CSF6 0.0630 0.0625 0.0491 0.0357 0.0385 0.0000 0.0480 0.0389 0.0458 0.0495 0.0477

CSF7 0.0494 0.0393 0.0423 0.0456 0.0518 0.0516 0.0000 0.0299 0.0492 0.0475 0.0557

CSF8 0.0444 0.0541 0.0451 0.0568 0.0451 0.0404 0.0606 0.0000 0.0444 0.0495 0.0438

CSF9 0.0487 0.0296 0.0389 0.0561 0.0531 0.0376 0.0480 0.0556 0.0000 0.0598 0.0385

CSF10 0.0587 0.0496 0.0628 0.0378 0.0458 0.0634 0.0537 0.0604 0.0586 0.0000 0.0504

CSF11 0.0552 0.0522 0.0573 0.0463 0.0484 0.0460 0.0385 0.0583 0.0545 0.0605 0.0000

CSF12 0.0415 0.0522 0.0341 0.0364 0.0604 0.0453 0.0442 0.0479 0.0397 0.0392 0.0431

CSF13 0.0387 0.0444 0.0519 0.0427 0.0610 0.0460 0.0480 0.0660 0.0471 0.0378 0.0557

CSF14 0.0466 0.0534 0.0369 0.0533 0.0405 0.0425 0.0550 0.0479 0.0593 0.0344 0.0458

CSF15 0.0709 0.0367 0.0396 0.0561 0.0478 0.0425 0.0385 0.0569 0.0418 0.0633 0.0504

CSF16 0.0552 0.0419 0.0498 0.0322 0.0385 0.0530 0.0505 0.0444 0.0471 0.0454 0.0484

CSF17 0.0415 0.0425 0.0444 0.0512 0.0385 0.0530 0.0385 0.0479 0.0411 0.0426 0.0511

CSF18 0.0301 0.0586 0.0580 0.0378 0.0431 0.0460 0.0480 0.0444 0.0431 0.0399 0.0537

CSF19 0.0573 0.0586 0.0341 0.0491 0.0411 0.0481 0.0404 0.0396 0.0485 0.0523 0.0358

CSF20 0.0473 0.0451 0.0567 0.0477 0.0464 0.0557 0.0594 0.0382 0.0350 0.0523 0.0464

CSF21 0.0222 0.0522 0.0498 0.0610 0.0537 0.0446 0.0505 0.0507 0.0572 0.0447 0.0464

CSF22 0.0437 0.0380 0.0573 0.0406 0.0504 0.0432 0.0531 0.0424 0.0559 0.0447 0.0603

CSF CSF12 CSF13 CSF14 CSF15 CSF16 CSF17 CSF18 CSF19 CSF20 CSF21 CSF22

Critical

CSF1 0.0456 0.0593 0.0449 0.0444 0.0486 0.0446 0.0431 0.0535 0.0470 0.0579 0.0422

CSF2 0.0632 0.0419 0.0587 0.0580 0.0519 0.0412 0.0332 0.0499 0.0470 0.0597 0.0703

CSF3 0.0561 0.0419 0.0518 0.0614 0.0357 0.0686 0.0332 0.0321 0.0454 0.0344 0.0246

CSF4 0.0246 0.0524 0.0380 0.0444 0.0292 0.0446 0.0398 0.0570 0.0616 0.0542 0.0316

CSF5 0.0632 0.0349 0.0415 0.0529 0.0486 0.0463 0.0464 0.0535 0.0583 0.0325 0.0580

CSF6 0.0491 0.0576 0.0432 0.0324 0.0600 0.0309 0.0647 0.0285 0.0486 0.0524 0.0439

CSF7 0.0632 0.0558 0.0484 0.0461 0.0470 0.0326 0.0697 0.0410 0.0519 0.0651 0.0439

CSF8 0.0386 0.0524 0.0656 0.0273 0.0616 0.0292 0.0564 0.0250 0.0421 0.0253 0.0527

CSF9 0.0702 0.0454 0.0553 0.0546 0.0421 0.0549 0.0332 0.0535 0.0454 0.0398 0.0510

CSF10 0.0456 0.0489 0.0484 0.0614 0.0421 0.0549 0.0431 0.0570 0.0454 0.0362 0.0703

CSF11 0.0456 0.0524 0.0587 0.0546 0.0486 0.0446 0.0564 0.0535 0.0648 0.0561 0.0211

CSF12 0.0000 0.0314 0.0466 0.0444 0.0519 0.0412 0.0531 0.0463 0.0454 0.0723 0.0598

CSF13 0.0368 0.0000 0.0363 0.0461 0.0421 0.0549 0.0381 0.0357 0.0421 0.0542 0.0369

CSF14 0.0456 0.0349 0.0000 0.0410 0.0389 0.0446 0.0448 0.0624 0.0276 0.0434 0.0562
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Table 8 continued

CSF CSF12 CSF13 CSF14 CSF15 CSF16 CSF17 CSF18 CSF19 CSF20 CSF21 CSF22

CSF15 0.0228 0.0593 0.0484 0.0000 0.0616 0.0515 0.0398 0.0410 0.0567 0.0235 0.0562

CSF16 0.0526 0.0558 0.0484 0.0512 0.0000 0.0583 0.0464 0.0535 0.0583 0.0506 0.0457

CSF17 0.0351 0.0489 0.0449 0.0444 0.0405 0.0000 0.0498 0.0428 0.0259 0.0362 0.0387

CSF18 0.0456 0.0489 0.0345 0.0546 0.0535 0.0549 0.0000 0.0642 0.0421 0.0452 0.0492

CSF19 0.0421 0.0349 0.0518 0.0444 0.0519 0.0515 0.0630 0.0000 0.0454 0.0615 0.0527

CSF20 0.0526 0.0524 0.0380 0.0410 0.0454 0.0583 0.0365 0.0535 0.0000 0.0524 0.0475

CSF21 0.0632 0.0384 0.0484 0.0410 0.0373 0.0549 0.0531 0.0428 0.0486 0.0000 0.0475

CSF22 0.0386 0.0524 0.0484 0.0546 0.0616 0.0377 0.0564 0.0535 0.0502 0.0470 0.0000

Ideal

CSF1 0.0479 0.0549 0.0462 0.0463 0.0492 0.0461 0.0466 0.0495 0.0459 0.0556 0.0469

CSF2 0.0556 0.0452 0.0537 0.0528 0.0503 0.0450 0.0392 0.0484 0.0469 0.0533 0.0603

CSF3 0.0523 0.0452 0.0516 0.0560 0.0440 0.0579 0.0402 0.0396 0.0469 0.0400 0.0357

CSF4 0.0349 0.0495 0.0430 0.0474 0.0366 0.0472 0.0434 0.0516 0.0563 0.0522 0.0379

CSF5 0.0556 0.0409 0.0419 0.0485 0.0492 0.0461 0.0476 0.0516 0.0542 0.0389 0.0525

CSF6 0.0479 0.0506 0.0440 0.0377 0.0524 0.0386 0.0550 0.0374 0.0490 0.0489 0.0458

CSF7 0.0556 0.0527 0.0483 0.0463 0.0471 0.0375 0.0593 0.0429 0.0490 0.0578 0.0458

CSF8 0.0425 0.0495 0.0580 0.0366 0.0565 0.0364 0.0529 0.0352 0.0448 0.0356 0.0513

CSF9 0.0599 0.0463 0.0516 0.0506 0.0450 0.0514 0.0392 0.0516 0.0469 0.0433 0.0491

CSF10 0.0468 0.0495 0.0483 0.0560 0.0440 0.0514 0.0444 0.0538 0.0469 0.0411 0.0603

CSF11 0.0479 0.0517 0.0548 0.0539 0.0492 0.0461 0.0519 0.0527 0.0574 0.0522 0.0335

CSF12 0.0000 0.0377 0.0451 0.0453 0.0503 0.0450 0.0508 0.0462 0.0469 0.0622 0.0558

CSF13 0.0392 0.0000 0.0408 0.0453 0.0440 0.0525 0.0413 0.0407 0.0448 0.0511 0.0413

CSF14 0.0468 0.0398 0.0000 0.0453 0.0440 0.0461 0.0455 0.0538 0.0355 0.0456 0.0536

CSF15 0.0316 0.0549 0.0483 0.0000 0.0555 0.0493 0.0434 0.0429 0.0511 0.0322 0.0547

CSF16 0.0512 0.0527 0.0473 0.0496 0.0000 0.0525 0.0476 0.0505 0.0532 0.0500 0.0469

CSF17 0.0414 0.0484 0.0462 0.0474 0.0429 0.0000 0.0497 0.0440 0.0355 0.0422 0.0446

CSF18 0.0468 0.0484 0.0408 0.0506 0.0492 0.0525 0.0000 0.0582 0.0448 0.0456 0.0502

CSF19 0.0447 0.0398 0.0494 0.0463 0.0492 0.0493 0.0561 0.0000 0.0469 0.0544 0.0502

CSF20 0.0523 0.0495 0.0430 0.0442 0.0440 0.0547 0.0423 0.0516 0.0000 0.0500 0.0435

CSF21 0.0566 0.0431 0.0494 0.0431 0.0408 0.0525 0.0508 0.0462 0.0501 0.0000 0.0402

CSF22 0.0425 0.0495 0.0483 0.0506 0.0565 0.0418 0.0529 0.0516 0.0469 0.0478 0.0000

Typical

CSF1 0.0470 0.0566 0.0457 0.0456 0.0490 0.0455 0.0452 0.0510 0.0463 0.0564 0.0451

CSF2 0.0585 0.0439 0.0556 0.0548 0.0509 0.0435 0.0368 0.0489 0.0470 0.0557 0.0642

CSF3 0.0538 0.0439 0.0517 0.0581 0.0407 0.0620 0.0375 0.0367 0.0463 0.0379 0.0314

CSF4 0.0309 0.0506 0.0411 0.0462 0.0337 0.0462 0.0420 0.0537 0.0584 0.0530 0.0355

CSF5 0.0585 0.0386 0.0417 0.0502 0.0490 0.0462 0.0472 0.0523 0.0558 0.0365 0.0546

CSF6 0.0484 0.0533 0.0437 0.0357 0.0553 0.0356 0.0588 0.0340 0.0489 0.0502 0.0451

CSF7 0.0585 0.0539 0.0483 0.0462 0.0471 0.0356 0.0633 0.0421 0.0501 0.0606 0.0451

CSF8 0.0410 0.0506 0.0609 0.0330 0.0585 0.0336 0.0543 0.0313 0.0438 0.0317 0.0519

CSF9 0.0638 0.0459 0.0530 0.0522 0.0439 0.0528 0.0368 0.0523 0.0463 0.0420 0.0498

CSF10 0.0464 0.0493 0.0483 0.0581 0.0433 0.0528 0.0439 0.0551 0.0463 0.0392 0.0642

CSF11 0.0470 0.0519 0.0563 0.0542 0.0490 0.0455 0.0536 0.0530 0.0603 0.0537 0.0287

CSF12 0.0000 0.0353 0.0457 0.0449 0.0509 0.0435 0.0517 0.0462 0.0463 0.0661 0.0573

CSF13 0.0383 0.0000 0.0391 0.0456 0.0433 0.0534 0.0401 0.0387 0.0438 0.0523 0.0396

CSF14 0.0464 0.0379 0.0000 0.0436 0.0420 0.0455 0.0452 0.0571 0.0324 0.0447 0.0546

CSF15 0.0282 0.0566 0.0483 0.0000 0.0579 0.0501 0.0420 0.0421 0.0533 0.0289 0.0553

CSF16 0.0517 0.0539 0.0477 0.0502 0.0000 0.0547 0.0472 0.0517 0.0552 0.0502 0.0464
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Table 9 Complete influence coefficient matrices

CSF CSF1 CSF2 CSF3 CSF4 CSF5 CSF6 CSF7 CSF8 CSF9 CSF10 CSF11

Critical

CSF1 0.00 - 25.17 - 19.86 - 17.52 - 20.71 - 24.59 - 18.21 - 22.88 - 40.57 - 19.82 - 17.09

CSF2 - 25.14 0.00 - 25.27 - 20.88 - 21.48 - 18.03 - 20.63 - 24.95 - 14.20 - 16.32 - 24.21

CSF3 - 15.09 - 18.88 0.00 - 15.97 - 17.06 - 15.91 - 22.11 - 24.95 - 23.67 - 27.75 - 19.37

CSF4 - 17.60 - 16.78 - 19.86 0.00 - 22.31 - 18.03 - 23.81 - 19.61 - 21.85 - 25.23 - 48.42

CSF5 - 33.00 - 27.45 - 19.86 - 18.72 0.00 - 36.07 - 34.39 - 21.12 - 21.85 - 21.35 - 20.75

CSF6 - 14.67 - 14.38 - 19.86 - 31.94 - 27.62 0.00 - 19.97 - 27.45 - 21.85 - 19.14 - 20.75

CSF7 - 20.31 - 27.45 - 25.27 - 22.63 - 18.71 - 18.66 0.00 - 42.23 - 20.29 - 21.35 - 16.60

CSF8 - 22.96 - 17.76 - 23.17 - 16.97 - 22.31 - 27.05 - 15.48 0.00 - 23.67 - 19.82 - 24.21

CSF9 - 20.31 - 43.14 - 27.80 - 16.97 - 18.13 - 30.06 - 20.63 - 17.16 0.00 - 15.42 - 29.05

CSF10 - 15.53 - 20.13 - 14.63 - 30.17 - 22.31 - 14.24 - 18.21 - 15.25 - 15.78 0.00 - 19.37

CSF11 - 17.60 - 18.88 - 16.35 - 21.72 - 20.71 - 21.64 - 28.14 - 16.15 - 17.75 - 15.42 0.00

CSF12 - 26.40 - 18.88 - 34.75 - 25.86 - 15.26 - 22.54 - 23.81 - 21.12 - 25.82 - 27.75 - 24.21

CSF13 - 29.33 - 23.23 - 18.53 - 24.68 - 15.26 - 22.54 - 20.63 - 13.73 - 21.85 - 27.75 - 16.60

CSF14 - 22.00 - 17.76 - 30.89 - 18.10 - 26.36 - 24.59 - 17.19 - 21.12 - 15.78 - 34.69 - 21.52

CSF15 - 12.57 - 30.20 - 26.48 - 16.97 - 20.71 - 24.59 - 28.14 - 17.16 - 25.82 - 14.61 - 19.37

CSF16 - 17.60 - 25.17 - 19.86 - 38.79 - 29.00 - 18.03 - 19.34 - 22.88 - 21.85 - 23.13 - 20.75

CSF17 - 26.40 - 25.17 - 23.17 - 19.39 - 29.00 - 18.03 - 28.14 - 21.12 - 25.82 - 25.23 - 19.37

CSF18 - 44.00 - 15.89 - 16.35 - 28.58 - 24.17 - 22.54 - 20.63 - 22.88 - 23.67 - 27.75 - 18.16

CSF19 - 16.50 - 15.89 - 34.75 - 20.11 - 26.36 - 20.81 - 28.14 - 26.14 - 20.29 - 17.34 - 32.28

CSF20 - 22.00 - 22.37 - 16.35 - 20.88 - 22.31 - 16.91 - 15.48 - 23.87 - 31.56 - 18.50 - 20.75

CSF21 - 75.43 - 18.88 - 19.17 - 15.08 - 17.58 - 22.54 - 19.34 - 19.61 - 16.71 - 23.13 - 22.35

CSF22 - 24.00 - 28.76 - 16.35 - 27.15 - 19.33 - 24.59 - 18.21 - 24.95 - 16.71 - 23.13 - 15.29

Ideal

CSF1 0.00 - 23.73 - 20.20 - 18.81 - 21.07 - 22.92 - 19.67 - 21.73 - 28.66 - 19.54 - 17.83

CSF2 - 24.11 0.00 - 22.73 - 20.56 - 22.07 - 19.43 - 20.51 - 22.28 - 16.98 - 17.98 - 22.61

CSF3 - 20.67 - 19.37 0.00 - 17.33 - 18.18 - 17.88 - 20.96 - 22.28 - 22.37 - 24.30 - 19.72

CSF4 - 18.87 - 18.61 - 20.20 0.00 - 21.56 - 18.63 - 22.42 - 19.37 - 21.33 - 23.05 - 30.90

CSF5 - 26.30 - 23.73 - 20.20 - 20.09 0.00 - 27.94 - 27.54 - 20.72 - 20.84 - 21.40 - 21.07

CSF6 - 16.69 - 17.25 - 20.66 - 26.00 - 25.05 0.00 - 21.42 - 24.75 - 21.83 - 20.91 - 21.07

CSF7 - 20.19 - 24.33 - 22.73 - 21.56 - 19.72 - 19.87 0.00 - 29.70 - 20.38 - 20.91 - 18.92

CSF8 - 22.26 - 18.98 - 21.64 - 18.04 - 22.07 - 23.53 - 17.21 0.00 - 21.83 - 20.43 - 22.07

CSF9 - 20.67 - 29.66 - 24.57 - 18.42 - 19.31 - 24.83 - 20.96 - 18.56 0.00 - 17.63 - 24.39

Table 8 continued

CSF CSF12 CSF13 CSF14 CSF15 CSF16 CSF17 CSF18 CSF19 CSF20 CSF21 CSF22

CSF17 0.0390 0.0486 0.0457 0.0462 0.0420 0.0000 0.0497 0.0435 0.0317 0.0399 0.0423

CSF18 0.0464 0.0486 0.0384 0.0522 0.0509 0.0534 0.0000 0.0605 0.0438 0.0454 0.0498

CSF19 0.0437 0.0379 0.0503 0.0456 0.0503 0.0501 0.0588 0.0000 0.0463 0.0571 0.0512

CSF20 0.0524 0.0506 0.0411 0.0429 0.0445 0.0561 0.0401 0.0523 0.0000 0.0509 0.0451

CSF21 0.0591 0.0413 0.0490 0.0423 0.0394 0.0534 0.0517 0.0449 0.0495 0.0000 0.0430

CSF22 0.0410 0.0506 0.0483 0.0522 0.0585 0.0402 0.0543 0.0523 0.0482 0.0475 0.0000
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Table 9 continued

CSF CSF1 CSF2 CSF3 CSF4 CSF5 CSF6 CSF7 CSF8 CSF9 CSF10 CSF11

CSF10 - 18.08 - 20.19 - 16.83 - 24.56 - 21.56 - 16.87 - 18.90 - 17.47 - 17.98 0.00 - 20.15

CSF11 - 18.47 - 19.37 - 18.18 - 21.56 - 20.60 - 21.80 - 24.72 - 17.82 - 18.71 - 17.29 0.00

CSF12 - 22.84 - 19.37 - 26.74 - 28.52 - 17.49 - 21.80 - 21.91 - 20.72 - 24.78 - 24.30 - 22.61

CSF13 - 24.11 - 22.07 - 19.76 - 22.67 - 17.17 - 21.29 - 20.96 - 16.20 - 20.84 - 25.69 - 18.92

CSF14 - 21.17 - 19.37 - 25.25 - 19.22 - 23.77 - 22.92 - 18.90 - 20.72 - 17.63 - 26.44 - 22.07

CSF15 - 15.23 - 25.65 - 24.57 - 18.42 - 21.07 - 22.92 - 24.72 - 17.82 - 22.93 - 16.65 - 20.15

CSF16 - 18.47 - 23.15 - 20.20 - 27.63 - 24.39 - 19.43 - 20.08 - 22.28 - 20.84 - 21.40 - 20.60

CSF17 - 22.84 - 22.60 - 22.17 - 19.64 - 24.39 - 19.43 - 24.72 - 20.72 - 23.51 - 22.48 - 19.72

CSF18 - 28.93 - 17.91 - 17.82 - 25.26 - 22.61 - 21.29 - 20.96 - 22.28 - 22.93 - 23.66 - 18.92

CSF19 - 18.08 - 17.91 - 26.74 - 20.56 - 23.18 - 20.79 - 22.95 - 24.75 - 20.84 - 20.43 - 25.75

CSF20 - 20.67 - 22.07 - 18.55 - 21.05 - 21.07 - 18.63 - 17.85 - 27.84 - 26.97 - 19.54 - 22.07

CSF21 - 36.17 - 19.37 - 20.66 - 17.33 - 19.31 - 22.35 - 20.08 - 19.80 - 17.98 - 21.93 - 21.07

CSF22 - 22.26 - 24.97 - 18.18 - 23.26 - 20.15 - 22.35 - 19.28 - 22.85 - 18.71 - 21.93 - 17.49

Typical

CSF1 0.00 - 24.27 - 20.07 - 18.29 - 20.93 - 23.52 - 19.07 - 22.15 - 32.28 - 19.65 - 17.53

CSF2 - 24.49 0.00 - 23.63 - 20.68 - 21.84 - 18.88 - 20.56 - 23.23 - 15.80 - 17.31 - 23.20

CSF3 - 18.13 - 19.17 0.00 - 16.79 - 17.73 - 17.08 - 21.39 - 23.23 - 22.85 - 25.51 - 19.58

CSF4 - 18.37 - 17.85 - 20.07 0.00 - 21.84 - 18.40 - 22.94 - 19.46 - 21.52 - 23.84 - 35.90

CSF5 - 28.49 - 25.05 - 20.07 - 19.55 0.00 - 30.53 - 29.87 - 20.87 - 21.21 - 21.38 - 20.94

CSF6 - 15.86 - 16.01 - 20.35 - 27.98 - 25.98 0.00 - 20.83 - 25.71 - 21.84 - 20.19 - 20.94

CSF7 - 20.23 - 25.46 - 23.63 - 21.95 - 19.32 - 19.39 0.00 - 33.49 - 20.34 - 21.07 - 17.95

CSF8 - 22.52 - 18.49 - 22.20 - 17.62 - 22.16 - 24.74 - 16.49 0.00 - 22.50 - 20.19 - 22.85

CSF9 - 20.53 - 33.76 - 25.70 - 17.84 - 18.84 - 26.57 - 20.83 - 18.00 0.00 - 16.71 - 26.00

CSF10 - 17.02 - 20.17 - 15.92 - 26.43 - 21.84 - 15.77 - 18.62 - 16.55 - 17.07 0.00 - 19.84

CSF11 - 18.13 - 19.17 - 17.44 - 21.62 - 20.64 - 21.74 - 25.95 - 17.14 - 18.33 - 16.52 0.00

CSF12 - 24.07 - 19.17 - 29.30 - 27.44 - 16.56 - 22.08 - 22.61 - 20.87 - 25.17 - 25.51 - 23.20

CSF13 - 25.85 - 22.51 - 19.28 - 23.39 - 16.38 - 21.74 - 20.83 - 15.16 - 21.21 - 26.44 - 17.95

CSF14 - 21.48 - 18.71 - 27.13 - 18.78 - 24.70 - 23.52 - 18.20 - 20.87 - 16.88 - 29.08 - 21.86

CSF15 - 14.10 - 27.25 - 25.26 - 17.84 - 20.93 - 23.52 - 25.95 - 17.56 - 23.95 - 15.80 - 19.84

CSF16 - 18.13 - 23.89 - 20.07 - 31.02 - 25.98 - 18.88 - 19.79 - 22.50 - 21.21 - 22.03 - 20.66

CSF17 - 24.07 - 23.53 - 22.54 - 19.55 - 25.98 - 18.88 - 25.95 - 20.87 - 24.34 - 23.45 - 19.58

CSF18 - 33.24 - 17.07 - 17.24 - 26.43 - 23.18 - 21.74 - 20.83 - 22.50 - 23.20 - 25.07 - 18.62

CSF19 - 17.45 - 17.07 - 29.30 - 20.39 - 24.31 - 20.80 - 24.73 - 25.26 - 20.63 - 19.13 - 27.93

CSF20 - 21.15 - 22.19 - 17.65 - 20.99 - 21.53 - 17.94 - 16.84 - 26.18 - 28.56 - 19.13 - 21.54

CSF21 - 45.03 - 19.17 - 20.07 - 16.40 - 18.60 - 22.42 - 19.79 - 19.73 - 17.47 - 22.37 - 21.54

CSF22 - 22.89 - 26.32 - 17.44 - 24.60 - 19.83 - 23.15 - 18.85 - 23.61 - 17.89 - 22.37 - 16.57

CSF CSF12 CSF13 CSF14 CSF15 CSF16 CSF17 CSF18 CSF19 CSF20 CSF21 CSF22

Critical

CSF1 - 21.92 - 16.85 - 22.27 - 22.54 - 20.57 - 22.42 - 23.19 - 18.70 - 21.28 - 17.28 - 23.71

CSF2 - 15.83 - 23.88 - 17.03 - 17.24 - 19.28 - 24.29 - 30.15 - 20.04 - 21.28 - 16.76 - 14.23

CSF3 - 17.81 - 23.88 - 19.30 - 16.28 - 28.05 - 14.58 - 30.15 - 31.17 - 22.04 - 29.11 - 40.64

CSF4 - 40.71 - 19.10 - 26.32 - 22.54 - 34.28 - 22.42 - 25.13 - 17.53 - 16.24 - 18.43 - 31.61

CSF5 - 15.83 - 28.65 - 24.13 - 18.90 - 20.57 - 21.59 - 21.54 - 18.70 - 17.14 - 30.72 - 17.24

CSF6 - 20.36 - 17.36 - 23.16 - 30.84 - 16.68 - 32.39 - 15.46 - 35.06 - 20.57 - 19.07 - 22.76

CSF7 - 15.83 - 17.91 - 20.68 - 21.70 - 21.28 - 30.68 - 14.36 - 24.39 - 19.28 - 15.36 - 22.76

CSF8 - 25.91 - 19.10 - 15.24 - 36.63 - 16.24 - 34.29 - 17.74 - 40.07 - 23.73 - 39.50 - 18.97

CSF9 - 14.25 - 22.04 - 18.09 - 18.31 - 23.73 - 18.22 - 30.15 - 18.70 - 22.04 - 25.14 - 19.62

CSF10 - 21.92 - 20.46 - 20.68 - 16.28 - 23.73 - 18.22 - 23.19 - 17.53 - 22.04 - 27.65 - 14.23
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Table 9 continued

CSF CSF12 CSF13 CSF14 CSF15 CSF16 CSF17 CSF18 CSF19 CSF20 CSF21 CSF22

CSF11 - 21.92 - 19.10 - 17.03 - 18.31 - 20.57 - 22.42 - 17.74 - 18.70 - 15.43 - 17.84 - 47.42

CSF12 0.00 - 31.83 - 21.44 - 22.54 - 19.28 - 24.29 - 18.84 - 21.58 - 22.04 - 13.83 - 16.74

CSF13 - 27.14 0.00 - 27.57 - 21.70 - 23.73 - 18.22 - 26.22 - 28.05 - 23.73 - 18.43 - 27.10

CSF14 - 21.92 - 28.65 0.00 - 24.42 - 25.71 - 22.42 - 22.33 - 16.03 - 36.29 - 23.04 - 17.78

CSF15 - 43.85 - 16.85 - 20.68 0.00 - 16.24 - 19.43 - 25.13 - 24.39 - 17.63 - 42.54 - 17.78

CSF16 - 19.00 - 17.91 - 20.68 - 19.53 0.00 - 17.15 - 21.54 - 18.70 - 17.14 - 19.75 - 21.88

CSF17 - 28.50 - 20.46 - 22.27 - 22.54 - 24.68 0.00 - 20.10 - 23.38 - 38.56 - 27.65 - 25.86

CSF18 - 21.92 - 20.46 - 28.95 - 18.31 - 18.70 - 18.22 0.00 - 15.58 - 23.73 - 22.12 - 20.32

CSF19 - 23.75 - 28.65 - 19.30 - 22.54 - 19.28 - 19.43 - 15.87 0.00 - 22.04 - 16.26 - 18.97

CSF20 - 19.00 - 19.10 - 26.32 - 24.42 - 22.04 - 17.15 - 27.41 - 18.70 0.00 - 19.07 - 21.07

CSF21 - 15.83 - 26.05 - 20.68 - 24.42 - 26.83 - 18.22 - 18.84 - 23.38 - 20.57 0.00 - 21.07

CSF22 - 25.91 - 19.10 - 20.68 - 18.31 - 16.24 - 26.50 - 17.74 - 18.70 - 19.90 - 21.27 0.00

Ideal

CSF1 - 20.86 - 18.22 - 21.65 - 21.58 - 20.32 - 21.70 - 21.48 - 20.22 - 21.80 - 18.00 - 21.33

CSF2 - 18.00 - 22.12 - 18.62 - 18.94 - 19.90 - 22.21 - 25.54 - 20.68 - 21.31 - 18.75 - 16.59

CSF3 - 19.13 - 22.12 - 19.40 - 17.85 - 22.74 - 17.28 - 24.87 - 25.28 - 21.31 - 25.00 - 28.00

CSF4 - 28.69 - 20.20 - 23.28 - 21.09 - 27.29 - 21.20 - 23.05 - 19.36 - 17.76 - 19.15 - 26.35

CSF5 - 18.00 - 24.45 - 23.87 - 20.62 - 20.32 - 21.70 - 21.00 - 19.36 - 18.44 - 25.71 - 19.06

CSF6 - 20.86 - 19.77 - 22.71 - 26.51 - 19.10 - 25.92 - 18.17 - 26.76 - 20.40 - 20.45 - 21.85

CSF7 - 18.00 - 18.96 - 20.69 - 21.58 - 21.22 - 26.66 - 16.88 - 23.33 - 20.40 - 17.31 - 21.85

CSF8 - 23.54 - 20.20 - 17.24 - 27.29 - 17.69 - 27.44 - 18.90 - 28.44 - 22.30 - 28.13 - 19.48

CSF9 - 16.69 - 21.60 - 19.40 - 19.74 - 22.21 - 19.44 - 25.54 - 19.36 - 21.31 - 23.08 - 20.36

CSF10 - 21.35 - 20.20 - 20.69 - 17.85 - 22.74 - 19.44 - 22.50 - 18.57 - 21.31 - 24.32 - 16.59

CSF11 - 20.86 - 19.35 - 18.25 - 18.56 - 20.32 - 21.70 - 19.29 - 18.96 - 17.44 - 19.15 - 29.87

CSF12 0.00 - 26.54 - 22.17 - 22.10 - 19.90 - 22.21 - 19.69 - 21.67 - 21.31 - 16.07 - 17.92

CSF13 - 25.50 0.00 - 24.50 - 22.10 - 22.74 - 19.04 - 24.23 - 24.59 - 22.30 - 19.57 - 24.22

CSF14 - 21.35 - 25.11 0.00 - 22.10 - 22.74 - 21.70 - 21.98 - 18.57 - 28.21 - 21.95 - 18.67

CSF15 - 31.66 - 18.22 - 20.69 0.00 - 18.02 - 20.28 - 23.05 - 23.33 - 19.57 - 31.03 - 18.29

CSF16 - 19.53 - 18.96 - 21.16 - 20.17 0.00 - 19.04 - 21.00 - 19.78 - 18.80 - 20.00 - 21.33

CSF17 - 24.16 - 20.64 - 21.65 - 21.09 - 23.29 0.00 - 20.11 - 22.75 - 28.21 - 23.68 - 22.40

CSF18 - 21.35 - 20.64 - 24.50 - 19.74 - 20.32 - 19.04 0.00 - 17.17 - 22.30 - 21.95 - 19.91

CSF19 - 22.39 - 25.11 - 20.24 - 21.58 - 20.32 - 20.28 - 17.83 0.00 - 21.31 - 18.37 - 19.91

CSF20 - 19.13 - 20.20 - 23.28 - 22.63 - 22.74 - 18.29 - 23.63 - 19.36 0.00 - 20.00 - 22.97

CSF21 - 17.65 - 23.23 - 20.24 - 23.20 - 24.49 - 19.04 - 19.69 - 21.67 - 19.98 0.00 - 24.89

CSF22 - 23.54 - 20.20 - 20.69 - 19.74 - 17.69 - 23.92 - 18.90 - 19.36 - 21.31 - 20.93 0.00

Typical

CSF1 - 21.26 - 17.67 - 21.88 - 21.94 - 20.42 - 21.97 - 22.11 - 19.61 - 21.59 - 17.72 - 22.20

CSF2 - 17.10 - 22.76 - 17.98 - 18.24 - 19.65 - 22.97 - 27.16 - 20.43 - 21.30 - 17.94 - 15.59

CSF3 - 18.60 - 22.76 - 19.36 - 17.20 - 24.56 - 16.13 - 26.69 - 27.24 - 21.59 - 26.42 - 31.85

CSF4 - 32.35 - 19.76 - 24.35 - 21.63 - 29.66 - 21.66 - 23.82 - 18.62 - 17.13 - 18.87 - 28.17

CSF5 - 17.10 - 25.90 - 23.97 - 19.92 - 20.42 - 21.66 - 21.21 - 19.10 - 17.91 - 27.42 - 18.31

CSF6 - 20.67 - 18.78 - 22.88 - 28.04 - 18.07 - 28.07 - 17.01 - 29.42 - 20.47 - 19.90 - 22.20

CSF7 - 17.10 - 18.54 - 20.68 - 21.63 - 21.24 - 28.07 - 15.80 - 23.73 - 19.95 - 16.51 - 22.20

CSF8 - 24.39 - 19.76 - 16.41 - 30.28 - 17.09 - 29.73 - 18.43 - 31.98 - 22.84 - 31.59 - 19.28

CSF9 - 15.66 - 21.77 - 18.88 - 19.16 - 22.78 - 18.95 - 27.16 - 19.10 - 21.59 - 23.82 - 20.07

CSF10 - 21.57 - 20.30 - 20.68 - 17.20 - 23.12 - 18.95 - 22.76 - 18.16 - 21.59 - 25.49 - 15.59

CSF11 - 21.26 - 19.26 - 17.76 - 18.46 - 20.42 - 21.97 - 18.65 - 18.86 - 16.59 - 18.63 - 34.88

CSF12 0.00 - 28.34 - 21.88 - 22.26 - 19.65 - 22.97 - 19.35 - 21.63 - 21.59 - 15.14 - 17.44
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Urbinati, A., Franzò, S., Sassanelli, C., Rosa, P., Chiaroni, D., &

Terzi, S. (2023). Exploiting 3-D printing for designing circular

business models: A novel framework. IEEE Transactions on
Engineering Management. https://doi.org/10.1109/TEM.2023.

3330682

Vargas, G. B., Gomes, J. D. O., & Vargas Vallejos, R. (2023). A

framework for the prioritisation of industry 4.0 and lean

manufacturing technologies based on network theory. Journal
of Manufacturing Technology Management. https://doi.org/10.

1108/JMTM-03-2023-0114

Viles, E., Kalemkerian, F., Garza-Reyes, J. A., Antony, J., & Santos,

J. (2022). Theorising the principles of sustainable production in

the context of circular economy and industry 4.0. Sustainable
Production and Consumption, 33, 1043–1058.

S144 Global Journal of Flexible Systems Management (March 2025) 26 (Suppl 1):S115–S145

123

https://doi.org/10.1007/s10660-023-09707-3
https://doi.org/10.1007/s10660-023-09707-3
https://doi.org/10.1002/bsd2.272
https://doi.org/10.1002/bsd2.272
https://doi.org/10.1108/BIJ-05-2022-0283
https://doi.org/10.1108/BIJ-05-2022-0283
https://doi.org/10.1109/TEM.2023.3330682
https://doi.org/10.1109/TEM.2023.3330682
https://doi.org/10.1108/JMTM-03-2023-0114
https://doi.org/10.1108/JMTM-03-2023-0114


Wu, H.-H., & Tsai, Y.-N. (2011). A DEMATEL method to evaluate

the causal relations among the criteria in auto spare parts

industry. Applied Mathematics and Computation, 218(5),

2334–2342.

Yu, Z., Khan, S. A. R., & Umar, M. (2022). Circular economy

practices and industry 4.0 technologies: A strategic move of

automobile industry. Business Strategy and the Environment,
31(3), 796–809.

Zheng, L. J., Wang, Y. A., Lin, H. Y., & Liu, W. (2023).

Understanding circular economy adoption by SMEs: a case

study on organisational legitimacy and Industry 4.0. Industrial
Management & Data Systems, 123(4), 1157–1177.

Zheng, T., Ardolino, M., Bacchetti, A., & Perona, M. (2021). The

applications of Industry 4.0 technologies in manufacturing

context: a systematic literature review. International Journal of
Production Research, 59(6), 1922–1954.

Zhou, B., & Zheng, L. (2023). Technology-pushed, market-pulled, or

government-driven? The adoption of industry 4.0 technologies in

a developing economy. Journal of Manufacturing Technology
Management, 34(9), 115–138.

Key Questions

1. What are the key CSFs influencing the successful integration

of I4.0 technologies with CE principles in manufacturing

systems?

2. How can decision-makers prioritize these CSFs to determine

the impact for sustainable and flexible manufacturing within

the I4.0 and CE framework?

Publisher’s Note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds

exclusive rights to this article under a publishing agreement with the

author(s) or other rightsholder(s); author self-archiving of the

accepted manuscript version of this article is solely governed by the

terms of such publishing agreement and applicable law.

Srikant Gupta is an esteemed Associate Professor

at the Jaipuria Institute of Management, Jaipur.

His research is primarily centred on operations

research, with a keen focus on optimization and

multi-criteria decision-making. He has made sig-

nificant contributions to the field through his work

on multi-objective optimization and supply chain

management. Dr. Gupta’s scholarly articles are

well cited, reflecting his influence and expertise in the domain. His

academic background includes a B.Sc. in Statistics and an M.Sc. in

Operations Research, underpinning his robust analytical skills.

Rajesh Kumar Singh is Professor in Operations

Management Area at Management Development

Institute (MDI), Gurgaon, India. He has published

papers in highly reputed and impactful journals

(ABDC-A*/A, ABS-4) such as International

Journal of Operations and Production Manage-

ment, Transport Research-Part-E, Information and

Management, Technological Forecasting and

Social Change, Business Strategy and the Environment, Journal of

Cleaner Production, Production Planning and Control, Annals of

Operations Research, International Journal of Production Research,

and Journal of Business Research, Industrial Management and Data

Systems. He is also associated with few reputed ‘‘A’’ category jour-

nals as Associate Editor.

Chintan Amrit is an Associate Professor at the

Department of Business Analytics, University of

Amsterdam. He has completed his PhD from the

University of Twente in the area of Coordination

in Software Development. He holds a master’s

degree in Computer Science from the Indian

Institute of Science, Bangalore. His research

interests are in the area of business intelligence

(using machine learning), open-source development and mining

software repositories and applying analytics in projects that focus on

the UN’s sustainable development goals. He has published over 100

research articles and serves as a department editor of IEEE Trans-

actions in Engineering Management, coordinating editor of Infor-

mation Systems Frontiers journal, an associate editor of PeerJ

Computer Science journal, and a regular track chair at the European

Conference on Information Systems.

Global Journal of Flexible Systems Management (March 2025) 26 (Suppl 1):S115–S145 S145

123


	Integrating Industry 4.0 with Circular Economy Approach for Sustainable and Flexible Manufacturing Systems
	Abstract
	Introduction
	Theoretical Background
	Technological Factors
	Organizational Factors
	Environmental Factors

	Research Methodology
	Phase I: Identification of CSFs
	Phase II: Finalization of CSFs
	Phase III: Prioritization of CSFs

	Results and Discussion
	Finalization of CSFs Using the Delphi Technique
	Prioritization of CSFs through GIA
	Categorization of factors by DEMATEL Approach

	Managerial Implications
	Conclusion, Limitations, and Future Scope
	Appendix
	Funding
	References


