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Abstract: This study examines the role of Open Innovation (OI) in facilitating the adoption of Industry 4.0 (I4.0)
technologies by small manufacturing enterprises in the non-energy sector of Caribbean Small Island Developing
States (SIDS). These firms encounter significant challenges, including limited resources, inadequate infrastructure,
and underdeveloped innovation ecosystems, which necessitate the adoption of tailored OI practices. A comprehensive
literature review was conducted to identify the key enablers of OI, which led to the development of a conceptual
framework. Insights gained from structured interviews with industry experts were used to assess the influence of
these enablers on I4.0 adoption. Pairwise comparisons were employed to explore the interrelationships among
these factors, culminating in the construction of a reachability matrix and a hierarchical model through Interpretive
Structural Modelling (ISM) to analyse the dependencies and causal relationships among them. The study identified
“Competitive Pressure,” “Customer Pressure,” and “Managerial Dynamic Capabilities” as the primary enablers
driving OI and influencing the adoption of I4.0 technologies. Intermediate factors, such as “Digital Trust,” “R&D
Investment Capabilities,” and “Collaborative Networks,” were found to mediate the relationship between the primary
enablers and the outcome of “Adaptation to Global Best Practices.” Despite the fact that OI practices are often driven
by external pressures, the adoption of I4.0 technologies was found to be strongly supported by managerial dynamic
capabilities, highlighting the importance of both push and pull factors. The adaptation to global best practices
is significantly shaped by managerial capabilities, competitive pressures, and customer demands. Furthermore,
environmental scanning was identified as an essential tool for aligning managerial dynamic capabilities with market
conditions, facilitating agile decision-making for technology adoption through collaboration. Strategic interventions
to support intermediary factors are crucial for small firms to navigate external pressures, sustain innovation, and
build internal capabilities for I4.0. The findings contribute to the development of a networked ecosystem framework,
which offers a pathway to strengthening stakeholder alliances, implementing customer-centric open OI practices,
and enhancing management effectiveness. It is concluded that the successful adoption of I4.0 technologies is
achievable through strategic, managerial, and policy-driven frameworks that align with global standards and address
competitive and customization demands.
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1 Introduction

I4.0, also known as the Fourth Industrial Revolution, is transforming the manufacturing and industrial processes
driven by advanced digitalisation. I4.0 integrates cyber-physical systems with advancing technologies such as
artificial intelligence (AI), robotics, the Internet of Things (IoT), and automation. The goal of I4.0 is to enhance
productivity, efficiency, and adaptability while enabling intelligent decision-making and customisation [1]. However,
despite its transformative potential, I4.0 poses significant implementation challenges for small firms in developing
economies. These include high costs, limited technology standardisation, interoperability issues, workforce
reskilling needs, and ethical concerns [2, 3].

Traditional and outdated manufacturing processes are unable to foster industrialization in the current era of
I4.0. In Caribbean SIDS, small firms are pivotal to national employment and export diversification [4]. Yet,
they face substantial barriers to technological innovation, including financial constraints, knowledge gaps, and
regulatory challenges [5, 6]. Limited innovation capacity among these firms restricts industrialisation and structural
transformation, impeding economic growth in the region. Only 15% of firms in the Caribbean introduce innovations,
with 59% willing but unable to do so due to cost, knowledge, and regulatory barriers [7, 8].

The concept of OI offers a promising paradigm for overcoming the systemic barriers to technological
innovation [9]. OI is particularly pertinent in developing economies, where partnerships with universities, startups,
and multinational corporations can drive knowledge exchange and innovation [10]. By integrating internal and
external knowledge, OI can facilitate solutions to resource, regulatory and technological limitations. For Caribbean
SIDS, small firms are vital in advancing OI through capability-building initiatives [11]. However, the success of
these efforts hinges on fostering flexible leadership and enabling effective knowledge exchange [12].

OI holds significant potential to mitigate risks and costs, expand market access, and foster technological
innovation through collaborative learning [13]. However, its success depends on the interplay of enabling factors,
which the literature classifies in different ways. These factors are often grouped into internal elements—such as
entrepreneurial and managerial orientation, organisational culture, and innovation climate—and external influences,
including market conditions and network positioning [12]. Notably, these factors are increasingly seen as interrelated.
For example, managerial orientation shapes actor networks, which in turn can either foster or hinder OI in small
firms [14].

The complex interrelationships among enabling factors for OI that drive I4.0 adoption remain critical yet poorly
understood, particularly in the context of Caribbean SIDS. This study addresses this gap through a multi-faceted
approach. First, it employs OI interventions in I4.0 projects within developing economies to identify and validate
critical enablers for small firms. Second, it is one of the first studies to examine OI adoption from both the
manufacturing sector and small firm perspectives in the context of Caribbean SIDS. Third, it applies ISM to analyse
and rank the relationships among these enablers, illustrating how they can support small firms in the manufacturing
industry through OI practices. Three (3) Research Questions (RQ) are put forward. These are:

RQ1: What are the significant enablers of OI?
RQ2: What are the hierarchical levels of these enablers?
RQ3: How do the enablers of OI interact to facilitate I4.0 technology adoption?
The study seeks to explain the interrelationships among OI-enabling factors and their impact on I4.0 adoption

by small firms in the manufacturing sector of Caribbean SIDS. It employs a Multiple-Criteria Decision-Making
(MCDM) approach, where ISM is used to determine direct and indirect relationships among OI-enabling factors.

The paper is structured as follows: Following the introduction section, Section 2 examines the relevant literature
on OI, I4.0 adoption, and the profile of small manufacturing firms in the non-energy sector of Caribbean SIDS.
Section 3 discusses the identification and selection of key enabling factors for OI, followed by Section 4, in which
the methodology is discussed. Section 5 presents an overview of the methods and their implementation. Section
6 discusses the findings, followed by Section 7, which outlines implications (practical and managerial) and the
conclusions.

2 Literature Review

The literature has been reviewed from the perspectives of OI and I4.0 in applications for small firms in developing
economies. A summary of recent research on OI and I4.0 technology adoption is given in Appendix 1, and
respective core areas of research are addressed below.
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2.1 OI

OI is defined as a paradigm in which firms leverage both internal and external knowledge to advance their
technology and business models, thereby improving business value and competitive advantage [9, 15, 16]. This
approach facilitates the inflow and outflow of knowledge to accelerate internal innovation while expanding markets for
external use [15]. OI involves two key processes: inbound innovation (sourcing and acquiring external knowledge)
and outbound innovation (disseminating and selling internal knowledge) [17, 18]. By forming collaborative
relationships with organisations such as universities, researchers, and even competitors, firms can effectively exploit
innovation [19]. This dynamic is particularly relevant in the era of I4.0, where big data ecosystems and various
organisational modes enable faster and more extensive information sharing with external actors, accelerating the
exchange of knowledge and business value [20].

OI can lead to improved products and services, competitive advantage, and financial benefits by integrating
external knowledge into internal research and development (R&D) processes [21]. As a multi-dimensional concept,
the impact of OI varies across firms, with success relying on specific organisational and environmental factors.
Effective implementation of OI requires strategic planning, such as selecting appropriate collaboration partners,
defining phases of the innovation process, and choosing the right tools to support openness [22]. Firms can adopt
different strategies based on their characteristics and inter-organisational exchange mechanisms, such as innovation
seeker, provider, intermediary, or open innovator [23].

The closed innovation model, which dominated the 20th century through companies like General Electric and
Bell Labs, was effective for driving significant technological advancements [9]. However, increased mobility of
knowledge workers and the rise of private venture capital made it more challenging for firms to control proprietary
knowledge, leading to the emergence of OI. The inability to consistently profit from internal R&D investments,
especially as employees left to form startups, spurred the shift toward a more collaborative and OI approach [9, 24].

OI fosters a decentralized, cooperative approach that enhances innovation speed and agility. This emphasis
on external collaboration—particularly in sharing market and customer knowledge—has become essential for
businesses striving to remain competitive in the digital age. By leveraging both internal and external knowledge, OI
allows companies to innovate in ways that reduce costs, speed up market entry, increase differentiation, and create
new revenue streams [25].

Moreover, OI has profound implications for I4.0, which is characterized by automation and digitalization.
Firms that integrate OI into their digital innovation processes can innovate more rapidly than their competitors
who do not [25]. OI also enables the effective use of external ideas and technologies, extending collaboration
beyond technology sharing to include market, customer, and business model knowledge—critical for innovation
success [25].

Looking ahead, OI is expected to be a key driver of innovation in developed economies, especially as emerging
technologies like blockchain, digitalization, and genomic editing continue to evolve [10]. Additionally, the
United Nations Sustainable Development Goals (SDGs) for 2015-2030 are expected to serve as a catalyst for OI
initiatives [10]. However, small to medium enterprises (SMEs) in developing economies face significant challenges
in implementing OI. These include limited resources, high infrastructure costs, vulnerability to external shocks, and
dependence on foreign investment [26].

2.2 I4.0

I4.0, driven by advanced technologies such as the IoT, AI, and cyber-physical systems, presents developing
countries with opportunities to enhance their industrialization and global competitiveness. These technologies
can significantly improve productivity, reduce environmental impacts, and drive economic growth, offering the
potential to secure a larger share of the global manufacturing value chain [27]. Additionally, I4.0 can support
SDGs and enable circular economy practices, fostering innovative and diversified business models [28]. Contrary
to concerns about automation-induced job losses, studies suggest that these technologies may create more jobs
than they replace [29]. However, while these advancements are promising, the social benefits of I4.0 in developing
countries remain less pronounced [30].

Challenges to the adoption of I4.0 technologies in developing countries are significant. Many firms face constraints
such as inadequate digital strategies, resource limitations, and underdeveloped technological infrastructure [3, 29].
These barriers are exacerbated by a lack of skilled labour, insufficient expertise, and the absence of coordinated
national policies [3, 31]. Smaller firms and those without dedicated R&D capabilities face greater difficulties in
integrating I4.0 technologies [31]. Without addressing these challenges, there is a risk that developing countries
may experience slower industrialization, further widening global inequalities [32].
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To overcome these barriers, developing countries require tailored strategies. National science, technology, and
innovation policies, along with international collaborations, are essential to building a robust industrial base and
preparing for rapid technological advancements [3, 29]. Investments in R&D, particularly in high-tech sectors, can
enhance readiness for I4.0 transformations [31]. Strengthening education and training initiatives is also critical to
addressing skill shortages and equipping workforces with the capabilities required for digital transformation [31].
Moreover, enabling factors such as managerial, operational, and technological readiness, financial capability,
strategic vision, and top management support are crucial for the successful adoption of I4.0 in developing economies,
as they help organisations overcome challenges, enhance flexibility, and achieve competitive advantages [33, 34].

2.3 Small Firms in Caribbean Non-energy Manufacturing Sector

Small firms, particularly Micro, Small, and Medium-sized Enterprises (MSMEs), form the backbone of
the economic landscape in Caribbean SIDS [4]. Despite their importance, they face substantial structural and
operational barriers that hinder growth, innovation, and resilience. The Caribbean Development Bank (CDB)
highlights the lack of uniform definitions for MSMEs across the region, complicating policymaking and resource
allocation. A proposed standardized classification—micro (1–5 employees), small (6–15 employees), and medium
(16–50 employees)—aims to address this issue and align support mechanisms with the unique scale of Caribbean
businesses [35].

Globally, the adoption of I4.0 technologies poses significant challenges for small firms in developing economies.
Kumar et al. [2] identify financial constraints, insufficient IT infrastructure, workforce limitations, and fear of
implementation failure as key barriers. These issues are compounded by inadequate regulatory frameworks, as
noted by Bogoviz et al. [36], which underscores the need for targeted policies to foster digital transformation.

In the Caribbean context, small firms have struggled to adopt digital solutions, particularly during the COVID-19
pandemic, due to limited resources and strategic gaps in digitalization [7]. This is further exacerbated by small
market size, which restricts access to skilled labour and critical inputs, and financial constraints, with 80% of firms
citing funding challenges post-pandemic [7]. In comparison, firms in developed economies benefit from better
awareness and higher adoption rates of advanced technologies [37].

Firm size also plays a critical role in innovation capacity. Larger firms in the Caribbean are more likely to
innovate due to higher per-employee investments and resource availability. Mohan et al. [6] found that innovation
expenditure increases the probability of technological advancements by approximately 50%, while smaller firms
face disproportionate cost and knowledge barriers. Notably, foreign-owned firms are less likely to innovate locally,
relying on innovations from parent companies. This reflects structural challenges such as weak intellectual property
protections and a preference for low-risk operational expansions in the region [6].

Addressing these barriers consequently requires a multi-pronged approach as highlighted by Acevedo et al. [7].
Governments and multilateral institutions must prioritize policies that address market failures, structural constraints,
and tailored support for opportunity-driven and necessity-driven entrepreneurs, alongside public investments in
human capital, IT infrastructure, and innovation funding [7, 38]. Expanding market integration and skilled labour
retention policies can further enable growth. By fostering an enabling environment, stakeholders can empower
MSMEs to drive innovation, resilience, and sustainable economic growth in the Caribbean.

3 Selection and Identification of OI Enabling Factors

A comprehensive literature review was undertaken on the studies of factors of OI in developing economies
and I4.0 technology adoption. A keyword search of the titles and abstracts of references using search terms
including “open innovation,” “Industry 4.0,” “technology adoption,” “developing economies,” “Caribbean SIDS,”
and “Interpretive Structural Modelling,” was conducted. Search engines like Google Scholar, Emerald, ProQuest,
Mendeley Reference Manager, Scopus, and IEEE Xplore were utilized. Information about the article (author,
location, year of publication, title, DOI) and information about the study (study type, participant recruitment /
selection / allocation, level of evidence, study quality) were extracted. Studies were screened based on data that was
relevant to answering the research questions according to several parameters, including:

1) Whether the quality of the article fulfilled the conditions of peer-review, accuracy, currency and objectivity.
2) Whether the research was conducted from a developing region/country perspective.
3) Whether the industry focus was on small manufacturing firms in the non-energy sector.
4) Whether the article addressed OI as a concept, theory or proposition in a manner that was substantiative

enough to be analysed from the assessment of its enabling factors.
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5) Whether technology adoption (specifically, I4.0 technology adoption) was addressed as a concept that was
associated with OI.

6) Whether there was an observed interaction/relationship between OI and technology adoption.
7) Whether the methodology was valid, reliable and robust.
8) Whether the concepts were sufficiently examined to prescribe practical implications.

Table 1. Selected factors of Open Innovation (OI) and Industry 4.0 (I4.0) technology adoption

No. Factor and Code Description References

01
Dynamic

Managerial
Capabilities

The abilities of managers to sense opportunities and threats, seize
them, and reconfigure organisational resources and processes in

response to changing environments. It highlights the leadership’s
ability to adapt, learn, and pivot in dynamic, uncertain environments.

[40]

02
Business Model

(Oriented to
Openness)

The design and structure of an organisation’s approach to value
creation, delivery, and capture with an emphasis on openness. This

openness often relates to external collaborations, partnerships,
sharing of intellectual property, co-creation with customers, and

leveraging external networks for innovation.

[19, 42]

03
Government

Support
Mechanisms

The combined influence of governmental roles, policies, and
initiatives that enable and promote organizational growth,

innovation, and technology adoption.
[41, 45, 46]

04
Ecosystems for

Technology
Transfer

The network of organisations, institutions, and processes that
enable the movement of technology from creators (e.g., research

institutions, universities) to users (e.g., businesses, manufacturers).
[48]

05 Collaborative
Networks

The cooperative relationships, partnerships, and structured or
informal networks among diverse stakeholders, including

businesses, organisations, academia and individuals.
[19, 42, 44, 45]

06 R&D Investment
Capability

The ability of an organisation to strategically allocate financial
and non-financial resources toward R&D initiatives and to

effectively leverage these investments to drive innovation, improve
processes, and develop competitive products or services.

[39, 40]

07 Competitive
Pressure

Intense competition that compels organisations to innovate faster
and more effectively to differentiate themselves. [43]

08 Customer
Pressure

Increasing demand for personalized solutions, higher quality, and
sustainability by customers which encourage firms to engage with

external partners, such as suppliers, universities, or startups, to
co-create value and improve offerings.

[43]

09 Digital
Transformation

The strategic integration of digital technologies into all areas
of an organisation, fundamentally changing how it operates,

delivers value to customers, and competes in the market.
[78]

10 Digital
Trust

The confidence stakeholders place in the integrity, reliability, and
security of digital technologies, platforms, and processes. [78]

11 Internal
Knowledge Flows

The exchange, management, and utilization of knowledge within
an organization. [19, 41-44]

12
Adaption to
Global Best

Practices

The ability of organisations to identify, incorporate, and tailor
internationally recognized standards, methods, and processes to

fit local contexts and operational needs.
[79, 80]

13 External
Knowledge Flows

The information, insights, and expertise that an organisation
acquires from external sources such as customers, suppliers,
competitors, academic institutions, research organisations,

industry best practices, and public databases.

[39, 40]

A total of forty-eight factors were initially identified from the literature review related to OI and I4.0 technology
adoption (Appendix 1). To reduce redundancy and address conceptual overlap, several constructs were merged into
unified factors, reflecting their complementary nature and shared dimensions.
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For example, “R&D Spending” [39] and “R&D Capability” [40] were combined into one factor “R&D
Investment Capability”, as both terms broadly encapsulate the dimension of innovation related to investment in and
the capacity for conducting R&D activities.

Similarly, “Knowledge Management” [41], “Knowledge Flows Across Organisational Boundaries” [39, 42],
“Knowledge” [43], and “Knowledge Flows” [44], were merged into the factor “Internal Knowledge Flows”. These
terms collectively describe the systems, processes, and practices that facilitate the creation, sharing, and application
of knowledge within and across individuals, teams, and departments.

In addition, “Government Role” [41], “Public Policy Support” [45], “Government-Supported Initiatives” [46],
and “Policy Development” [47], were consolidated into a single factor, “Government Support Mechanisms”. These
constructs overlap in their indicators, such as the provision of government funding, the establishment of supportive
regulatory frameworks, and the implementation of innovation-focused programs.

Lastly, “Cooperation” [9, 42], “Actor Networks” [45], “Partnerships and Networks” [46], “Cooperation Between
Academia, Industry, and Governments” [48], and “Business Partnerships” [44] were unified under the factor
“Collaborative Networks”. These terms describe the collaborative relationships formed through actor networks
and partnerships, whether business-oriented or otherwise. Actor networks and business partnerships are integral
components of broader collaborative ecosystems, further justifying their consolidation.

Furthermore, “Competitive and Customer Pressure” [43], was denoted as two separate factors: “Competitive
Pressure” and “Customer Pressure”. While competitive pressure typically refers to the external drive exerted by
rivals in the market, pushing firms to adopt new technologies or practices to maintain their competitive edge,
customer pressure pertains to the expectations and demands of customers, which directly influence a firm’s value
proposition and operational priorities.

To refine the list of factors for relevance to the Caribbean’s non-energy sector, two selected study participants,
one from academia and one industry expert, evaluated the constructs. The Delphi technique was employed to
achieve consensus among the experts. As a result, thirteen significant factors were retained to represent the enablers
of OI in small manufacturing firms and I4.0 technology adoption, as illustrated in Table 1.

4 Methodology

Decision-making techniques are extensively researched and utilized across numerous disciplines. Among these,
MCDM stands out as a valuable tool for analysing and prioritizing criteria in complex situations. Its versatility has
made it particularly useful in fields such as innovation research, where it aids in ensuring effective and systematic
decision-making processes.

4.1 Use of MCDM Approach and Techniques

MCDM is a powerful approach that integrates both quantitative and qualitative factors, enabling decision-makers
to evaluate, rank, or categorize alternatives across various criteria. It is effective in addressing complex and
conflicting objectives, making it highly valuable for informed decision-making [49, 50].

MCDM techniques have been extensively utilized in innovation contexts to improve decision-making and
outcomes. For example, in outbound open OI, MCDM has been applied to identify and rank critical factors
influencing collaboration between startups and large organisations, leading to enhanced innovation performance [51].
Additionally, MCDM has facilitated knowledge management and collaboration by fostering environments that
support innovation [52]. Hybrid MCDM approaches, which combine several MCDM techniques, further enhance
decision-making by integrating diverse criteria and perspectives, ensuring greater robustness and adaptability [49, 53].

Some MCDM methodologies offer robust frameworks for decision-making. For instance, the Analytic Hierarchy
Process (AHP) organizes decision problems hierarchically, aligning goals, criteria, and sub-criteria to address
complex decisions effectively [53]. Similarly, methods like the Technique for Order Preference by Similarity to
Ideal Solution (TOPSIS) and Preference Ranking Organisation Method for Enrichment Evaluation (PROMETHEE)
compare alternatives to ideal solutions, helping evaluate and select optimal options [54].

In the context of this study, it focuses on addressing vulnerabilities and building resilience in the Caribbean.
The structured approach of ISM provides contextually relevant insights for decision-making, leading to sustainable
outcomes in regions with complex challenges [50]. Specifically, ISM has proven highly effective for complex research
questions, as it differentiates between driving and dependent factors and maps their interrelationships [55, 56].
Its ability to identify, quantify, and prioritize factors by analyzing hierarchical and causal structures makes it
especially suitable for exploring the intricate dynamics of OI and resilience-building [57, 58]. Moreover, ISM has
demonstrated its versatility in various research domains, including innovation studies. For example, it has been
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used to identify and analyse the relationships among key factors such as diversity, empowerment, and training as
drivers of organisational innovation [59].

While other methodologies, such as AHP and fuzzy MCDM, are adept at handling ambiguity and prioritization,
ISM excels in elucidating complex interdependencies and guiding actionable steps. This capability aligns closely
with the study’s objectives, particularly in addressing the vulnerabilities and data limitations specific to the
Caribbean [60].

4.2 Research Design

This study utilizes the ISM method to analyse complex relationships and enhance the understanding of MCDM
tools and techniques. Figure 1 presents the proposed research methodology flowchart.

Figure 1. The framework of analysing OI enabling factors influencing I4.0 technology adoption in small
manufacturing firms
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4.3 Data Collection

Non-probability sampling involves selecting sample units without predetermined inclusion probabilities,
distinguishing it from probability sampling, which relies on randomization. This study adopted purposive sampling,
a subtype of non-probability sampling, due to its effectiveness in targeting niche populations with specialized
expertise [61, 62]. Purposive sampling is widely acknowledged for its suitability in identifying knowledgeable
informants in both qualitative and quantitative research [63]. It is particularly valuable in ISM studies, where
domain-specific expertise is essential.

The purposive sampling approach involves selecting individuals with substantial expertise and experience in the
relevant research domain [61]. Applications of this method include Sirimewan et al. [64], who applied ISM and
Socio-Technical Systems (STSs) theory to sustainable decision-making with sixteen participants, and Zaman et
al. [65], who utilized a hybrid ISM-DEMATEL approach to identify critical factors for digital banking resilience,
relying on five expert participants.

In this study, academic researchers and senior managers from small manufacturing firms in the Caribbean
non-energy sector were selected based on their specialized knowledge and extensive experience in technological
innovation. Experts were contacted to obtain their formal consent to participate. Upon agreement, detailed
questionnaires were sent electronically, accompanied by clear instructions. Where necessary, verbal explanations
were provided to ensure clarity and accuracy during data collection.

Seven experts, with considerable experience in research and senior managerial decision-making roles related to
technology adoption, participated in this study. Their roles included Professor, General Manager: Manufacturing
Industry, Senior Lecturer, Change Management Consultant, Technology Implementation Specialist, Supply Chain
and Logistics Manager: Manufacturing Industry, and Research Fellow, as summarized in Table 2. These experts
had an average of 13 years of professional experience and demonstrated specialized knowledge in manufacturing
operations, cloud computing adoption, risk assessment, and technology-driven innovation.

Table 2. Professional profile of study participants

Participant Professional Title Years of Experience
Participant 1 Change Management Consultant 13
Participant 2 Technology Implementation Specialist 9
Participant 3 General Manager: Manufacturing Industry 20
Participant 4 Supply Chain and Logistics Manager: Manufacturing Industry 7
Participant 5 Research Fellow 8
Participant 6 Senior Lecturer 17
Participant 7 Professor 25

5 Research Methods
5.1 Overview of the ISM Methodology

The ISM methodology is implemented to identify and analyse relationships among specific variables that define
a complex problem or issue [66]. ISM combines scientific and lay perspectives to create graphical representations
of system composition and structure, facilitating communication between technical experts and the public [67].
ISM is therefore intended for use when systematic and logical thinking is required to approach a complex issue
under consideration [67, 68]. Based on the literature reviewed for ISM applications, the procedure of the ISM
approach is depicted in six steps (see Table 3).

5.2 ISM Method Application
5.2.1 Structural self-interaction matrix (SSIM) development

The SSIM is created to represent the pairwise relationships between factors “i” and “j” displayed along the
vertical and horizontal axes, respectively. This matrix is developed based on expert analysis and is presented in
Table 4.

Experts assign one of four symbols to each relationship to indicate the direction of influence between the two
elements. These symbols are selected in accordance with Step 2 and are defined as follows:

V — if factor “i” will support/help factor “j”;
A — if factor “j” will support/help factor “i”;
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X — if factor “j” and “i” will support/help each other;
O — if factor “j” and factor “i” are not related.

Table 3. A 6-step ISM approach

Steps Descriptions

1: Factor Identification
The relevant factors or variables are identified that are significant to the

problem being studied. These factors are carefully selected based on their
relevance to the research objectives.

2: Creation of the Structural
Self-Interaction Matrix (SSIM)

The SSIM is developed through expert analysis, where relationships
between the identified factors are established. These relationships

are defined according to the research objectives, providing a foundation
for further analysis.

3: Conversion to Initial
Reachability Matrix (IRM)

The SSIM is converted into a binary format, resulting in the Initial
Reachability Matrix (IRM). This matrix represents the presence or

absence of direct relationships between the factors.

4: Formation of the Final
Reachability Matrix (FRM)

The IRM undergoes a transitivity check, ensuring that indirect relationships
are accounted for. This leads to the creation of the Final Reachability
Matrix (FRM), which captures both direct and indirect relationships

between factors.

5: Partitioning of Factors
The factors are partitioned into different levels based on the FRM. This

step organizes the factors hierarchically, identifying which factors influence
others and which are influenced.

6: Creation of the ISM
Hierarchical Structure

The ISM hierarchical structure is constructed in the form of a digraph,
where the factors are represented as nodes. The relationships between the

factors are visualized using arrows to show the direction of influence.

Table 4. SSIM

i/j Factors F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13

F1 Dynamic Managerial
Capabilities V V V V V O O V V V V O

F2 Business Model Openness A A A V A A V V V V V

F3 Government Support
Mechanisms X X V O O V X X V X

F4 Ecosystems for Technology
Transfer A V O O V X O V V

F5 Collaborative Networks V O O V X O V V
F6 R&D Investment Capability O O V V V V A
F7 Competitive Pressure O V O V V O
F8 Customer Pressure V O V V O
F9 Digital Transformation X V V A
F10 Digital Trust V V A
F11 Internal Knowledge Flows V O

F12 Adaption to Global Best
Practices A

F13 External Knowledge Flows

5.2.2 IRM
The IRM, as illustrated in Table 5, is derived by converting the symbolic codes (V , A, X , and O) from the

SSIM into binary digits (‘0’ and ‘1’). The conversion follows these specific rules:
– If the relationship is denoted as “V ” on the (i, j) axis, its binary equivalent is ‘1’, while on the (j, i) axis, it is

‘0’.
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– If the relationship is “A” on the (i, j) axis, its binary equivalent is ‘0’, while on the (j, i) axis, it is ‘1’.
– If the relationship is “X” on the (i, j) axis, its binary equivalent is ‘1’, and on the (j, i) axis, it is also ‘1’.
– If the relationship is “O” on both the (i, j) and (j, i) axes, its binary equivalent is ‘0’.

Table 5. IRM

Factors F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 Driving
Power

Dynamic Managerial
Capabilities 1 1 1 1 1 1 0 0 1 1 1 1 0 10

Business Model Openness 0 1 0 0 0 1 0 0 1 1 1 1 1 7
Government Support

Mechanisms 0 1 1 1 1 1 0 0 1 1 1 1 1 10

Ecosystems for Technology
Transfer 0 1 1 1 0 1 0 0 1 1 0 1 1 8

Collaborative Networks 0 1 1 1 1 1 0 0 1 1 0 1 1 9
R&D Investment Capability 0 0 0 0 0 1 0 0 1 1 1 1 0 5

Competitive Pressure 0 1 0 0 0 0 1 0 1 0 1 1 0 5
Customer Pressure 0 1 0 0 0 0 0 1 1 0 1 1 0 5

Digital Transformation 0 0 0 0 0 0 0 0 1 1 1 1 0 4
Digital Trust 0 0 1 1 1 0 0 0 1 1 1 1 0 7

Internal Knowledge Flows 0 0 1 0 0 0 0 0 0 0 1 1 0 3
Adaption to Global Best

Practices 0 0 0 0 0 0 0 0 0 0 0 1 0 1

External Knowledge Flows 0 0 1 0 0 1 0 0 1 1 0 1 1 6
Dependence Power 1 7 7 5 4 7 1 1 11 9 9 13 5

5.2.3 FRM
The FRM, as illustrated in Table 6, is developed by applying the principle of transitivity. According to this rule,

if “Factor A” is related to “Factor B” and “Factor B” is related to “Factor C,” then “Factor A” is inherently related to
“Factor C.” By systematically applying this rule, the FRM is constructed.

Table 6. FRM

Factors F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 Driving
Power

Dynamic Managerial
Capabilities 1 1 1 1 1 1 0 0 1 1 1 1 1∗ 11

Business Model Openness 0 1 1∗ 1∗ 1∗ 1 0 0 1 1 1 1 1 10
Government Support

Mechanisms 0 1 1 1 1 1 0 0 1 1 1 1 1 10

Ecosystems for Technology
Transfer 0 1 1 1 1∗ 1 0 0 1 1 1∗ 1 1 10

Collaborative Networks 0 1 1 1 1 1 0 0 1 1 1∗ 1 1 10
R&D Investment Capability 0 1∗ 1∗ 1∗ 1∗ 1 0 0 1 1 1 1 1∗ 10

Competitive Pressure 0 1 1∗ 1∗ 1∗ 1∗ 1 0 1 1∗ 1 1 1∗ 11
Customer Pressure 0 1 1∗ 1∗ 1∗ 1∗ 0 1 1 1∗ 1 1 1∗ 11

Digital Transformation 0 1∗ 1∗ 1∗ 1∗ 1∗ 0 0 1 1 1 1 1∗ 10
Digital Trust 0 1∗ 1 1 1 1∗ 0 0 1 1 1 1 1∗ 10

Internal Knowledge Flows 0 1∗ 1 1∗ 1∗ 1∗ 0 0 1∗ 1∗ 1 1 1∗ 10
Adaption to Global Best

Practices 0 0 0 0 0 0 0 0 0 0 0 1 0 1

External Knowledge Flows 0 1∗ 1 1∗ 1∗ 1 0 0 1 1 1∗ 1 1 10
Dependence Power 1 12 12 12 12 12 1 1 12 12 12 13 12

Notes: * indicates a direct relationship or connection between two factors
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In the matrix, the driving power of a factor is calculated as the total number of elements present in its row,
representing the extent to which the factor influences others. Conversely, the dependence power of a factor is
determined by the total number of elements in its column, indicating the degree to which the factor is influenced by
others.
5.2.4 Level Partitioning (LP)

From the FRM, the reachability set, and antecedent set are derived for each factor. The reachability set includes
the factor itself and all other factors it influences, while the antecedent set comprises the factor itself and all factors
that influence it. The intersection of these sets is then calculated for each factor to determine their levels within the
ISM hierarchy.

Factors for which the reachability set, and intersection set are identical are assigned to the top level of the
hierarchy. These top-level factors do not influence any factors above their own level. Once identified, these factors
are removed from further consideration. The process is repeated to identify factors at subsequent levels. This
iterative approach continues until all factors are assigned a level, providing a clear structure for building the digraph
and the final ISM model. Table 7 shows the final factor interactions levels, where the factors are categorized into
different levels based on their influence or dependency on other elements, creating a clear hierarchical structure.

Table 7. Final factor interaction levels

Factor Code Reachability Set Antecedent Set Intersection Set Level
F12 12, 1, 2, 3, 4, 5, 6, 7, 8, 9,

10, 11, 12, 13,
12, 1

F2 2, 3, 4, 5, 6, 9, 10, 11,
13,

1, 2, 3, 4, 5, 6, 7, 8, 9,
10, 11, 13,

2, 3, 4, 5, 6, 9, 10, 11,
13,

2

F3 2, 3, 4, 5, 6, 9, 10, 11,
13,

1, 2, 3, 4, 5, 6, 7, 8, 9,
10, 11, 13,

2, 3, 4, 5, 6, 9, 10, 11,
13,

2

F4 2, 3, 4, 5, 6, 9, 10, 11,
13,

1, 2, 3, 4, 5, 6, 7, 8, 9,
10, 11, 13,

2, 3, 4, 5, 6, 9, 10, 11,
13,

2

F5 2, 3, 4, 5, 6, 9, 10, 11,
13,

1, 2, 3, 4, 5, 6, 7, 8, 9,
10, 11, 13,

2, 3, 4, 5, 6, 9, 10, 11,
13,

2

F6 2, 3, 4, 5, 6, 9, 10, 11,
13,

1, 2, 3, 4, 5, 6, 7, 8, 9,
10, 11, 13,

2, 3, 4, 5, 6, 9, 10, 11,
13,

2

F9 2, 3, 4, 5, 6, 9, 10, 11,
13,

1, 2, 3, 4, 5, 6, 7, 8, 9,
10, 11, 13,

2, 3, 4, 5, 6, 9, 10, 11,
13,

2

F10 2, 3, 4, 5, 6, 9, 10, 11,
13,

1, 2, 3, 4, 5, 6, 7, 8, 9,
10, 11, 13,

2, 3, 4, 5, 6, 9, 10, 11,
13,

2

F11 2, 3, 4, 5, 6, 9, 10, 11,
13,

1, 2, 3, 4, 5, 6, 7, 8, 9,
10, 11, 13,

2, 3, 4, 5, 6, 9, 10, 11,
13,

2

F13 2, 3, 4, 5, 6, 9, 10, 11,
13,

1, 2, 3, 4, 5, 6, 7, 8, 9,
10, 11, 13,

2, 3, 4, 5, 6, 9, 10, 11,
13,

2

F1 1, 1, 1, 3
F7 7, 7, 7, 3
F8 8, 8, 8, 3

5.3 Building the ISM-Model

The ISM-based hierarchical model is developed (as shown in Figure 2) following the LP of factors. This model
organizes attributes across three distinct levels.

In this study, Level I comprises “Adaptation to Global Best Practices (F12),” which exhibits the highest
dependence power. This indicates that F12 relies on all other factors located at the other levels. This is the outcome,
or dependent factor, with no further influence on other factors. At the opposite end of the hierarchy, Level III
includes the most critical factors: “Dynamic Managerial Capabilities (F1),” “Competitive Pressure (F7),” and
“Customer Pressure (F8).” These factors act as primary drivers, influencing all other factors positioned higher in the
hierarchy. These factors are independent factors, as they only reach themselves.
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Figure 2. ISM-based hierarchical digraph

Level II comprises a range of factors that are both influenced by Level III factors and, in turn, affect Level I. These
include “Business Model Openness (F2),” “Government Support Mechanisms (F3),” “Ecosystems for Technology
Transfer (F4),” “Collaborative Networks (F5),” “R&D Investment Capability (F6),” “Digital Transformation (F9),”
“Digital Trust (F10),” “Internal Knowledge Flows (F11),” and “External Knowledge Flows (F13).” These factors
share similar relationships, where they both influence and are influenced by other factors.

The hierarchical structure reflects the interdependencies among these factors, providing a clear visualization of
how lower-level factors drive the dynamics of upper-level factors within the ISM framework.

6 Discussion

The economies of the Global South, particularly the Caribbean SIDS, are under-researched in the context of
OI and technology adoption. Most studies on OI and I4.0 in this region employ qualitative methodologies, as
evidenced by Bhola-Paul [12]. This study aimed to explain the interrelationships among OI-enabling factors and
their influence on I4.0 adoption by small manufacturing firms in the non-energy sector of Caribbean SIDS. By
employing the MCDM approach, which utilized ISM, the study developed and validated a robust framework that
links critical factors influencing OI and I4.0 adoption.

The results identify “Dynamic Managerial Capabilities (F1),” “Competitive Pressure (F7),” and “Customer
Pressure (F8)” as foundational factors that drive the OI ecosystem and significantly influence the adoption of I4.0
technologies. Their presence or absence directly affects outcomes such as “Adaptation to Global Best Practices
(F12)”. This implies that managers must possess the ability to dynamically adapt strategies, processes, and
organisational structures to align with evolving market conditions and innovation needs. The findings further infer
that strong managerial capabilities underpin decision-making and execution in response to pressures. Studies by
Ferreir and Coelho [69] and Helfat and Martin [70] underscore the importance of managerial dynamic capabilities
as push factors—encompassing managerial cognition, social capital, and human capital—in enabling firms to sense
opportunities, transform resources, and respond to external pressures such as competition and customer demands.

Additionally, the results identify that firms are compelled to OI and adopt best practices due to competition
and customer demands. This infers that competitive pressure pulls organisations to explore new technologies,
improve efficiency, and maintain relevance in the market. The literature supports that competition can drive OI
by encouraging firms to create new products and services, improve production processes, and collaborate with
suppliers [71]. Moreover, the findings imply that customer expectations for quality, affordability, and innovation pull
firms to improve products, processes, and services, ensuring that OI practices remain relevant and customer-centric.
This is supported by literature that found that small firms often innovate to meet customer demands and react to
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market opportunities [72].
The study found that anticipating competitive and customer pressures driven by managerial capabilities helps

firms achieve critical intermediary factors such as “Business Model Openness (F2),” “Government Support
Mechanisms (F3),” “Ecosystems for Technology Transfer (F4),” and “Collaborative Networks (F5).” These factors
not only act as enablers but also influence one another, creating a networked infrastructure that fosters OI and
I4.0 adoption. Hence, intermediary factors are closer to the operational level and represent more actionable
elements (e.g., R&D Investment Capability or Digital Transformation). This implies that driving factors influence
intermediary factors (e.g., (F3), (F4) and (F5)) that, in turn, enable the system’s outcomes, such as global best
practice adaptation. This is supported by the findings of Chan et al. [73] and Torres de Oliveira et al. [74], which
highlight how the strategic use of IT, inter-organisational relationships, and absorptive capacity enable small firms
to overcome barriers and leverage knowledge flows effectively.

Specific factors, for example, “Ecosystems for Technology Transfer (F4)” and “Collaborative Networks (F5)” are
interdependent. The findings are supported by Broome et al. [75], who suggest that firms with strong technological
orientations are more likely to adopt digital tools, which in turn facilitates innovation through R&D investments.
Similarly, “Government Support Mechanisms (F3)” play a crucial role in mitigating market failures, the effects of
which are emphasized by recent research from Acevedo et al. [7], including insufficient awareness of innovation
benefits and limited human capital.

The findings position “Adaptation to Global Best Practices (F12)” as the ultimate dependent factor, shaped by
the interplay of foundational and intermediary factors. Its successful implementation depends on enablers such as
“Dynamic Managerial Capabilities (F1)” and external pressures (F7, F8), which create the conditions necessary for
firms to align with global standards. Bolatan et al. [76] and Ghobakhloo and Ching [77] support this view, showing
how managerial support, financial resources, and social capital facilitate the adoption of global best practices. As
the dependent factor, “Adaptation to Global Best Practices (F12)” reflects the goal or benchmark that firms aim to
achieve in their OI practices. This objective can be a differentiator of success for small manufacturers in their I4.0
pursuits, as authors including Sá et al. [16] found that global best practices in OI strategies enhance innovation
performance, promote globalization, and facilitate collaboration across industries and countries [78–80].

6.1 Practical and Managerial Implications

Utilizing an ISM-based hierarchical model, the study establishes a structured framework that elucidates the
critical factors propelling OI and I4.0 adoption. Considering these findings, several practical and managerial
implications are explored for enhancing the adoption of I4.0 technologies in the non-energy manufacturing sector of
Caribbean SIDS. These are:

1) Managerial Dynamic Capabilities, Competitive Pressure, and Customer Pressure as Key Drivers: In
Caribbean SIDS, the critical drivers of OI for I4.0 technology adoption are “Managerial Dynamic Capabilities (F1),”
“Competitive Pressure (F7),” and “Customer Pressure (F8).” These factors represent pivotal intervention points
for organisations and policymakers seeking to enhance regional technological capabilities. In the unique context
of Caribbean SIDS, where firms often operate in small markets with limited resources, improving managerial
capabilities is essential. Equipping leaders with dynamic skills enables them to effectively navigate customer-driven
demands and competitive pressures, fostering a more adaptable and innovative ecosystem. Additionally, proactive
mechanisms to monitor market trends and customer expectations can enable firms to anticipate shifts and respond
strategically. Policies and investments that prioritize management development and provide financial and technical
support to firms can amplify these efforts, creating ripple effects that benefit the entire non-energy manufacturing
sector.

2) Leveraging OI for Affordable and Scalable Solutions: The results infer that for small manufacturers,
technology adoption frequently results from external pressures, such as customer demands and competitive forces,
rather than from proactive innovation strategies. Given the resource constraints faced by many regional firms,
leveraging OI practices—such as partnerships, collaborations, and external knowledge acquisition—offers a viable
pathway for accessing affordable and scalable I4.0 solutions. OI allows firms to tap into external expertise and
technologies, reducing the financial and infrastructural burden associated with I4.0 adoption. By integrating OI
practices, Caribbean manufacturers can better align with customer needs, maintain competitiveness in global supply
chains, and accelerate their adoption of advanced technologies. This approach is particularly significant for SMEs
in the region, who often struggle to sustain standalone innovation initiatives.

3) Moving Beyond Reactive Innovation and Adapting to Global Standards: The adaptation of global best
practices in Caribbean SIDS often occurs reactively, pulled by customer and competitive pressures rather than
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strategic foresight. Firms in the region frequently adopt international standards to remain relevant in the global
supply chain, but this reliance on external triggers can limit their ability to develop a unique value proposition or
competitive edge. The challenge is exacerbated for smaller firms, which often lack the financial and human capital
needed to innovate proactively or invest in advanced technologies. This reactive approach leads to short-term fixes
that may fail to establish long-term innovation capabilities. To address this, strengthening managerial capabilities
through training in strategic planning and environmental scanning is critical. Policymakers should encourage
proactive innovation by offering grants, subsidies, and collaborative platforms that reduce the barriers to innovation.
Furthermore, fostering partnerships with larger firms, research institutions, and governments can provide access to
global resources and expertise. Building technology readiness, including robust IT infrastructure and a skilled
workforce, will ensure that firms in the region can transition from reactive to proactive innovation strategies.

4) Driving Adaptation to Global Best Practices for I4.0 Adoption in Non-Competitive Environments:
In non-competitive environments, the dependence of adaptation to global practices on other factors in the ISM,
and its connection to I4.0 adoption, suggests that external pressures such as customer expectations, regulatory
requirements, and global market trends can drive firms toward global alignment and technology adoption. In the
absence of competition, organisations must adopt proactive strategies, leveraging managerial dynamic capabilities
and OI practices to achieve long-term relevance and operational efficiency. Intrinsic motivations, such as enhancing
resilience, improving productivity, and meeting sustainability goals, also emerge as critical triggers for adaptation
and I4.0 adoption. Furthermore, integrating with global practices ensures firms maintain their relevance in
international markets and supply chains, opening opportunities for exports and partnerships. To support this,
government policies, incentives, and collaborative initiatives become crucial, providing resources for technological
readiness, workforce development, and international collaboration. While competition often acts as a catalyst, this
highlights that adaptation to global practices and I4.0 adoption can flourish in non-competitive settings with robust
strategic, managerial, and policy-driven frameworks.

The empirical insights are consolidated and demonstrated through a networked ecosystem framework, illustrated
in Figure 3, which highlights the enablers of OI that drive the adoption of I4.0 technologies among Caribbean small
firms.

Figure 3. Networked ecosystem framework highlighting OI enablers for I4.0 adoption in Caribbean small firms

7 Conclusions

Across the globe, specifically in developing countries, small organisations are considered pivotal to economic
expansion. In the Caribbean economy, small firms play a central role in job creation, innovation, and economic
development, representing 95% of businesses and contributing 40% to the region’s GDP. Despite their importance,
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SMEs in the Caribbean rank lowest in organisational innovation, at only 4% [12]. Additionally, SMEs contribute
between 40% and 70% of the region’s GDP [4].

To compete in global markets, SMEs in developing countries often rely heavily on partnerships for economic and
business advancements and successful technology adoption [56]. Some researchers have observed the importance
of I4.0 technologies in innovation pursuits using qualitative methods. However, studies in the context of decision-
making frameworks are limited, and understanding of the enabling OI factors that promote technology adoption is
unclear.

This study was sought to analyse the OI-enabling factors that support the adoption of I4.0 technologies in small
manufacturing firms in the non-energy sector. Thirteen critical OI-enabling factors after the validation of experts
have been identified. For further ranking and to test interrelationships between these enablers, the ISM approach is
used. The hierarchical structure shows how factors influence one another, helping prioritize areas for action or focus.

OI in small manufacturers in Caribbean SIDS appears driven by external pull factors, primarily customer and
competitive demands, interpreted through managerial scanning capabilities. This reactive approach underscores the
need for strategic interventions to enable more proactive, resource-efficient, and sustainable innovation practices.

Nevertheless, the presence of intermediary factors highlights that the path to OI success for small manufacturers
in Caribbean SIDS is multifaceted and requires addressing foundational enablers. They make it possible to translate
strategic intentions into specific initiatives, such as fostering collaboration, building trust in digital systems, or
leveraging internal and external knowledge flows. Competitive and customer pressures act as starting points, but
achieving sustained innovation depends on strategically navigating through these intermediary capabilities. This
framework emphasizes the importance of creating a holistic environment where external pressures drive internal
transformation and long-term competitiveness.

7.1 Limitations and Future Research

The study revealed a dynamic interplay of motivations and strategic considerations that shape the OI practices
of small manufacturers adopting I4.0 technologies. The ISM results confirmed the reliability of the enabling
factors across varying literature, suggesting a generalizable model. These findings highlight the importance of
understanding the foundational and intermediary factors within an OI ecosystem. However, several limitations
should be considered.

First, the research is confined to non-energy manufacturing firms in Caribbean SIDS, providing a focused
analysis of the region’s unique challenges, but restricting the generalizability of findings to other industries or
geographic regions.

Second, the study tests only thirteen factors, which, while insightful, may limit the comprehensiveness of the
framework. Including additional factors could enhance the model’s robustness and applicability.

Third, the use of ISM methodology introduces potential biases. ISM relies heavily on subjective expert judgment
to identify and structure critical factors, which may affect the accuracy of factor prioritization, and the relationships
established between them. Additionally, the absence of extensive empirical validation reduces the model’s reliability
and applicability across diverse contexts.

To address these limitations, future studies should consider the following:
1) Incorporating Structural Equation Modelling (SEM): SEM could be employed to validate the ISM model’s

reliability and predictive power. By leveraging larger sample sizes, especially from small firms, SEM can provide a
more robust statistical basis for the identified relationships.

2) Expanding the Scope of Application: The identified factors should be tested in other sectors and industries
or in developing economies beyond Caribbean SIDS. Such studies would enable comparisons across regions and
sectors, offering a broader understanding of I4.0 adoption dynamics.

3) Considering Temporal Dynamics: This study does not explore how OI-enabling factors influencing I4.0
adoption evolve over time, limiting its ability to assess the long-term effectiveness of derived strategies. For instance,
factors such as competitive pressure may diminish in influence as firms adapt to industry norms. Longitudinal
studies tracking these dynamics would provide valuable insights into the sustained impact of these factors.
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[71] S. A. Keelson, J. Cúg, J. Amoah, Z. Petráková, J. O. Addo, and A. B. Jibril, “The influence of market competition
on SMEs’ performance in emerging economies: Does process innovation moderate the relationship?”
Economies, vol. 12, no. 11, p. 282, 2024. https://doi.org/10.3390/economies12110282

[72] I. C. Baierle, G. B. Benitez, E. O. B. Nara, J. L. Schaefer, and M. A. Sellitto, “Influence of open innovation
variables on the competitive edge of small and medium enterprises,” J. Open Innov. Technol. Mark. Complex.,
vol. 6, no. 4, p. 179, 2020. https://doi.org/10.3390/joitmc6040179

[73] K. Y. Chan, L. A. G. Oerlemans, and T. Pretorius, “A relational view of knowledge transfer effectiveness in
small new technology-based firms: An empirical analysis of a South African case,” Afr. J. Bus. Manag., vol. 6,
no. 11, pp. 3930–3940, 2012. https://doi.org/10.5897/AJBM11.230
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