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Abstract: Despite the transformative potential of artificial intelligence (AI), small and
medium-sized enterprises (SMEs) continue to face significant challenges in its effective
adoption. While prior studies have emphasized strategic benefits and readiness mod-
els, there remains a lack of operational guidance tailored to SME realities—particularly
regarding implementation barriers, resource constraints, and emerging demands for re-
sponsible Al use. This study presents an analysis of Al adoption in SMEs by integrating
the technology—organization-environment (TOE) framework with selected attributes from
the diffusion of innovations (DOI) theory to examine adoption dynamics through a dual
structural and perceptual lens. Empirical insights from sectoral and regional contexts are
also incorporated. Ten critical challenges are identified and analyzed across the TOE di-
mensions, ranging from data access and skill shortages to cultural resistance, infrastructure
limitations, and weak governance practices. Notably, the framework is expanded to incor-
porate responsible Al governance and democratized access to generative Al—particularly
open-weight large language models (LLMs) such as LLaMA, DeepSeek-R1, Mistral, and
FALCON—as emerging technological and ethical imperatives. Each challenge is paired
with actionable, context-sensitive solutions. The paper is a structured, literature-based
conceptual analysis enriched by empirical case study insights. As a key contribution,
it introduces a structured, six-phase roadmap methodology to guide SMEs through Al
adoption—offering step-by-step recommendations aligned with technological, organiza-
tional, and strategic readiness. While this roadmap is conceptual and has yet to be validated
through field data, it sets a foundation for future diagnostic tools and practical assessments.
The resulting study bridges theoretical insight and implementation strategy—empowering
inclusive, responsible, and scalable Al transformation in SMEs. By offering both analytical
clarity and practical relevance, this study contributes to a more grounded understanding
of Al integration and calls for policies, ecosystems, and leadership models that support
SMEs in adopting Al not merely as a tool, but as a strategic enabler of sustainable and
inclusive innovation.
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1. Introduction

Small and medium-sized enterprises (SMEs) constitute the backbone of the global
economy, representing approximately 90% of all businesses and more than 50% of employ-
ment worldwide [1]. Their critical role is reflected in their contributions to gross domestic
product (GDP), productivity, innovation, job creation, export growth, and inclusive eco-
nomic development [2]. To remain competitive in an increasingly digital and globalized
environment, SMEs must overcome size-related limitations by enhancing operational ef-
ficiency and accelerating their capacity to adapt to technological and social change [3,4].
Among emerging technologies, artificial intelligence (Al) is widely recognized as the most
transformative. Al refers to the development of intelligent systems—primarily software—
that can perform tasks requiring human-like intelligence, such as learning, reasoning, and
decision-making. Despite its potential to drive productivity, innovation, and customer
engagement, Al adoption among SMEs remains limited and often unsuccessful, particularly
in developing regions [5,6]. Although research acknowledges that SMEs can benefit from
Al as much as large firms [7], SMEs face multiple and specific obstacles that cause early-
stage adoption to be hindered by continuing practical constraints and challenges [8-11];
advancing our knowledge of these obstacles is both urgent and necessary.

This descriptive research has two main research objectives: (1) To understand the
financial, technical, and organizational challenges that SMEs experience during Al imple-
mentation; (2) To provide an advisable executive summary aimed at facilitating the imple-
mentation of Al by SMEs based on the most recent (5-years old) empirical analysis and case
studies. Our research objectives are founded in three key reasons: (1) Most existing studies
focus on large firms whose abundant technical, financial, and human resources differ
substantially from those of SMEs [12]. In contrast, SMEs—while resource-constrained—are
typically more agile, closer to their customers, and less burdened by bureaucracy [13].
(2) Although digital maturity has been linked to better Al readiness [14], Al introduces
unique challenges—such as system complexity, skill gaps, and uncertainty around returns—
that are not fully addressed in general digital transformation literature [15,16]. (3) The early
implementation phase of Al—where failure is most common—is still underexplored in
academic SMEs literature [17].

Aiming towards this goal, this study presents an analysis on Al adoption in SME
integrating the technology-organization—environment (TOE) framework developed by Tor-
natzky and Fleischer (1990), [18], complemented by selected constructs from the diffusion
of innovations (DOI) theory [19], following recent integration efforts proposed by [20]. The
TOE framework analyzes technology adoption across three interrelated dimensions: tech-
nological readiness, organizational capacity, and environmental influence [21-24]. It has
received strong empirical and theoretical support in the SME context [25,26], and has been
applied in diverse geographic and sectoral settings—including the European Union [27],
India [28], Saudi Arabia [29], Ghana [30], Jordan [24], and Egypt [31]. More than its solid
foundation, its value lies in its ability to surface the real-world challenges SMEs face during
Al adoption.

The remainder of this paper is structured as follows. Section 2 reviews the potential
benefits of Al for businesses and the unique characteristics of SMEs that influence adoption.
Section 3 introduces the TOE framework and explains the rationale for integrating selected
elements of the DOI theory to analyze SME-specific adoption dynamics. From the analyz-
ing of the TOE-DOI framework, we derive a structured set of challenges and corresponding
solutions. Section 4 shows an empirical view, focusing on recent empirical studies in diverse
regional and sectoral contexts to enhance the practical foundation. Section 5 examines
ten key challenges facing SMEs in the Al adoption process, offering targeted solutions
within the TOE dimensions. Section 6 introduces a primary roadmap methodology that
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establishes a structured methodology for the effective adoption of Al Section 7 synthesizes
the main lessons learned, study limitations, and future research, Section 8 concludes with
final reflections and recommendations for future research.

2. Al’s Benefits for Business and Peculiarities for SMEs

According to the literature, efficiency, productivity, enhanced safety, innovation, and
better-quality outputs are among the expected Al’s benefits for businesses. Ref. [32]
categorizes benefits into four groups: (1) growth and profits (expansion of commercial
objectives and networks, scalability, productivity, and consequent profits); (2) perfor-
mance, ease, and convenience (enhancements in performance, accuracy, speed, time,
and cost savings); (3) safety (real-time monitoring, robotic assistance in dangerous oc-
cupational tasks); and (4) sustainability (optimal resource utilization; energy savings;
transparency; equality).

Most of the benefits of Al for business arise through the next four pillars, which can
transform business operations and position them more solidly in the market, strengthening
competitive advantages: automation, personalization of customer service, decision-making
processes and predictive analytics, and rapid innovation [33]. The literature supports
the benefits provided by Al that could be captured by large companies and SMEs [7]. In
general terms, this is true. However, in practice, the nature of SMEs adds concerns and
opportunities that are not present in MNEs. This section describes both.

(a) Automation of routine tasks

Automation of routine tasks is one of the most immediate and cost-effective applica-
tions of Al for SMEs. By automating repetitive activities such as inventory management,
invoicing, customer service, and task scheduling, businesses can significantly reduce op-
erational costs, minimize human error, and enhance overall efficiency. Automation also
contributes to better accuracy, faster response times, and higher levels of customer satisfac-
tion by ensuring timely service delivery.

As ref. [34] explains, automation can augment production and efficiency by (a) the
substitution of capital for labor, with the displacement of workers from the tasks that
are being automated and (b) by the improvement of tandem worker-Al Beyond basic
tasks, Al also enables the automation of higher-order processes that traditionally relied
on human judgment—particularly in data-intensive or knowledge-driven sectors. It is
important to distinguish between two forms of automation: robotic process automation
(RPA), which focuses on rule-based, repetitive tasks with low complexity and quick return
on investment; and intelligent automation, which leverages Al to perform more complex,
adaptive tasks. Automation further contributes to improved accuracy, faster response
times, and higher levels of customer satisfaction by ensuring timely service delivery. For
instance, on E-Commerce, ref. [35] finds that Al-powered chatbots and virtual assistants
have reduced customer response times by 40 percent and lowered operational costs by
20-30 percent while improving customer satisfaction. In healthcare, automation through
Al is facilitating early diagnosis and monitoring, to improving overall patient access and
quality and efficiency of care [36]. For SMEs, automatization creates both an opportunity
and concerns. Ref. [37] signal opportunities in personalized customer service and tailored
products and services to individual customer needs. Although the latter unlocks deeper
value, it also introduces new challenges, such as the potential exclusion of employees
from decision-making processes. Thus, it is necessary to streamline operations and has the
responsibility of carefully managing the human implications of automation. For example,
when machine learning is unsupervised and carried out in circumstances where intuitive
and empathic intelligence prevails, it will be necessary (a) to look for solutions that mitigate
the loss of human employment, and (b) to begin preparing human labor for tasks that
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machines cannot yet perform (high complexity and empathetic—emotional value) [38].
Brand perception, and long-term loyalty, are areas where human emotional intelligence
is paramount. In many SMEs, human interaction—characterized by empathy, emotional
nuance, and personal touch—remains a cornerstone of a satisfying service experience [39].
Al’s lack of emotional intelligence, impersonal tone, or perceived manipulation can erode
service quality and diminish customer trust. This tension between automation and human
interaction in service delivery calls for a deeper understanding of how Al affects traditional
service marketing principles. Strategies are needed to mitigate these downsides, such as
hybrid models that combine Al efficiency with human empathy [40].

(b) Enhanced personalized customer service and the role of human interaction

Al provides powerful opportunities for improving personalized customer relation-
ships, allowing organizations to customize products, services, and marketing to customer
preferences. This can improve consumer satisfaction, engagement, and corporate perfor-
mance. Al-powered virtual assistants and chatbots are improving customer support in
many sectors such as e-commerce (for instance, Amazon); retail (for instance, customized
marketing campaigns and offers); travel and hospitality; financial services; banking and
insurance; healthcare, etc., [41]. Customer transactions, account queries, personalized
financial planning, personalized treatment strategies that increase patient care or early
detection of disease, and real-time support and assistance to suit consumer requests are
some examples. Chatbots can answer questions about products, orders, and troubleshoot-
ing, and deliver accurate and personalized responses quickly, ensuring a smooth customer
service experience. Customer satisfaction increases when clients wait less for human sup-
port. However, virtual assistants learn from consumers’ interactions and preferences to
enhance personalization. They can read natural language requests for more advanced
and customized help. Siri, Alexa, and Google Assistant can schedule reminders, make
reservations, and answer complex queries based on user preferences [42]. For SMEs, Al also
provides powerful opportunities for improving personalized customer relationships, which
are essential to foster loyalty and differentiate themselves in competitive markets [43]. For
instance, ref. [44] demonstrate how Al can facilitate seamless engagement across multiple
digital channels by analyzing customer feedback and sentiment in real time, allowing
businesses to make timely improvements and address concerns promptly. Chatbots, virtual
assistants, etc., enable SMEs to deliver more agile, tailored, and around-the-clock services.
These tools reduce staff workload, boost efficiency, and allow businesses to provide unique
experiences to individual customers. Nonetheless, these systems are not without draw-
backs. When Al interactions fail to meet user expectations, the resulting dissatisfaction can
negatively impact customer trust.

(c) Predictive analytics integrated with human knowledge

Predictive Al involves using Al tools to identify patterns, anticipate behaviors, and
forecast upcoming events. Normally, with data-driven decision-making, Al can analyze
data from various sources to provide SMEs with valuable insights for making informed
decisions about production planning and inventory management [37]. Businesses can use
predictive Al in the domains of strategic planning, resource allocation, and problem-solving.
Using big data analytics, Al can predict potential future outcomes, causation, risk exposure,
and equipment failures before they occur, as well as identifying bottlenecks, optimizing
workflows, and allocating resources more effectively, etc. The example of financial ser-
vices is conclusive [45]. Al can also improve control, identifying defects and anomalies in
real time, leading to higher product quality and reduced waste. For instance, applied to
agriculture, Al improves farm monitoring and aids in the mapping of agricultural zones,
soil management, crop husbandry, irrigation disease, yield estimation, and harvesting [46].
Moreover, Al can improve the use of resources such as energy, materials, and personnel,
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leading to cost savings and improved efficiency [47]. In SMEs, predictive analytics repre-
sents one of the most impactful applications of AL to schedule maintenance proactively and
avoid costly downtime. As a result, SMEs become more agile and responsive to shifting
market dynamics, consumer behavior, and competitive pressures. By leveraging advanced
data analysis, SMEs can make informed decisions, improve objectivity, and foster a culture
of continuous improvement—aligning offerings with consumer preferences [32]. Despite
these benefits, challenges persist—particularly for SMEs. Data availability and quality
remain major barriers. Additionally, the complexity and lack of interpretability of Al
models, coupled with ethical concerns such as data bias and privacy risks, complicate the
real-world deployment of predictive Al [48].

(d) Innovative product and service development

Innovation is a cornerstone of business growth, and Al is a powerful enabler of this
transformation. By integrating Al into product design and optimizing production processes,
enterprises can develop more advanced offerings, address evolving customer demands,
and accelerate time to market. For SMEs, Al opens new possibilities to reimagine their
market role and unlock creativity and efficiency, making innovation a strategic imperative.

New Product Development: Al can assist in the design and development of new
products by analyzing market trends and customer preferences, leading to faster innovation
cycles [37].

However, innovation, especially disruptive innovation such as Al, often entails high
failure rates and uncertain short-term returns [49]. While failure can be a valuable source
of learning, many SMEs lack the financial and organizational buffers that allow larger firms
(MNES) to absorb such risks [14].

In general, SMEs face distinct constraints compared to larger enterprises, including
limited absorptive capacity, narrower margins, and resource scarcity [50]. This underscores
the importance of adopting a tailored approach that accounts for SME-specific challenges
and innovation dynamics.

Therefore, while Al offers tremendous innovation potential for SMEs, its successful
implementation requires a structured and context-sensitive framework. To address this,
the following section introduces the TOE framework, complemented by selected elements
from the DOI theory.

3. Critical Analysis of AI Adoption in SMEs: Internal and External
Factors Through the TOE-DOI Framework

This section provides a critical analysis of the internal and external factors that influ-
ence the adoption of Al in SMEs, using the TOE framework as the main analytical structure.
To enhance this analysis, selected constructs from the diffusion of innovations DOI theory
are integrated into the TOE model to better capture the perceptual and human-centered
dimensions of adoption.

The section begins by introducing the TOE and DOI frameworks, discussing their
individual relevance, and the rationale for combining them to analyze Al adoption in SMEs.
This conceptual foundation is developed in Section 3.1, which presents the theoretical
integration and its suitability for SME contexts.

Following this, the three core dimensions of the TOE framework are examined in
detail: technical, organizational, and environmental. Section 3.2 explores technological
determinants, including compatibility, complexity, and infrastructure readiness. Section 3.3
discusses organizational factors such as leadership, skills, financial capacity, and cultural
readiness. Section 3.4 analyzes environmental influences, including competitive pressure,
regulatory environments, and public—private ecosystem support. Section 3.5 introduces
a short discussion of the empirical findings on SMEs and Al adoption, including a table
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with examples from the literature on empirical studies on the different dimensions of the
TOE mode.

Together, these analyses provide a comprehensive understanding of the structural and
perceptual barriers and enablers shaping Al adoption in SMEs.

3.1. TOE Plus DOI Framework Relevant to SMEs

This study is directed at the business community, where the goal of Al adoption is
not adoption for its own sake, but rather the generation of net long-term value. This value
must take into account the full cost of implementing and using Al technologies. Although
conceptual gains from Al, such as improved productivity, efficiency, and innovation, are
widely acknowledged, they are not easily measurable. This article does not attempt to
quantify net gains directly, but rather focuses on the factors that enable or hinder the
adoption and integration of Al into business strategy. Post-adoption performance issues
and unrealized gains are therefore beyond the scope of this study.

The second key issue is generalizability. The net value of the adoption of Al is
context-dependent: it does not apply equally across all firms, but is shaped by firm-specific
characteristics [51]. To address this, the study distinguishes between SMEs and large
enterprises. Although SMEs themselves form a heterogeneous group, they tend to face
common constraints such as limited financial capacity, infrastructure gaps, and knowledge
shortages [52-55].

Given that Al adoption affects data, processes, strategy, and people, a dual perspective
is required: one that includes both a process-oriented and an organization-oriented lens.
The Diffusion of Innovations (DOI) theory, developed by Rogers [19], takes a process-
based user-centered approach and emphasizes perception-based attributes such as relative
advantage, complexity, compatibility, trialability, and observability. Although DOI provides
insight into how individuals and organizations perceive innovations, it lacks consideration
of environmental and structural factors [56].

Complementing this, the technology-organization—environment (TOE) framework,
developed by Tornatzky and Fleischer, [18], offers a broader organizational view by catego-
rizing adoption factors into three core dimensions: technological readiness, organizational
capacity, and environmental influences. TOE has received strong empirical support in the
context of business technology adoption [23,24,57,58]. It is particularly relevant for SMEs,
where the dynamic interplay of internal capabilities and external conditions determines the
success of digital innovation.

Several studies have affirmed that TOE factors are not static; they vary according to the
type of technology and organizational setting [59]. The size of the company, in particular,
has been identified as a key moderating variable in the adoption of technology [60]. The
TOE framework thus provides a holistic view to understand how firms adopt innovations
and has proven effective in multiple settings, including digital transformation [61], data
analytics [62], and e-commerce [63-66].

Despite its strengths, TOE presents two limitations. First, it does not capture the
cognitive biases or individual characteristics of decision-makers, a critical issue in SMEs,
where leadership is often centralized. Second, it overlooks how perceptions of innovation
characteristics influence adoption [25,64]. To address these gaps, several authors have
proposed the integration of DOI attributes into the TOE model.

This integration enriches the TOE framework by incorporating individual-level DOI
insights. While TOE explains organizational and environmental readiness, DOI addresses
how users evaluate innovations, focusing on perceived ease of use, usefulness, trialabil-
ity, and observability. This combined approach is particularly suitable for SMEs, where
adoption decisions are often informal, perception-driven, and highly context-specific.
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To reflect emerging challenges, including ethical compliance and regulatory adapta-
tion, we further expand the TOE-DOI model to include dimensions of responsible and
inclusive Al governance, particularly relevant for SMEs navigating complex digital ecosys-
tems. In light of increasing policy attention and stakeholder expectations, Al adoption
today must address not only feasibility and usability, but also fairness, transparency, data
protection, and human rights.

As emphasized by [67], responsible Al involves embedding ethical values in both the
development and the implementation processes. These concerns intersect the organiza-
tional dimension (e.g., leadership accountability, employee awareness, and governance
protocols) and the environmental dimension (e.g., regulatory compliance and societal
expectations). However, such concerns are still underrepresented in SME adoption studies.
By incorporating responsible Al governance into our analytical lens, this paper extends the
TOE-DOI framework to address this increasingly important facet of digital maturity.

Empirical research increasingly validates the relevance of this integrated TOE-DOI
model in the SME context. Applications have been documented in different regions,
including the European Union [27], India [28], Saudi Arabia [29], and Ghana [30], as well as
in e-commerce settings in Jordan [24] and Egypt [31]. These studies highlight the flexibility
and applicability of the framework in sectors and national settings.

Figure 1 presents the TOE-DOI Dimensions, factors and attributes for AI Adoption in
SMEs. It illustrates how technological, organizational, and environmental enablers interact
dynamically with innovation perception attributes (e.g., complexity, observability). This
visual synthesis emphasizes the nature of Al adoption, highlighting internal readiness,
external pressures, and perceived innovation characteristics as critical levers throughout

each stage.
MOEEDOI
PY.MESTAITADOPIIION
TECHNOLOGY | | ORGANIZATION | | ENVIRONMENT | | :mN |

In the context of
SMEs, the most
relevant
technological
factors identified
are compatibility,
complexity, and
competence.

Refers to
elements such as
leadership,
financial
resources, skilled
personnel,
organizational
culture, and the
ability to assess
return on
investment (ROI)

Refers to external
factors beyond the
control of the
organization:
competitive
intensity,
government policies,
and regulations, as
well as broader
economic
conditions.

Base on user-
centered
approach.

Emphasizes
perception-based
attributes such as
relative advantage,

complexity,
compatibility,
trialability, and
observability.

Figure 1. Illustrative TOE-DOI Dimensions, factors, and attributes for Al adoption in SMEs.

3.2. Technological Determinant

Among the technological factors that can limit or enable Al adoption in organizations,
several have been extensively studied. These include comparative advantage, compatibility,



Appl. Sci. 2025, 15, 6465

8 of 43

complexity, testability, traceability, ease of use, perceived usefulness, intensity of informa-
tion, and uncertainty [62,68]. In the context of SMEs, the most relevant technological factors
identified are compatibility, complexity, and competence.

Compeatibility refers to the degree to which Al solutions align with existing systems
(hardware, software, technological frameworks, and digital resources) and how well they
integrate with current production processes [59,62]. The positive impact of compatibility
on the adoption of Al in SMEs has been supported in various studies [6]. However, it is
important to emphasize that we are talking about the perceived compatibility of Al within
a specific organizational context. When perceived compatibility is low, businesses are faced
with two difficult choices: adapting the Al system or reengineering their internal processes.
Both scenarios involve high costs and time-consuming transitions [11,69].

Complexity tolerance—the degree to which an organization perceives itself ready to
handle the technological sophistication of Al—is one of the most critical barriers to adoption.
Research has shown that higher perceived complexity negatively impacts Al adoption
decisions [70,71]. As a result, it is essential for SMEs to develop strategies that strengthen
internal confidence and reduce fear or resistance associated with Al complexity [62]. If
managers believe that the adoption of Al will require excessive effort or disruption, their
support for such initiatives is likely to diminish [59].

Competence is defined here as the degree to which the existing technological re-
sources of an SME are adequately prepared to support the adoption of Al [59,72]. It is
considered a fundamental determinant of successful Al integration, particularly in the
SME sector [6]. Competence encompasses three critical dimensions: tangible resources,
intangible resources, and data. Tangible resources refer to infrastructure components such
as servers, middleware, storage, hardware, and networking [73]. Intangible resources
include absorptive capacity—measured through prior technological experience [74], in-
ternal knowledge [75], and the presence of innovation strategies or digital transformation
roadmaps [76]. Both types of resource play a vital role in enabling and maintaining
Al integration.

Finally, data competence forms the third pillar of technological preparedness. Data
directly influences the effectiveness of Al and the level of trust in its outputs. The main
challenges for SMEs often stem from inadequate data availability, poor data quality, and
insufficient protection measures [77]. As emphasized by [78], robust data governance and
management practices must become a strategic priority for SMEs looking to adopt Al
technologies effectively.

3.3. Organizational Determinant

The organizational factor of the TOE framework refers to internal characteristics that
facilitate or hinder the adoption and implementation of Al. This includes elements such as
leadership, financial resources, skilled personnel, organizational culture, and the ability to
assess return on investment (ROI) [79].

Leadership plays a central role. TOE highlights the importance of top management
support in creating a favorable environment and mobilizing organizational resources for
Al adoption [80]. Here, leadership is defined as the degree to which managers believe
and support the potential of Al technologies. Previous research identifies this support
as a critical success factor [26,59,79,81]. Key leadership responsibilities in Al adoption
include the following: (a) securing and efficiently allocating resources [26,79]; (b) preparing
the organization culturally through the capacities of its personnel; and (c) aligning Al
initiatives with corporate strategy while communicating benefits to internal and external
stakeholders [72,82]. This role is more effective when top managers have technical knowl-
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edge of Al, understanding Al concepts and their applications [60,83] and/or have prior
technological experience [74,75].

Financial resources represent another critical element. Al systems typically involve
higher direct and indirect costs than traditional technologies. Implementation costs include
software and hardware acquisition, training programs, and access to specialized expertise.
Financial constraints—defined as the difficulty in accessing the capital necessary to support
the adoption of Al—can significantly hinder implementation [14]. These limitations have
been consistently identified as one of the main barriers for SMEs [32].

Human resource competence is also vital. Al adoption requires not only technical
expertise but also non-technical skills to support organizational transformation. Many
SMEs lack employees with the qualifications and experience needed to work effectively
with Al systems [84,85]. The ease or difficulty of Al adaptation often depends on whether
existing human resources are able to absorb Al-related responsibilities without major
structural or role-based adjustments [76,86].

Cultural readiness and change management are equally important. Assessing ROI in
Al adoption is often difficult, particularly when outcomes are long-term or intangible [29].
Moreover, the integration of Al often introduces profound cultural shifts. Constructive
learning environments, open communication, and committed leadership are essential to
reduce uncertainty and resistance. Employees may fear displacement or an inability to
adapt to changes related to Al [9]. Leaders who embrace Al as a core strategic competence,
adopt inclusive communication, and foster shared learning environments can inspire trust
and commitment throughout the workforce. This leadership helps employees see Al as
an opportunity rather than a threat, motivating them to acquire new skills and actively
participate in transformation [81,87]. A strong culture of innovation and support helps
reduce fear and psychological stress during Al transitions.

3.4. Environmental Determinant

The environmental dimension of the TOE framework refers to external factors beyond
the control of the organization that may exert pressure or offer support for the adoption of
new technologies [59,88]. These factors typically include competitive intensity, government
policies, and regulations, as well as broader economic conditions.

Competitive pressure is one of the most frequently cited environmental motiva-
tors for the adoption of technology. As competition intensifies, businesses—particularly
SMEs—may adopt Al to improve operational efficiency, improve customer experiences, or
develop data-driven business models to gain a strategic advantage [89].

Government policy and institutional support also play a critical role. Public inter-
ventions, including well-designed Al strategies, can help SMEs overcome barriers related
to financial and technical resource limitations. Effective policy formulation, as discussed
by [90], can offer a supportive framework for adoption, particularly when aligned with na-
tional innovation agendas. Incentives such as tax credits, infrastructure funding, advisory
support, and targeted grants can reduce financial risk and promote experimentation, even
in cases where Al investments may not produce immediate returns [91].

However, regulatory uncertainty and restrictive legislation can pose serious chal-
lenges. The absence of clear and coherent regulatory frameworks—or their overly rigid
implementation—can discourage firms from engaging with Al technologies. When legal
obligations are ambiguous or inconsistently enforced, businesses may delay or completely
avoid Al initiatives due to perceived compliance risks.

A particularly important aspect is data protection and Al-specific regulation. Com-
pliance with data privacy laws and Al governance requirements is now central to how
firms design, implement, and manage Al-driven systems. Adherence to these frameworks
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not only reduces legal risk, but also strengthens stakeholder trust and social legitimacy.
Therefore, ensuring ethical and responsible use of Al becomes a dual priority—one that
satisfies both legal compliance and strategic communication.

3.5. Empirical Findings on SMEs and Al Adoption

Despite Al gaining the attention of researchers and SMEs managers, empirical evidence
regarding Al’s adoption is still insufficient. The lack of data (quality and quantity) and
the conceptual and empirical frameworks that connect SMEs and technology are the main
explanations. However, among the scarce evidence, empirical findings confirm the validity
of the independent variables in the TOE framework. In fact, the TOE framework itself has
already been empirically tested and is recognized as one of the strongest theoretical tools
to explain technology adoption in SMEs [21,92,93]. Empirical evidence also confirms that
the TOE variables most closely related to the characteristics that distinguish structural and
perceptually SMEs from large enterprises are the most influential: specifically, limited IT
infrastructure, talent shortages and restricted access to capital, and complexity aversion
and compatibility in perceptual differences. As a result, in practice, SMEs favor simpler,
off-the-shelf Al solutions, such as chatbots, with adoption objectives focused on operational
efficiency and customer service automation. It is emphasized that SMEs, which adopt
Al more reactively and with limited scope, require customized frameworks, modular
solutions, specific policy incentives, capacity-building initiatives, and supplier partnerships,
among others.

These findings strongly align and reinforce the TOE-DOI-based challenge—solution
matrix presented in this study. Furthermore, the review provides practical information for
policymakers and ecosystem actors looking to foster the equitable diffusion of Al across all
organizational sizes and sectors.

Table 1 presents examples from the literature on empirical studies on the differ-
ent dimensions of the TOE model. We use the following nomenclature in the table.
T1 = Compatibility (Technology factor 1), T2 = Complexity (Technology factor 2), 02 = Cost
and Financial resources (Organizational factor 2), 04 = Skilled personnel (Organizational
factor 4), E1 = Competitive intensity (Environmental factor 1).

Table 1. Examples from the literature on empirical studies on the different dimensions of the
TOE model.

Dimension Factor Description
T1 Compatibility Compatibility has significant positive effect in SMEs Al adoption [94-99]
. Complexity may be a fundamental barrier in the Al
T2 Complexity adoption [62,66,70,71,94,97]
. . Cost is one of the mainly factors with significant negative
02 Cost & Financial resources effect [41,100,101]
Skills shortage & Al adoption present a significant negative relationship
04 Skilled personnel in automation of processes, products/processes, interaction with clients,
and data analytics [58,74,102-105].
El Competitive intensity Competitive intensity in markets presents a significant positive

relationship to Al adoption [97,106-108]

4. Empirical Insights from Sectorial and Regional Studies

To enhance the practical foundation of the proposed challenge—solution framework,
this section synthesizes findings from recent empirical studies in diverse sectorial and
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regional and contexts. It is organized into twelve sets, including eleven studies and a final
table reflecting the summary.

4.1. Al Adoption in Manufacturing and Retails SMEs

This subsection focuses on manufacturing and retailing for SMEs with two case
of analysis, Al-driven smart manufacturing, and Al and IoT integration in retail and
manufacturing SMEs.

4.1.1. Al-Driven Smart Manufacturing: Technological and Organizational Lessons from
Customization Models [109]

Wan et al. [109] provide a comprehensive review of Al-driven smart manufacturing
systems, focusing on custom manufacturing factories that integrate AI with the Internet of
Things (IoT), cyber-physical systems (CPS), and cloud computing. Although the study does
not focus solely on SMEgs, it offers valuable insight into the structural and implementation
challenges SMEs may face when trying to adopt such advanced systems. Technologi-
cally, the study emphasizes that Al-enabled manufacturing relies heavily on data fusion,
distributed decision-making, and predictive analytics, capabilities that often exceed the
technical maturity of typical SMEs (TOE: Technological). Organizationally, successful
implementation requires strong coordination across supply chains, cross-functional collab-
oration, and highly skilled staff, factors that align with the DOI constructs of complexity,
observability, and trialability.

Wan et al. [109] highlight practical adoption hurdles such as fragmented data architec-
tures, cybersecurity risks, and lack of standardization, which resonate with many of the
barriers. For SMEs, these challenges are magnified due to budget constraints and limited
IT infrastructure. The paper also notes that while large firms can internally develop smart
factory capabilities, SMEs often depend on external partnerships or modular platforms,
reinforcing the importance of ecosystems and scalable cloud-based solutions discussed
throughout this study.

Quantitatively, the review cites improvements of up to 20-30% in operational effi-
ciency, defect reduction, and time-to-market among early adopters of Al-driven customized
manufacturing. These performance outcomes reinforce the ROI potential of Al adoption
when technological and organizational readiness align. In general, this study supports
the call for phased low-risk Al deployment in SMEs, such as through simulation tools,
Al-as-a-Service models, or open source toolkits, validating both the scalability and strategic
alignment principles embedded in our proposed framework.

4.1.2. Al and IoT Integration in Retail and Manufacturing SMEs: Operational Efficiencies
and Strategic Challenges [110]

Haider and Faisal [110] present a comprehensive analysis of how the synergy between
Al and the IoT transforms operational strategies in retail and manufacturing SMEs. Their
findings align with several dimensions of the TOE-DOI framework, particularly within
the technological and organizational domains. In the retail sector, the deployment of IoT
sensors and Al algorithms facilitates personalized customer experiences and predictive
inventory management. Quantitative results highlight improvements such as up to 20%
increases in sales through Al-driven personalization and significant reductions in stock
shortages and overstocking. In manufacturing, the integration of Al-enabled predictive
maintenance and real-time quality control using IoT data reduced downtime by up to 30%
and defect rates by 25%, reflecting measurable ROI and operational efficiency.

Despite these benefits, the study underscores key adoption challenges: high initial
infrastructure costs (TOE: Technological), a shortage of skilled personnel (TOE: Organiza-
tional), and persistent cybersecurity concerns (TOE: Environmental). Notably, the authors



Appl. Sci. 2025, 15, 6465

12 of 43

advocate for cloud-based and edge computing solutions to reduce latency and improve
scalability, which mirrors the challenge-solution logic proposed in this paper. The study
further reinforces the importance of modular and democratized Al deployments, contribut-
ing empirical validation to the strategic actions outlined in Section 4. Their sectoral insights,
grounded in performance metrics, enhance the external validity of the proposed framework
by illustrating successful implementation pathways alongside critical adoption barriers.

4.2. Al Synergies and Revenue Growth in European SMEs

Ardito et al. [111] present robust econometric evidence on the impact of Al adoption
on revenue growth among 11,429 European SMEs, using data from Flash Eurobarometer
486. Their findings reveal that Al adoption, especially when complemented by Big Data
Analytics and the IoT, significantly increases the probability of revenue growth by at least
30%. Specifically, the combined adoption of Al with IoT or BDA led to a 21% increase
in the likelihood of high-growth scenarios. This reinforces the view, consistent with our
TOE-DOI framework, that technological readiness must be coupled with complementary
infrastructure and organizational capabilities to produce strategic returns.

The study also illustrates the value of modular and combinatory adoption strategies,
where SMEs that take advantage of multiple digital assets achieve synergistic results. From
a practical point of view, these results support the actionable pathway in our framework
that encourages SMEs to adopt scalable, integrated technology stacks rather than isolated
tools. Furthermore, Ardito et al.’s [111] findings validate the role of external ecosystem
support and digital service platforms as critical enablers in overcoming capability gaps. By
linking Al adoption with clear economic performance indicators, this study strengthens the
external validity of our challenge—solution model and exemplifies how customized digital
strategies can lead to measurable SME growth in national and sectoral contexts.

4.2.1. Al Adoption in European SMEs and the Role of Internal Capabilities [27]

Arroyabe et al. (2024) [27] conducted an empirical analysis involving 12,108 SMEs
across the European Union, utilizing data from the Flash Eurobarometer and advanced ana-
lytics techniques (regression, ANN, tree regression). Their findings underscore that internal
capabilities—particularly digital and innovation capabilities—are far more influential for
Al adoption than external environmental support alone. Quantitative indicators show
that digital capabilities (e.g., use of IoT, cloud, robotics) exhibit a significantly stronger
correlation with Al integration outcomes than business environment factors. For example,
SMEs with high digital capability scores had up to a 52% higher likelihood of successful Al
adoption. Innovation capabilities also showed a positive impact, especially when digital
maturity was moderate, revealing synergistic effects.

In contrast, environmental support variables (such as access to funding or skilled labor)
had a weaker and less consistent influence, reinforcing the need to emphasize internal
readiness and complementary innovation processes. This aligns with the technological and
organizational dimensions of the TOE framework and emphasizes the DOI principle of
innovation compatibility. The study validates the importance of customized interventions
that focus on strengthening SME-specific digital and innovative capabilities while designing
ecosystem support to complement, rather than replace, internal drivers.
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4.2.2. A Comprehensive Systematic Literature Review [112]

This systematic review provides valuable information on the challenges that SMEs
face when adopting Al, specifically within the industrial sector. Based on a PRISMA-guided
analysis of 71 studies, the review identifies 27 distinct challenges and organizes them using
the PESTEL framework. These findings directly align with the TOE-DOI lens applied
in this article, particularly highlighting technological and organizational barriers such
as lack of digital maturity, data availability and quality, and insufficient AI knowledge.
In particular, more than 90% of SMEs reported having no Al applications in place, and
knowledge gaps were cited in 35 of the studies analyzed, emphasizing the critical role of
internal readiness (TOE: Organizational).

In terms of technological readiness, poor IT infrastructure and fragmented data prac-
tices were frequently mentioned, while social challenges such as management skepticism
and low acceptance of Al surfaced as major inhibitors. Quantitative indicators such as low
ROl visibility and high risk of failure were also emphasized, especially in cases where Al
implementation lacked strategic alignment or adequate planning. This review reinforces
the complexity and interdependence of SME-specific constraints, underscoring the urgent
need for tailored support structures to bridge the adoption gap between SME and Al

4.2.3. Al and Robotics as Innovation Drivers in European SMEs [113]

Segarra-Blasco et al. [113] provide a large-scale empirical study using data from the
Flash Eurobarometer 486 survey, covering over 16,000 SMEs in Europe. Their analysis
explores the adoption of artificial intelligence (AI) and robotics and their association with
different types of innovation outcomes, including product, process, organizational, and
marketing innovations. The study applies a two-stage residual inclusion model and confirms
that start-ups and scale-ups are significantly more likely to adopt Al and robots, aligning
with the emphasis of our TOE-DOI framework on organizational readiness and dynamism
as key enablers. Quantitative indicators reveal that 6.9% of SMEs adopted Al and 8.3%
adopted robots, with adoption strongly correlated with internationalization, firm size, digital
infrastructure and country-level information and communication technology skills.

Importantly, Al adoption is associated more significantly with product, process and
organizational innovations, while robot adoption is closely linked to product and process
improvements. The findings highlight clear sectoral differences: manufacturing firms use
these technologies for specialized innovation tasks, while service sector SMEs integrate
them more broadly. These insights strengthen the external validity of our challenge-
solution framework, particularly with respect to the technological and environmental
dimensions of the TOE model, and demonstrate the role of digital complementarity in
shaping innovation trajectories.

4.3. Nordic Countries Study for Al Adoption in Manufacturing and Retail SMEs

Peretz-Andersson et al. [114] investigate how Al implementation unfolds within man-
ufacturing SMEs in Nordic countries using a resource orchestration lens. Their qualitative
study reveals how firms must strategically coordinate, develop, and leverage internal
and external resources to extract value from Al technologies. Technologically, the SMEs
examined struggled with limited data maturity, outdated legacy systems, and integration
challenges, aligning closely with the technological barriers outlined in the TOE framework.
Organizationally, success was linked to proactive leadership and internal champions who
could bridge technical and operational divides. In addition, employee resistance and lack of
digital skills were reported as key inhibitors, mapping to DOI attributes such as perceived
complexity and lack of trialability.
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A critical contribution of the study lies in its emphasis on dynamic capability building:
firms that succeeded in Al implementation actively reconfigured internal processes and
cultivated strategic partnerships with technology providers. Environmentally, government
support and regional innovation networks played an enabling role, especially when cross-
organizational collaboration was required.

Although the study is qualitative, it includes proxy performance outcomes such as
increased production efficiency, reduced waste, and shorter lead times, illustrating tangible
business benefits. These findings reinforce the importance of tailoring Al strategies to sector-
specific resource constraints and support the adaptability of the TOE-DOI framework to
high-precision, capital-intensive SME contexts such as manufacturing.

4.4. Al Adoption and Digital Competencies in Spanish SMEs

Huseyn et al. [85] present a robust empirical investigation of the adoption of Al among
Spanish SMEs, highlighting the decisive role of digital competencies and skill development.
Based on a representative sample of 836 SMEs and a logistic regression analysis enhanced
by Generative Adversarial Networks (GANSs), the study identifies key enablers mapped
to the organizational and technological dimensions of the TOE framework. Firms led
by university-educated managers, staffed with information technology specialists and
engaged in internal IT training initiatives showed significantly higher Al adoption rates.

In addition, the adoption of ERP systems and marketing analytics tools—indicators
of digital maturity—is positively correlated with the integration of Al, reinforcing the
notion that cumulative digital capacity accelerates the adoption of innovation. In partic-
ular, SMEs collaborating with universities and research centers had a six-fold increase
in the likelihood of adoption of Al, underscoring the environmental enablers empha-
sized in the TOE model. Quantitative indicators such as a 94.3% sensitivity and 85.7%
overall model accuracy strengthen the reliability of these insights. This study offers both
theoretical reinforcement and practical validation for our framework by illustrating how tar-
geted capacity building and ecosystem collaboration can overcome the adoption inertia in
resource-constrained contexts.

4.5. Insights from Italian SMEs: Organizational Readiness and Strategic Implementation

Proietti and Magnani [115] provide an in-depth examination of Al adoption in
36 Italian SMEs in 14 industries, highlighting substantial gaps in digital maturity and
Al integration. The study identifies that the vast majority of these companies operate at low
or very low levels of digital maturity, with fewer than 14% demonstrating active use of Al
technologies. Key barriers include high perceived costs, lack of internal expertise, unclear
strategic relevance, and limited understanding of generative Al capabilities. In particular,
only 11% of the respondents reported familiarity with or use of generative Al tools.

To address these challenges, the authors propose a structured implementation frame-
work that emphasizes iterative goal setting, cultural readiness, external support, and
technical enablers. The study also highlights that tailored proof-of-concept projects and
cloud-based Al services can help SMEs overcome infrastructure and data limitations. The
findings support the organizational and technological dimensions of the TOE framework,
particularly regarding digital skills, managerial commitment, and phased adoption strate-
gies, and reinforce the need for simplified, human-centered solutions to promote adoption.

Quantitative findings (e.g., 70% of firms had never used generative Al; 50% lacked
investment plans) underscore the urgency of action and further support the inclusion of
regional insights to tailor policy and support mechanisms.
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4.6. AI-Driven Business Model Innovation for Sustainability: Evidence from U.S. SMEs

Shaik et al. [3] examine how Al-driven business model innovation (AIDBMI) enables
small- and medium-sized enterprises (SMEs) in the United States to transition toward
carbon-neutral operations. Drawing on data from 326 SMEs and analyzed using structural
equation modelling partial least squares structural equation modeling (PLS-SEM), the study
finds that Al significantly facilitates the integration of sustainable business practices by
enhancing both technological (e.g., green technology innovation) and strategic (e.g., strate-
gic intent and architecture) enablers. Key technological factors include the deployment
of Al in optimizing energy use, managing renewable energy integration, and supporting
circular supply chains—mapped directly to the TOE-Technological domain. Organiza-
tionally, the success of AIDBMI depends on the firm’s innovation capability, alignment
of sustainability goals, and internal structures—corresponding to TOE-Organizational
and DOI-Compeatibility dimensions. Strategic enablers such as sustainability-focused
leadership and employee engagement emerged as critical success factors.

Quantitatively, the model explains 82.8% of the variance in carbon-neutral business
performance, and shows that AIDBMI mediates the impact of green innovation capability
and strategic architecture on sustainability outcomes. The study reinforces this paper’s
challenge-solution framework by validating how Al supports environmental and economic
performance through innovation in business models. It also highlights government policy
as a moderating environmental factor, emphasizing the importance of external support for
SMEs aiming for net-zero goals.

4.7. Al-Driven Bank Digitalization and SME Financing in China

Zhang et al. [116] investigate how Al and big data are transforming SME financing
in China through digital bank models. Their study presents a theoretical model that
compares three types of financial institutions: traditional large banks, regional banks,
and internet banks. The findings suggest that internet banks—leveraging Al-driven risk
assessment and digital loan technologies—are better positioned to meet the financing needs
of digitally mature SMEs. Meanwhile, regional banks retain advantages for SMEs with
low digital footprints, due to their relational lending capabilities and access to internal
business information.

This case highlights how the effectiveness of Al applications in the financial sec-
tor depends on technological readiness (TOE: Technological), SME digital maturity
(TOE: Organizational), and the institutional banking environment (TOE: Environmental).
Although the paper does not offer firm-level performance metrics, it underscores the impor-
tance of strategic digital alignment between SMEs and financial institutions to unlock Al's
potential to improve credit access and reduce financing restrictions. The findings reinforce
the challenge of aligning external financial ecosystems with the adoption capacity of SMEs,
especially in rapidly digitizing economies.

4.8. Digital Readiness as a Foundation for Al Adoption in Emerging Market SMEs in India

Pingali et al. [5] provide a multi-study, mixed-method investigation into the digital
readiness of SMEs operating in emerging markets, with a focus on India. Although the
study does not address Al adoption directly, it offers foundational insights highly relevant
to understanding the preconditions for effective Al integration in resource-constrained con-
texts. The authors conceptualize “digital readiness” as a higher-order construct composed
of three dimensions: technological sensemaking, agility, and implementation capacity.
These dimensions align well with the TOE framework’s technological and organizational
pillars, while also reflecting DOI principles such as trialability, complexity, and compatibility.
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Using qualitative interviews with 50 SME leaders and follow-up surveys from
324 SMEs across two empirical studies, the authors develop a validated 20-item scale for
assessing digital readiness. Quantitative findings reveal strong predictive power of digital
readiness on three critical performance outcomes: new product development (R? = 0.42),
operational efficiency (R? = 0.18), and overall business performance (R? = 0.17). Notably,
leadership style (e.g., millennial leadership), strategic focus (e.g., operational efficiency,
rural outreach), and external market dynamics (e.g., platform availability and institutional
support) emerged as major enablers.

These insights are highly consistent with the challenge-solution framework of this
paper. They reinforce the need for foundational digital maturity as a prerequisite for
advanced Al adoption and provide empirical grounding for the role of contextual fac-
tors, such as infrastructure, market structure, and institutional trust, in shaping adoption
trajectories. The study’s use of agility and technological sensemaking also supports the
inclusion of DOl-oriented attributes such as observability and reinvention in strategic
readiness assessments.

Overall, Pingali et al.’s [5] framework enhances the external validity of our pro-
posed TOE-DOI model by emphasizing how strategic alignment, digital agility, and
environmental enablers can shape Al adoption in SMEs, particularly in volatile or
under-resourced economies.

4.9. Saudi Arabia: Sustainable Business Performance Through Al Adoption

Badghish and Soomro (2024) present an empirical investigation of Al adoption among
SMEs in Saudi Arabia through the lens of the TOE framework [97]. Their study, based on
a survey of SMEs across six sectors, quantitatively validates key TOE constructs such as
relative advantage, compatibility, sustainable human capital, market/customer demand,
and government support as significant drivers of Al adoption. Notably, the research distin-
guishes between operational and economic performance as outcome measures, revealing
that Al adoption positively impacts both dimensions.

Furthermore, firm size emerged as a moderator: medium-sized enterprises experi-
enced a stronger relationship between Al adoption and performance outcomes than smaller
firms. These findings reinforce the relevance of TOE dimensions—especially technological
compatibility and external support—in shaping Al adoption pathways. The inclusion of
performance indicators such as profitability, operational efficiency, and workforce readiness
enhances the practical applicability of the TOE-DOI challenge-solution framework in
emerging markets such as Saudi Arabia.

4.10. Al and Financial Inclusion in African SMEs: A Fintech-Driven Perspective

In their regional analysis of Al-driven financial inclusion, Omokhoa et al. [117] ex-
amine the transformative role of Al and fintech in supporting the growth of SMEs within
the African financial services sector. Drawing on the Nigerian and broader context of
sub-Saharan Africa, the study highlights how the integration of Al—when combined with
digital wallets, alternative credit scoring models, and mobile-based fintech platforms—has
reduced access barriers for small companies to finance. From a TOE perspective, the
technological enablers included Al-based mobile lending tools and cloud-based financial
platforms, which address structural weaknesses in traditional banking infrastructure. Or-
ganizationally, SMEs that successfully adopted these tools demonstrated agile leadership
and openness to platform-based innovation, although skill shortages and limited digital
literacy remained persistent inhibitors. Environmentally, regulatory uncertainty and under-
developed data protection frameworks were noted as external barriers to scaling Al-based
financial services.
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Quantitatively, the paper reports a significant increase in SME access to microloans
and reductions in operational costs, though long-term profitability impacts remain un-
derexplored. The authors recommend targeted policy interventions and investment in
Al literacy to support inclusion efforts. This case study underscores how the adoption of
Al in emerging economies intersects with broader goals such as financial inclusion and
the survival of small businesses, extending the relevance of the TOE-DOI framework to
contexts where digital infrastructure and regulatory ecosystems are still evolving.

4.11. Al Adoption and Sustainable Performance in Developing Economies: Evidence from
Pakistani SMEs

A comprehensive study by Soomro et al. [118] provides empirical evidence on how
Al adoption influences the sustainable performance of SMEs in Pakistan. Using a hybrid
methodological approach that combines partial least squares structural equation modeling
(PLS-SEM) and artificial neural networks, the study analyzed data from 305 SMEs in sectors
such as retail, agriculture, manufacturing and services. The research adopts a TOE-DOI
perspective, evaluating factors such as top management support, employee capability,
vendor support, and environmental pressures. In particular, top management support
(B = 0.27), employee capacity (B = 0.25), and customer pressure ( = 0.16) were found to
have significant positive effects on Al adoption, while the availability of financial resources
did not show a significant effect. From a DOI lens, perceived relative advantage (8 = 0.18)
emerged as a key enabler, while perceived complexity also positively influenced adoption
(B = 0.12), contrary to common assumptions. Importantly, the study demonstrates that
Al adoption improves the economic (8 = 0.64), social (8 = 0.57), and environmental
performance (8 = 0.56) of SMEs—quantitative evidence that reinforces Al’s role as a
transformative tool for sustainability.

These findings substantiate the challenge-solution framework proposed in this
article by confirming the importance of organizational readiness, capability building,
and vendor ecosystems in supporting scalable Al implementation across SMEs in
developing economies.

4.12. Al Marketing and SME Performance in Emerging Economies: Evidence from Ghana SMEs

Abrokwah-Larbi and Awuku-Larbi [100] provide empirical evidence from Ghana on
how Al in Marketing (AIM) significantly improves the performance of small businesses
in four key dimensions: financial, customer, internal business process, and learning and
growth. Drawing on the Resource-Based View (RBV), their study surveyed 225 SMEs
and applied structural equation modeling to assess the impact of AIM determinants,
including IoT, collaborative decision-making systems, virtual and augmented reality, and
personalization. The findings revealed strong positive effects, with AIM explaining up to
61% of variance in learning and growth performance and 58% in internal processes.

These results reinforce the emphasis of the TOE-DOI framework on organizational and
technological readiness, while also showing that even in resource-constrained emerging
economies, strategic alignment of AIM capabilities can produce tangible performance
benefits. The study also highlights specific barriers such as resource limitations and skill
gaps, echoing the challenges identified in Section 4, and suggests that personalization and
CDMS are particularly effective levers for SMEs seeking growth and innovation.

4.13. Summary Table to Complement the Cases Analysis

To complement the in-depth case studies presented earlier and enhance the general-
izability of our proposed challenge—solution framework, Table 2 provides a synthesized
overview of recent empirical studies examining Al adoption in SMEs. The studies span
various geographic regions, including Europe, Asia, Africa, and the Americas, and cover a
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diverse range of sectors such as manufacturing, finance, retail, and sustainability-focused
companies. This comparative summary draws attention to the specific technological, orga-
nizational and environmental dimensions emphasized by the TOE-DOI framework, while
also illustrating how enablers and barriers manifest themselves across different economic
and regulatory landscapes.

Each row in the table highlights key insights derived from regional and sectoral studies,
including practical outcomes such as increased productivity, increased revenue growth,
or improvements in sustainability. Several entries incorporate quantitative performance
indicators, such as variance explained in strategic models or percentage gains in efficiency,
thus reinforcing the external validity and applicability of the proposed framework. The
table also captures the variation in adoption strategies, ranging from modular deployment
and ecosystem collaboration to skills development and leadership-driven transformation.
This comparative layer is intended to guide policymakers, practitioners, and researchers in

designing more context-sensitive and scalable approaches to Al integration in SMEs.

Table 2. Summary of empirical Al adoption studies in SMEs with quantitative indicators.

Region/ Count.  Sector Key Insights Performance Indicators (KPIs) Source
Al-enabled smart factories. Barriers U to 30% i .

Global Smart Manufacturing include fragmented IT, cost, p o 507 Increase in Wan et al. (2020) [109]

. operational efficiency
and complexity.
3 3 0, H 0,

Global Retail & Manufac. Al +IoT improved sales, inventory, 20% sales increase, 30% Haider & Faisal (2024) [110]

and maintenance. downtime reduction
. Al +IoT + BDA synergy boosts 21% increase in ;

Europe Multi-sector revenue through modular strategies. high-growth likelihood Ardito etal. (2024) [111]

Europe General SMEs Digital ar}d innovation capabilities 52% hlgl}er Al adoption in digitally Arroyabe et al. (2024) [27]
strongly influence Al success. mature firms

. Lack of digital maturity and 90% without AT apps; qualitative

Europe Industrial alignment blocks adoption. challenge frequency Oldemeyer et al. (2024) [112]
Al/robotics adoption enhances 6.9% Al adoption,

Europe General SMEs multi-type innovation. 8.3% robotics adoption Segarra-Blasco et al. (2025) [113]

Nordics Manufac-turing Resource orchestration key; regional Quahtahve: r_ec_luced waste, lead time, Peretz-Andersson et al. (2024) [114]
networks support. improved efficiency

. Digital maturity and university 6x Al adoption increase via R&D -

Spain General SMEs collaboration increase uptake. links; model accuracy 85.7% Huseyn etal. (2024) [85]

Ttaly General SMEs Most firms lack maturity; PoCs and iny 14% use AL 50% have no Profetti et al. (2025) [115]
cloud tools help. investment plans

- - %o i i - .

USA Sustaina-bility Gen-Al supports carbon: 82.8% variance in c.arbon neutral Shaik et al. (2024) [3]

neutral innovation performance explained
. . Internet banks outperform traditional ~ Improved loan access, no specific

China Finance ones for digital SMEs. KPIs reported Zhang etal. (2022) [116]

India Multi-sector (E-SMEs) Dlgltal_readllr}eSS linked to Strong‘ correlat.lon with product and Pingali et al. (2023) [5]
strategic agility operational gains

Saudi Arabia Retail qutural and leadership factors Pperatlonal + economic outcomes (no Badghish & Soomro (2024) [97]
drive success. % reported)

Africa Finance Services Al-fintech enhances inclusion and Increas.ecl loan access, reduced Omokhoa et al. (2024) [117]
cuts costs. operating costs

Pakistan Multi-sector Organizational factors outweigh Economic (f = 0'647)’ Social (f = 0.57), Soomro et al. (2025) [118]
financial ones in adoption. Environmental (8 = 0.56)

Ghana General SMEs Al in marketing drives internal and 61% variance in learning, 58% in Abrokwah-Larbi et al. (2024) [100]

growth outcomes.

internal process performance

5. Challenges and Actionable Pathways for AI Adoption in SMEs
Building on the theoretical foundation established through the integrated TOE-DOI

framework, this section transitions from conceptual analysis to practical application, iden-
tifying ten key challenges that SMEs often face during the process of adopting Al. These
challenges are analyzed in alignment with the three dimensions of the TOE framework,
technical, organizational, and environmental, and incorporate both structural constraints
and perception-based dynamics.
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Each subsection that follows presents one challenge, articulates its core implica-
tions for SMEs, and offers targeted, evidence-based solutions. The analysis draws on
the SME context, where resource limitations, agility, and leadership centralization in-
fluence adoption decisions. The final Section 5.11 provides a consolidated mapping
of all challenges and their associated responses across the TOE dimensions to offer a

strategic overview.

Table 3 summarizes the ten Al adoption challenges and the corresponding high-level

interventions that SMEs can implement to overcome them.

Table 3. Overview of Al adoption challenges and actionable solutions in SMEs.

Challenge Core Challenge Strategic Solution TOE Dimension
1. Knowledge and Lack of internal technical Internal training, low-code Technological /
Expertise Gaps capabilities to manage Al tools, external partnerships Organizational
s . High risk and complexity of Modular deployment, agile .
2. Scalability Constraints scaling Al solutions methods, cloud platforms Technological
. . Flexible financing, pilot
3. Financial Limitations High upfront and ongoing testing, Organizational
costs for Al systems . .
government incentives
- Data governance, real-time
.. Insufficient, unstructured, or . . .
4. Data Deficiency . collection, cleaning, Technological
poor-quality data . .
API integration
5. Infrastructure and Incompatible legacy systems Cloud-based tools, APIs, Al .
I . and lack of Al- . Technological
ntegration Issues . computation centers
ready infrastructure
6. Cultural Resistance Organizational fear, inertia, Inclusive leadership,
t(; Chanee and lack of innovation culture, Organizational
8 innovation mindset pilot-driven learning
7. Human-AI Productivity Anxiety about automation Aug.men'tatlon approaches oy
Misali diob displ. (co-intelligence, Organizational
1salignment and job displacement
centaur models)
8. Weak Public— Limited access to shared Innovation ecosystems,
P.riva te Collaboration knowledge, funding, public—private partnerships, Environmental
or platforms shared spaces
Barriers to usin Plug-and-play Gen-Al tools,
9. Limited Access to advanced & augmentation use cases, Technological /
state-of-the-art Al such as . . .2
Al such as Gen-Al strategic embedding, toward = Organizational
Gen-Al . .
open-weight LLM adoption
10. Lack of Responsible Absence of ethlcal'practlces Lightweight governance, Organizational/
and transparency in transparency, stakeholder .
Al Governance Environmental

Al deployment

engagement, data protection

5.1. Closing the Knowledge Gap and Technical Expertise

This subsection addresses one of the most fundamental barriers to Al adoption in

SMEs: the lack of internal knowledge and technical capabilities. Within the TOE framework,
this challenge cuts across both technological and organizational dimensions. Technologi-
cally, SMEs often lack familiarity with data infrastructure, machine learning, and Al tools.
Organizationally, they frequently operate without in-house expertise or structured training
programs to close this gap.

This deficiency can lead to ineffective decision-making, failed implementation at-
tempts, and under-utilization of the potential of Al. For SMEs, where resources and special-
ization are typically limited, targeted solutions are needed to empower staff and reduce
dependency on high-level technical talent.
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As noted in [97], one of the main organizational constraints that affects the implemen-
tation of Al in small businesses is the shortage of skilled personnel, especially in data-driven
roles. Ref. [112] emphasize that limited technical expertise and lack of internal champions
are among the most cited barriers in the reviewed studies. Similarly, ref. [100] identify
training deficiencies as a primary obstacle to realizing Al benefits in marketing-oriented
SME:s in emerging economies. On a broader level, ref. [115] argue that without appropriate
training and awareness programs, even well-intentioned Al pilots are likely to perform
poorly or completely stall.

These findings underscore the importance of investing in customized capacity-
building strategies. Blended approaches, including continuous learning platforms, collabo-
rations with research institutions, and low-code Al tools, can significantly improve SMEs’
ability to absorb and apply Al technologies over time.

To overcome this challenge, SMEs can implement the following actionable strategies:

A. Develop Internal Capabilities through Training. Invest in continuous role-specific
training for employees in areas such as data analysis, Al fundamentals, and algorith-
mic thinking. Training should be modular and accessible, allowing gradual learning
and practical application in daily operations.

B. Leverage Low-Code and Pre-Trained Al Tools. Adopt user-friendly, cloud-based
platforms offering pre-configured Al models. These reduce the technical entry barrier
and enable SMEs to gain value from Al without requiring advanced programming or
data science skills.

C. Build Strategic External Partnerships. Collaborate with universities, research centers,
Al consulting firms, and technology providers. These partnerships provide access to
expert guidance, reduce learning curves, and help SMEs co-develop solutions tailored
to their business context.

D. Engage in Open Innovation Networks. Participate in innovation ecosystems and
industry alliances to exchange knowledge, gain exposure to best practices, and remain
informed about Al trends and tools suitable for SME environments.

In summary, closing the knowledge and skill gap is essential for SMEs to effectively in-
tegrate Al into their business strategy. By combining internal training, accessible tools, and
external collaboration, SMEs can build the capabilities needed to adopt Al in a sustainable
and scalable way, strengthening both technological readiness and organizational maturity.

5.2. Designing Scalable Al Solutions for Sustainable Growth

This subsection addresses the scalability challenge within the technological dimension
of the TOE framework. Many SMEs struggle to implement Al solutions that can grow with
their business due to resource constraints, infrastructure limitations, and the perceived
complexity of large-scale Al deployment.

Scalability is critical to ensure that early Al investments deliver long-term value.
Without scalable design, SMEs may face high sunk costs, low adaptability, and limited
return on investment. Therefore, SMEs must adopt strategies that allow for controlled
experimentation while maintaining flexibility to expand as their capabilities evolve.

As noted in [112], small-scale pilots often initiate the adoption of Al, but lack clear
frameworks to scale these projects. Ref. [119] emphasize that cloud-based Gen-AlI plat-
forms and modular tools enable scalable low-cost experimentation that aligns well with
SME capabilities. Ref. [115] highlight that modular Al architectures, combined with agile
methodologies, are crucial to balance innovation speed with risk management in resource-
constrained environments. Regionally, ref. [27] show that access to flexible infrastructure,
such as edge computing and Al computation centers, significantly affects scalability po-
tential in European SMEs. These findings underscore the importance of scalable design
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not only from a technical perspective but also as a strategic imperative for sustainable
digital growth.
To respond to this challenge, the following actionable strategies are recommended:

A. Adopt Modular Implementation Approaches
Begin with small-scale, manageable Al projects that are aligned with specific business
needs. This reduces upfront risk while providing opportunities to validate perfor-
mance and refine processes prior to full-scale deployment.

B. Utilize Agile Methodologies
Employ agile project management techniques that support iterative development and
regular feedback. This increases responsiveness to business changes and helps align
Al solutions with evolving operational priorities.

C. Leverage Scalable Cloud Platforms
Use cloud-based infrastructures that enable on-demand computing power and storage.
This allows SMEs to scale Al applications gradually, reducing the need for heavy
capital investments in IT hardware.

D. Ensure Future Integration Compatibility
Select Al tools and architectures that are interoperable and adaptable to future tech-
nologies or systems. This forward-thinking approach avoids vendor lock-in and
allows easier expansion and system upgrades.

In summary, SMEs can overcome scalability constraints by implementing modular Al
projects, adopting agile workflows, and leveraging cloud infrastructures. These strategies
ensure that the adoption of Al remains flexible, cost-effective, and aligned with the firm'’s
growth trajectory and technological evolution.

5.3. Overcoming Financial Barriers to Enable Al Adoption

This subsection addresses the financial resource constraints facing SMEs, categorized
under the organizational dimension of the TOE framework. High initial investments,
ongoing maintenance costs, and uncertainty about returns often hinder SMEs from adopting
Al technologies. These limitations can delay strategic digital transformation and increase
risk aversion commonly found in resource-constrained environments.

As noted in [97], limited access to financial capital remains one of the main organi-
zational obstacles in the successful implementation of Al in SMEs. Similarly, ref. [100]
emphasize that in emerging economies, budgetary constraints significantly reduce Al readi-
ness and limit experimentation with new technologies. Ref. [115] identify the upfront costs
of infrastructure modernization and integration as deterrents, particularly in traditional
sectors such as manufacturing. Moreover, ref. [112] argue that uncertainty about Al’s return
on investment (ROI) contributes to delayed decision-making, especially when SMEs lack
internal strategic foresight or financial risk tolerance. Together, these findings reinforce the
need for flexible financing models, government-backed incentives, and phased adoption
strategies that reduce the perceived and real financial burden on SMEs.

To mitigate this challenge, SMEs should adopt a combination of financial strategies
and risk-minimizing implementation models. These include the following;:

A. Explore Flexible Financing Mechanisms
SMEs can access external financing options such as public grants, low-interest in-
novation loans, and tax incentives. Shared-resource models (e.g., Al-as-a-Service or
pay-as-you-go platforms) also lower entry costs and reduce upfront capital expenditure.
B. Implement Pilot Tests to Reduce Risk
Pilot projects allow SMEs to test Al solutions in limited controlled environments before
making full-scale investments. This phased approach provides early evidence of ROI
and builds organizational confidence while minimizing financial exposure.
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C. Adopt Cloud-Based and Scalable Solutions
Using cloud infrastructure allows SMEs to avoid high infrastructure costs. Pay-per-use
models allow businesses to expand computing resources in line with their growth and
adoption pace, reducing the need for costly on-premise systems.

D. Foster Public-Private Collaboration
Partnering with governmental agencies, technology vendors, and innovation hubs
can open access to subsidies, co-investment schemes, and technical expertise.
These alliances reduce the burden of individual investment and create supportive
adoption ecosystems.

In summary, overcoming financial limitations requires SMEs to adopt strategic funding
approaches, reduce upfront risks through pilots, and leverage scalable, low-cost techno-
logical infrastructures. Collaborative ecosystems further amplify these efforts, making Al
adoption more viable, sustainable, and aligned with organizational capacity.

5.4. Ensuring Data Availability, Quality, and Governance for Al Success

This subsection addresses one of the most critical technological challenges in Al
adoption for SMEs: the lack of sufficient, high-quality, and well-integrated data. Within the
technological dimension of the TOE framework, data is a foundational input to develop
and deploy effective Al systems. However, many SMEs face limitations in data availability,
integration, and governance that compromise Al performance, reliability, and ethical use.

As highlighted by [112], inadequate data infrastructures and fragmented legacy sys-
tems are the key technological barriers for SMEs to implement AL Ref. [115] emphasize that
poor data standardization and lack of interoperability often delay the development and
decision-making of AI models. Furthermore, ref. [119] argue that without access to robust
and well-governed data streams, SMEs cannot benefit from generative Al tools or real-
time analytics. From a governance perspective, ref. [67] underscore that data quality and
transparency are not only technical requirements but also ethical imperatives to ensure re-
sponsible Al results, especially in environments with increasing regulatory scrutiny. Taken
together, these findings suggest that SME Al readiness must be rooted in comprehensive
data strategies, including collection, cleaning, integration, and governance protocols.

To overcome this challenge, SMEs should adopt a strategic approach built around five
interrelated actions:

A. Establish Robust Data Collection Systems
Identify key internal and external data sources and implement continuous real-time
data collection mechanisms. This improves the quantity and relevance of the data for
model training and decision-making.

B. Improve Data Quality through Cleaning and Validation
Invest in systematic data cleaning processes, removing duplicates, correcting errors,
and filling gaps, to ensure the integrity and usability of datasets. High-quality data
are essential to generate accurate and reliable Al output.

C. Facilitate Data Integration across Systems
Use APIs and cloud platforms to unify data from disparate systems, including legacy
platforms. Integrated data ecosystems prevent information silos and support scalable
Al solutions that align with firm operations.

D. Leverage Data Enrichment and Analytics Tools
Apply data mining, augmentation, and visualization tools to expand the scope and
depth of available data. This enhances the insight generation capacity of Al models
and supports more informed business decisions.

E. Implement Strong Data Governance Practices
Define and enforce policies on data access, privacy, storage, and compliance. Align
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governance with national and international regulations (e.g., GDPR) to ensure ethical,
transparent, and secure data usage.

In summary, SMEs must view data not only as a technical requirement but also
as a strategic asset. By building structured data pipelines, improving quality, enabling
integration, and ensuring governance, SMEs can significantly enhance their Al readiness
and secure long-term value from Al adoption.

5.5. Building Future-Ready Infrastructure and Integration Pathways

This subsection addresses the technological infrastructure and system compatibility
barriers that fall under the technological dimension of the TOE framework. Many SMEs
struggle with legacy systems, fragmented digital architectures, and limited capacity to
adopt Al solutions that require modern, scalable environments. These limitations hinder
seamless integration and the long-term scalability of Al initiatives.

Ref. [112] identify infrastructure limitations and interoperability as the main inhibitors
of Al adoption among SMEs. Ref. [97] similarly emphasize technological readiness, includ-
ing updated IT infrastructure, as a foundational component under the TOE framework.
From a regional lens, ref. [27] show that infrastructure and cloud availability significantly
impact Al adoption in European SMEs. In emerging economies such as India, ref. [28]
highlight the unstable internet and low cloud penetration as key infrastructure bottle-
necks. Sector-specific studies, such as ref. [115], confirm that fragmented legacy systems
are particularly acute in manufacturing and retail SMEs.

To address these gaps, shared infrastructure models, such as public-private Al compu-
tation centers and cloud-based integration platforms, have been proposed as cost-effective
and scalable solutions [119]. These platforms offer SMEs flexible access to advanced Al
capabilities without requiring extensive capital investments in on-premise infrastructure.

To overcome this challenge, SMEs should focus on building flexible and modular in-
frastructures that support interoperability, gradual deployment, and external collaboration.
The following strategies are recommended:

A. Adopt Cloud-Based Al Platforms Leverage scalable cloud infrastructure to reduce
initial investment and ensure on-demand access to computing resources.

B. Collaborate with Public-Private AI Centers Partner with national or regional Al
innovation hubs to access shared infrastructure, expert support and high-performance
computing tools.

C. Use APIs for System Interoperability
Deploy APIs to bridge legacy systems and new Al tools, allowing SMEs to avoid full
system overhauls while improving compatibility.

D. Investin Modular Digital Infrastructure
Design infrastructure upgrades in modular phases to support future Al applications
without disrupting current operations.

In summary, investing in future-ready and interoperable digital infrastructure is
essential for SMEs to unlock the full potential of Al and ensure long-term scalability and
integration success.

5.6. Cultivating an Innovation-Driven Culture to Support Al Adoption

This subsection addresses the cultural and organizational barriers to Al adoption
within SMEs, falling under the organizational dimension of the TOE framework. A major
challenge in this context is the resistance to change that can emerge from rigid hierarchies,
limited exposure to digital tools, and fear of job displacement, factors that slow or prevent
Al adoption. As noted in [112], cultural inertia and lack of digital maturity are among the
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most persistent organizational challenges that impede the diffusion of Al in small com-
panies. In support, refs. [3,97] emphasize that fostering innovation-driven environments,
supported by leadership and strategic alignment, is essential for SMEs to realize the full
benefits of Al integration.

Regionally, ref. [27] show that in the European context, a lack of innovation culture
and slow organizational learning are key inhibitors of Al readiness in SMEs. Similarly, in
Saudi Arabia, ref. [29] highlight that resistance to change and low managerial awareness are
major barriers to technology assimilation. In India, ref. [28] find that weak organizational
openness and conservative leadership styles contribute to reluctance to experimentation
and Al learning. These findings underscore the need for inclusive leadership-driven
innovation cultures that empower employees to participate in digital transformation.

To foster a culture that embraces innovation and technological transformation, SMEs
must create conditions that promote experimentation, collaboration, and inclusive partici-
pation. The following strategies can help build such a culture:

A. Promote an Innovation Mindset Internally
Encourage creativity, openness to new ideas, and willingness to experiment. Support
innovation champions within the organization and reward proactive behavior that
contributes to digital initiatives.

B. Implement Al through Gradual, Pilot-Driven Approaches
Use small-scale pilot projects to introduce Al incrementally, allowing employees to
gain confidence, understand its value and see its alignment with long-term goals
without overwhelming disruption.

C. Create Internal Spaces for Learning and Experimentation
Establish safe environments for trial-and-error, where staff can test ideas and learn new
tools without fear of failure. This fosters continuous learning and reduces resistance
to change.

D. Encourage Open Innovation and External Collaboration
Engage employees, clients, partners, and external experts in co-creation. Opening
innovation processes to diverse stakeholders increases idea generation and fosters a
sense of shared ownership over change.

E. Lead Change Management with Transparency and Inclusion
Clearly communicate the purpose, benefits, and implications of Al adoption. Address
concerns directly, involve staff in solution design, and promote social responsibility
along with economic efficiency.

In summary, cultivating an innovation-driven culture is essential to overcome inter-
nal resistance and ensure that Al adoption is embraced throughout the organization. By
promoting creativity, collaboration, and inclusivity, along with transparent change manage-
ment, SMEs can align technological transformation with the engagement of human capital
and long-term organizational resilience.

5.7. Enhancing Human—AI Collaboration to Improve Organizational Productivity

This subsection addresses productivity-related challenges under the organizational
dimension of the TOE framework. In a highly competitive and dynamic environment, SMEs
must take advantage of Al to increase productivity without compromising employment or
organizational cohesion. However, many businesses face the dilemma of choosing between
automation, which can displace workers, and augmentation, which aims to improve human
capabilities through technology.

Augmentation offers a strategic path forward. As argued by [92], Al-driven in-
crease leads to productivity growth by allowing machines to complement—rather than
replace—human labor. Unlike automation, which focuses on full task substitution, aug-
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mentation emphasizes synergy: machines contribute processing and scale, while humans
provide judgment, creativity, and contextual understanding.

The concept of co-intelligence, introduced by [120], reinforces this model. Co-
intelligence is based on active collaboration between humans and machines, where tasks
are divided to capitalize on the respective strengths of each. This collaborative approach
empowers employees to remain central in decision-making while leveraging Al to improve
speed and accuracy.

Recent empirical findings support this approach. Ref. [97] emphasize the need for
human-centered strategies in the adoption of Al in small businesses, advocating for the
upgrading of the workforce and the integration of collaborative technologies to drive
sustainable performance. Furthermore, ref. [112] identify employee participation and
capability development as central to successful adoption of Al in SMEs, confirming that
augmentation, rather than full automation, offers a more sustainable and inclusive produc-
tivity strategy.

Other human-Al models, such as the Centaur and Cyborg metaphors, further illus-
trate augmentation [120]:

¢  Centaur teams represent human-machine pairings that jointly perform tasks to out-
perform either work alone.

¢  Cyborg workers use embedded or connected Al systems to amplify their own capa-
bilities in real-time, increasing performance and adaptability.

These paradigms support the idea that Al should not replace people, but rather
enhance human performance, innovation, and satisfaction.
Actionable Strategies to adopt an augmentation-focused approach include:

A. Design Al systems that complement—not replace—human roles
Focus on tools that support decision-making, improve accuracy, or automate repetitive
tasks while leaving critical thinking and judgment to employees.

B. Investin employee upskilling for AI collaboration
Provide training on how to work effectively with Al tools and interpret Al-generated
outputs to empower employees in augmented workflows.

C. Promote a co-intelligence mindset across the organization
Encourage leadership and teams to frame Al not as a substitute, but as a partner in
productivity and innovation.

D. Experiment with augmentation models such as Centaur and Cyborg approaches
Pilot use cases where human-AlI synergy can be observed, measured, and refined,
especially in customer service, product development, or strategic planning.

In summary, shifting from automation to augmentation enables SMEs to improve
productivity in a more inclusive and sustainable manner. By fostering human—AI collabo-
ration, SMEs can protect jobs, increase engagement, and position themselves for long-term
competitive advantage in the digital economy:.

As the internal capabilities of SMEs mature, additional challenges emerge at the
interface between the organization and its external ecosystem—particularly in the areas of
public—private collaboration, generative Al integration, and responsible governance.

5.8. Strengthening Public—Private Collaboration to Support Al Adoption

This subsection addresses the challenge of insufficient public—private collaboration,
situated within the environmental dimension of the TOE framework. Despite growing
interest in Al, small companies often lack access to well-structured and inclusive ecosystems
that connect them to public institutions, tech providers, and knowledge centers. This
disconnect can hinder the diffusion of Al knowledge, tools, and funding, especially in
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regions where digital infrastructure and innovation policies are underdeveloped. As [97]
highlights, government incentives, cross-sector alliances, and institutional frameworks
are critical enablers to overcome environmental barriers to Al adoption. Their findings
reinforce the need for coordinated action between governments, academia and industry to
bridge the resource and knowledge gaps facing SMEs.

To overcome this barrier, a multi-stakeholder approach is needed to build a supportive
environment where SMEs can access the expertise, infrastructure, and capital required for
sustainable AI adoption.

Key strategies to strengthen public—private collaboration include the following;:

A. Develop Inclusive Innovation Ecosystems
Foster structured partnerships among governments, technology providers, universities,
and research centers. These ecosystems should offer shared resources, such as cloud
access, computing infrastructure, training programs, and co-investment platforms.

B. Establish Collaborative Spaces for SMEs and Tech Stakeholders
Create physical and virtual environments, such as Al hubs, open innovation labs and
online platforms, where SMEs can co-develop Al solutions, share experiences, and get
advice from technical experts and researchers.

C. Implement Tailored Financial Incentives
Design public funding mechanisms such as grants, tax credits, and subsidized loans
specifically targeted at SMEs seeking Al adoption. Encourage private sector co-
financing through equity partnerships or innovation vouchers.

D. Promote Knowledge Exchange and Joint Capacity Building
Launch joint research initiatives, Al-focused training programs, and cross-sector men-
torships that connect SMEs with academic and corporate expertise. These initiatives
can reduce skill gaps and accelerate learning.

E. Introduce Adaptive and Innovation-Friendly Regulation
Simplify regulatory procedures and promote standards that support experimentation
and reduce compliance burdens. This fosters a more agile environment for testing and
adopting Al technologies.

In summary, public—private collaboration is a critical enabler of Al adoption in SMEs,
yet current efforts often lack structure, accessibility, and strategic alignment. By building
integrated, resource-rich ecosystems supported by financial incentives, shared knowledge,
and flexible regulation, stakeholders can unlock the full potential of Al for SMEs and drive
inclusive innovation at scale.

5.9. Strategically Leveraging Generative Al to Democratize Capabilities and Drive Innovation:
Toward Open-Weight LLM Adoption

This subsection addresses the dual challenge and transformative opportunity of strate-
gically integrating generative artificial intelligence (Gen-Al) into SME operations. Located
within both the technological and organizational dimensions of the TOE framework, this
challenge concerns not only access to cutting-edge tools but also the strategic alignment,
governance, and scalability of those tools within SME contexts.

Gen-Al is revolutionizing access to intelligent automation, enabling SMEs to perform
tasks previously reserved for large enterprises. As demonstrated by [119], tools such as
Microsoft Copilot, Jasper, and Canva allow smaller firms to automate content creation,
enhance customer interaction, and support strategic planning—all with minimal infras-
tructure and low financial barriers. These tools democratize innovation, allowing SMEs
to overcome longstanding resource constraints. Similarly, ref. [3] emphasize the role of
Gen-Al as a driver of transformation of the business model and alignment of sustainability.
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Recent developments in the Al industry have also increased deployment flexibility—crucial
for SMEs. Although many begin by accessing Gen-Al via third-party APIs (e.g., OpenAl or
Google Cloud), some eventually require full control over infrastructure for cost, compliance,
or customization reasons. As adoption matures, SMEs may seek to host models on private
cloud instances or even on-premise servers.

The rapid emergence of high-performing open-weight LLMs, such as LLama,
DeepSeek-R1, Mistral, or Falcon families, is reshaping the landscape of Al adoption. These
models now offer small businesses a viable alternative to closed systems, matching pro-
prietary performance while providing greater transparency, adaptability, control, and
sustainability [121]. Open-weight models empower SMEs to fine-tune and deploy Al
tools aligned with their infrastructure, compliance, and budgetary needs, making them
particularly attractive for long-term integration.

However, many SMEs continue to adopt Gen-Al in fragmented or exploratory ways,
without embedding it into core strategic processes or innovation pipelines. Organizational
readiness, ethical concerns, and the lack of digital governance practices often result in
under-utilization and operational misalignment.

To unlock Gen-Al’s full potential, SMEs should adopt a structured and intentional
approach. The following actions are recommended:

A. Adopt Accessible, Low-Code Gen-Al Platforms
Begin with intuitive, commercially available Gen-Al tools that support content cre-
ation, communication, ideation, and task automation. Low-code platforms such as
Jasper, Notion AI, Copy.ai, ChatGPT, and Canva Magic Write offer SMEs immedi-
ate entry points to experiment with Al without needing specialized technical skills.
These tools require minimal onboarding, typically follow a free-mium pricing model,
and can be embedded into existing workflows.

B. Enhance Workforce Capabilities through Augmentation
Use Gen-Al to augment, not replace, human capabilities. Empower employees across
departments (for example, marketing, customer service, R&D) to harness Gen-Al to
write reports, generate insights, answer internal queries, or accelerate ideation. This
augmentation model reinforces a co-intelligence approach where Al assists, but human
judgment remains central.
To accelerate adoption, SMEs can introduce Al pilots” within departments to pilot
tools and coach others. Platforms such as ChatGPT for Business, Microsoft Copilot,
or Google Workspace AI integrate directly with standard office software, making
the augmentation process seamless. In parallel, free and paid learning modules on
platforms such as LinkedIn Learning, Coursera, or Google’s Al Academy help build
internal capability.

C. Align Gen-Al with Strategic and Innovation Goals
Integrate Gen-Al into broader strategic planning and innovation processes. Rather
than treating Al as a side experiment, SMEs should embed Gen-Al into their OKRs
(Objectives and Key Results), innovation roadmaps, and performance KPIs. Use cases
may include trend analysis, scenario simulation, customer journey visualization, and
stakeholder communication support.
For example, SMEs can use Gen-Al to draft strategic memos, synthesize competitor
reports, or explore “what-if” analyses related to product launches or market entry.
Alignment with strategic goals ensures that Al investments are not just technically
sound, but also business-relevant. Decision support functions such as executive
briefings, sales forecasting, or risk scenario modeling are particularly impactful.

D. Leverage Small Open-Weight LLMs for Flexible and Scalable Deployment
For SMEs with intermediate or advanced digital maturity, small open-weight LLMs
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(e.g., Mistral-7B, LLaMA 3, DeepSeek-R1, Phi-2) present an attractive alternative to
API-based tools. These models offer higher transparency, control over fine-tuning,
and deployment cost-efficiency—particularly relevant for privacy-sensitive industries
or firms with unique use cases.

Modular deployments can begin in containerized environments using tools such as
Docker, Kubernetes, and libraries such as Hugging Face Transformers, LangChain,
or vLLM. These support inference at the edge or on affordable GPU cloud services (e.g.,
Paperspace, RunPod, or Replicate).

SMEs can gradually scale from local pilots to fully integrated Gen-Al pipelines, ensur-
ing that each step aligns with internal governance, data sovereignty, and customization
needs. Use cases such as internal knowledge bases, structured summarization, or
semantic search are ideal starting points for in-house LLM hosting.

Accessible Catalog of Practical Applications: A Strategic Ecosystem Imperative
SMEs would benefit significantly from access to a curated and regularly updated cata-
log of Generative Al applications, particularly those based on LLMs, that showcase
real-world use cases and documented productivity improvements. Such a catalog
should include sector-specific and cross-functional case studies, benchmarks, deploy-
ment guides, and integration templates—providing SMEs with actionable insights on
how GenAlI can enhance efficiency, reduce costs, and unlock new forms of innovation.
At present, no widely recognized repository exists that systematically compiles and
contextualizes successful GenAl applications tailored for SMEs. This absence creates
a significant barrier, as many SMEs lack the internal capacity to explore the breadth
of Al solutions or to translate abstract capabilities into operational use cases. A well-
designed catalog would act as a practical bridge—demystifying Al by showing how
similar-sized firms have applied it for marketing automation, customer support,
internal documentation, compliance analysis, or knowledge management.
Establishing and maintaining such a catalog should be viewed as an ecosystem-level
priority for policy actors, industry alliances, and Al providers. Without this, SMEs
will continue to face limited access to replicable adoption pathways—hampering both
innovation scalability and cross-sector learning.

Illustrative Case Example: A mid-sized logistics SME in Spain integrated Mistral-7B via
Hugging Face and FastAPI to automate client email summarization and route planning
queries. This reduced human workload by approximately 40% and achieved a 12%
increase in customer satisfaction within six weeks. Hosting was implemented through
a GPU instance on Paperspace, reducing infrastructure costs by 35% compared to
equivalent proprietary API services.

As needs evolve, transitioning to open-weight LLMs [122], such as DeepSeek-R1,
LLaMA, Mistral, or Falcon, offers SMEs greater autonomy and transparency. These
models allow for self-hosting, fine-tuning, or deployment on private infrastructure,
making them suitable for SMEs operating under strict compliance, cost, or customiza-
tion requirements. This flexibility enables more sustainable, ethically guided, and
strategically aligned Al adoption.

Scale Strategically from Pilots to Core Functions

Begin with low-risk, high-frequency use cases—such as drafting marketing copy, sum-
marizing meeting notes, automating internal documentation, or creating customer
FAQs—where Gen-Al can deliver immediate efficiency gains with minimal risk. These
entry points allow SMEs to experiment with generative technologies, build organiza-
tional confidence, and fine-tune deployment practices in a contained environment.
As internal trust and technical familiarity increase, expand Al applications to more
complex and value-adding business functions, including customer service automation
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(e.g., chatbot integration), sales intelligence, supply chain prediction, or even product
design ideation. Each expansion phase should be guided by clearly defined success
metrics (e.g., response time reduction, conversion uplift, error rate minimization) and
paired with stakeholder feedback loops.

Strategic scaling requires a governance layer that ensures alignment with business
priorities, ethical safeguards, and compliance constraints. This may involve forming
an internal Al task force, defining data usage policies, and setting thresholds for
human-in-the-loop oversight.

Example Pathway:

—  Phase 1—Exploration: Deploy Gen-Al for internal document drafting and
idea generation.

—  Phase 2—Operational Integration: Extend Gen-Al to handle customer emails, gener-
ate marketing briefs, or automate routine analysis.

—  Phase 3—Strategic Embedding: Integrate Gen-Al into CRM systems, product devel-
opment workflows, or knowledge management platforms.

A phased, feedback-driven rollout mitigates risk, nurtures Al maturity across
the organization, and enables SMEs to evolve from exploratory use to strategic
integration—maximizing return on investment and long-term competitiveness.
Addressing Practical Integration and Mitigation of LLM Risks

While open-weight LLMs offer SMEs greater autonomy, transparency, and cost control
compared to closed platforms, their deployment introduces non-trivial risks that must
be strategically managed. Common technical challenges include prompt injection
attacks, model hallucination (i.e., generation of false or misleading outputs), and
the propagation of encoded biases. These risks are further compounded by SMEs’
typically limited in-house Al expertise and constrained cybersecurity budgets.

In practice, SMEs must weigh the flexibility of self-hosting against the operational
overhead it entails—such as provisioning GPU-based infrastructure, managing version
control, ensuring uptime, and enforcing data security protocols. Without sufficient
safeguards, improperly configured LLMs can produce unreliable results or expose
sensitive business data to unintended uses.

Recommended Mitigations and Integration Strategies:

-  Lightweight Guardrails: Implement tools for content moderation, such as
prompt sanitization, response length limits, and input validation layers. Libraries
such as Guardrails.ai, LangChain safety chains, or Rebuff offer plug-and-
play solutions to mitigate harmful output and misuse.

-  Use of Containerized Frameworks: Leverage containerized deployments (e.g.,
Docker with Hugging Face Transformers + FastAPI) to simplify integration and
enforce isolation. This reduces the complexity of managing dependencies and
accelerates reproducibility.

-  Monitoring and Feedback Loops: Incorporate human-in-the-loop (HITL) over-
sight for critical tasks and establish monitoring tools (e.g., logging, real-time
review dashboards) to capture hallucination incidents or drift in model behavior
over time.

-  Shared Maintenance Communities: Rely on open communities and maintained
libraries (e.g., OpenLLM, LLMGuard, or Hugging Face Model Hub) that offer security
patches, pretrained safety layers, and updated weights. These ecosystems provide
a valuable lifeline for SMEs without dedicated Al teams.

—  Prioritized Use Cases: Limit LLM deployment to high-ROI, low-risk applications—such
as internal knowledge search, summarization, and document generation—before expand-
ing to customer-facing or compliance-critical contexts.
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-  Ethical and Compliance Guidelines: Develop internal guidelines addressing
transparency, data provenance, and consent in GenAl applications. These should
reflect emerging standards (e.g., EU Al Act (https://artificialintelligenceact.eu/,
accessed on 12 May 2025), ISO/IEC 42001 (https:/ /www.iso.org/standard /8123
0.html, accessed on 12 May 2025)) and foster a culture of responsible use.

Ultimately, adopting open-weight LLMs is not merely a technical decision but a gover-
nance challenge. For SMEs, combining lightweight safety protocols with community-
supported tooling and a clear risk assessment process is essential to avoid harm,
preserve trust, and build sustainable Al capabilities.

H. Establish Ethical Governance and Usage Guidelines
Introduce lightweight but effective ethical governance structures tailored to the size
and capabilities of SMEs. These frameworks should include principles of transparency,
fairness, accountability, and security in the use of Generative Al (Gen-Al), particularly
large language models (LLMs). Clear documentation of how Gen-AlI tools are used
internally (e.g., for content creation or decision support) and externally (e.g., customer
interactions) helps build trust with employees, clients, and regulatory bodies.
Transparency guidelines should ensure that Gen-Al-generated content is identifiable,
especially in customer-facing contexts. This includes labeling Al-generated responses
or content to avoid misleading stakeholders. Bias mitigation practices must be im-
plemented to reduce the risk of replicating harmful stereotypes or skewed outputs
in automated content. This can be achieved using prompt calibration, fairness-aware
fine-tuning, and output filtering tools.
SMEs should also establish internal policies outlining appropriate use cases, lim-
itations of Gen-Al tools, employee responsibilities, and data protection protocols.
These policies should align with emerging legal frameworks such as the EU Al Act or
ISO/IEC 42001, ensuring compliance with data privacy, accountability, and algorith-
mic impact assessment norms.
To promote accountability, SMEs can assign a responsible Al lead or committee—even
if informally composed—who periodically reviews Gen-Al use, tracks incidents (e.g.,
hallucinations, misuse), and updates governance practices as technologies evolve.
Training staff on these principles reinforces an ethical culture and reduces misuse risk.
Ultimately, ethical governance is not an overhead but a strategic enabler—providing
guardrails that reduce legal exposure, foster user confidence, and ensure Gen-Al
serves as a sustainable and trusted innovation driver.

In summary;, strategically integrating Generative Al—particularly open-weight large
language models—offers SMEs an unprecedented opportunity to enhance productivity,
foster innovation, and democratize advanced digital capabilities. However, realizing this
potential requires more than access to technology: it demands a structured, risk-aware,
and goal-aligned adoption approach. SMEs must evolve from ad-hoc experimentation to
intentional, phased deployment—supported by curated application catalogs, workforce
augmentation, modular infrastructures, and robust governance practices.

The growing availability of customizable, open-source models such as DeepSeek-R1,
Mistral, and LLaMA gives SMEs the flexibility to deploy Al solutions aligned with their
compliance needs, budget constraints, and operational contexts. Yet, this flexibility also
introduces new risks—ranging from hallucination and bias to infrastructure and security
overhead. Addressing these challenges calls for lightweight safety layers, ethical guidelines,
community-supported tooling, and ecosystem-wide support to bridge capability gaps.

Ultimately, Gen-Al adoption in SMEs is not simply a technical transformation—it is a
strategic shift that must be embedded in core processes, guided by ethical governance, and
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reinforced through real-world use cases. The path forward is not to scale Gen-Al rapidly,
but to scale it wisely—anchored in usability, accountability, and long-term value creation.

5.10. Embedding Responsible Al Practices and Human-Centered Governance

This subsection addresses the growing challenge of embedding responsible Al prac-
tices into SME operations—an issue increasingly critical within the organizational and
environmental dimensions of the TOE framework. As regulatory frameworks evolve and
stakeholder expectations increase, Al adoption must go beyond technical performance to
uphold principles such as fairness, transparency, accountability, and inclusion [67].

Recent studies emphasize that most SMEs lack the internal structures, awareness,
or ability to apply these principles consistently [67,112]. Al is often adopted reactively
or without ethical safeguards, creating risks related to compliance, trust, and long-term
value alignment. Ref. [67] recommend lightweight but effective governance mechanisms
that SMEs can implement to ensure ethical deployment. These include risk assessment
protocols, explainability practices, and stakeholder engagement strategies - all of which are
essential to align Gen-Al tools with broader business and social values.

This governance gap exposes SMEs to reputational, operational, and compliance risks,
especially as governments introduce Al-specific regulations and consumers increasingly
demand ethical and transparent digital practices.

Therefore, responsible adoption of Al should not be seen as a barrier, but as a strategic
enabler of trust, innovation, and market legitimacy in the evolving digital economy.

To foster responsible and human-centered Al in SMEs, the following practices
are recommended:

A. Integrate Ethical Considerations into AI Planning
Begin Al projects with structured reflection on potential impacts, such as bias, discrim-
ination, or data misuse. Embed human rights principles into Al decision-making from
the outset, even in pilot projects.

B. Establish Lightweight Governance Structures
While SMEs may lack formal ethics boards, simple mechanisms, such as designating
an Al responsibility lead or incorporating stakeholder reviews, can support ethical
oversight and build internal accountability.

C. Promote Transparency and Explainability
Ensure that Al-generated outputs (e.g., decisions, recommendations) are explainable
to nontechnical users and customers. Use interfaces that allow humans to override,
question, or validate Al suggestions.

D. Strengthen Data Protection and Consent Protocols
Adhere to national and international data privacy laws. Where possible, ensure that
Al systems use consent-based anonymized data and that data handling policies are
clearly communicated.

E. Engage Stakeholders in Responsible Innovation
Involve employees, users, and partners in discussions about Al risks, values, and
priorities. This participatory approach fosters shared responsibility and aligns Al
solutions with organizational values.

In summary, SMEs must view responsible Al as a core component of digital transfor-
mation, not an afterthought. By embedding ethical awareness, lightweight governance,
and transparent practices into their Al journey, SMEs can improve trust, ensure regulatory
compliance, and futureproof their innovation strategies.



Appl. Sci. 2025, 15, 6465

32 0f43

5.11. Mapping Al Adoption Challenges and Solutions Within the TOE Framework

To consolidate the ten challenges and corresponding strategies presented in this section,
this final subsection offers a challenge mapping matrix across the three dimensions of the
TOE framework. Technological, Organizational, and Environmental.

This matrix (Table 4) aims to provide a practical synthesis for policymakers, SME
leaders, and researchers by identifying where barriers occur and which levers are most
effective to mitigate them. It reinforces the core thesis that Al adoption in SMEs is not
a purely technical endeavor, but a multidimensional process that intersects technology
readiness, internal capabilities, leadership, culture, and external institutional support.

By visualizing this mapping, we also highlight the systemic and interdependent nature
of Al adoption: Each solution does not operate in isolation, but contributes to enabling
success across dimensions. This integrated view is also consistent with the hybrid TOE-DOI
framework adopted in this study.

Table 4. TOE framework: mapping Al adoption challenges and actionable pathways in SMEs.

TOE Dimension Key Actionable Solutions
Lack of data quality and access Data goyerna'nce, real-time data collection, cleaning,
integration with APIs
o Cloud platforms, modular architectures,
Infrastructure and system misalignment . .
public—private Al centers
Technological Scalability and complexity of Al tools Modular d.eployment, agile methodology, scalable
cloud services
Generative Al underutilization and lack of Low—c'ode Gen-Al to'ols,toward P en—welght LLM.
L adoption augmentation use cases, phased integration,
strategic alignment . . .
innovation alignment
Skills shortage and knowledge gap Internal training, externe.il partnerships, accessible
platforms, open innovation
Cultural resistance and lack of innovation mindset Pﬂo.t projects, transparent leadership, learning
environments, inclusive change management
Lack of structured methodology for Al adoption Six-phase roadmap/m.e thodollogy: assess, define
strategy, select tools, pilot, train, monitor
Organizational . . . Flexible financing, pilot-based risk management,
Financial resource constraints . . .
public incentives, cloud services
Human-AI misalignment in productivity goals
Augmentation-focused adoption, co-intelligence
models, upskilling, role redefinition
Limited responsible Al governance and Lightweight AI ethics protocols, transparency,
ethical practices employee awareness, stakeholder inclusion
. Limited public-private collaboration and Innovation ecosystems, collaborative hubs, Al grants,
Environmental

policy support

capacity-building programs

6. Structured Pimary Methodology for Effective AI Adoption in SMEs

This section introduce a primary roadmap structured methodology for effective Al
Adoption as a way of stages and key activities. It addresses the organizational challenge of
lacking a clear methodology for Al adoption, a barrier within the organizational dimension
of the TOE framework. Many SMEs begin the adoption of Al without a structured approach,
leading to fragmented efforts, inefficient resource allocation, and misalignment between
business objectives and Al capabilities.

We propose an initial structured methodology designed to guide SMEs through ef-
fective Al adoption, as a formal step-by-step approach to reduce risk, manage change and
ensure strategic coherence. Without such a roadmap, SMEs can underestimate the com-
plexity of Al integration, resulting in slow adoption, failed projects, or wasted investment.
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Actionable strategies to build a methodology-driven approach include the following

six steps:

1.

Conduct a Comprehensive Readiness Assessment

Evaluate the organizational technological infrastructure, digital maturity, workforce
competencies, leadership alignment, and financial capacity to establish a realistic
starting point for Al adoption.

Define Strategic Objectives and Use Cases

Set measurable Al-related goals related to business priorities, such as improving
efficiency, improving customer experience, or enabling data-driven decisions.

Select Appropriate Al Solutions and Deployment Models

Choose between off-the-shelf, customized, or cloud-based Al tools based on internal
needs, available resources, and scalability requirements.

Implement in Phases with Pilot Projects Begin with small-scale pilots to validate the
feasibility and value of Al, make necessary adjustments and build internal trust and
capacity before greater deployment.

Integrate Training and Change Management

Ensure ongoing staff training and transparent communication to address resistance,
clarify roles and reinforce the value of Al as an enhancement tool.

Measure, Adjust, and Scale Strategically

Establish key performance indicators (KPI) to track progress. Use insights from early
phases to iterate and scale Al solutions in broader operations.

Table 5 summarizes this methodology in six actionable phases, offering a practical

guide to align technological adoption with organizational and strategic readiness. While

this represents an initial framework, future research can refine it into diagnostic and

maturity-assessment tools.

Table 5. Al adoption methodology for SMEs: phases and key activities.

Phase

Key Activities

1. Current State Assessment

Evaluate technological infrastructure, workforce competencies, leadership
alignment, digital maturity, and financial capacity. Identify strengths,
weaknesses, and readiness for Al adoption.

2. Strategic Objectives

Define clear, measurable business goals for Al adoption, ensuring alignment
with overarching business priorities such as efficiency, customer experience,
and data-driven decision-making.

3. Al Solution Selection

Choose appropriate Al tools and deployment models (custom vs.
off-the-shelf; cloud-based vs. on-premise) based on business needs, available
resources, and scalability requirements.

4. Pilot Project Implementation

Conduct small-scale pilot projects to validate Al solutions, assess feasibility,
and build internal trust before full-scale implementation.

Provide ongoing employee training to enhance Al-related skills. Implement

5. Training and Change Management change management practices to address resistance, align roles, and

emphasize Al’s role in augmenting human capabilities.

6. Measurement and Scaling

Establish key performance indicators (KPIs) to evaluate Al impact. Use
insights from pilot phases to refine strategies and scale Al solutions across
broader organizational functions.

Figure 2 visually complements Table 5 by illustrating the phased Al adoption method-

ology tailored for SMEs. Each stage—ranging from readiness assessment to full-scale

deployment—maps directly to the structured process outlined in the table. The diagram
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highlights the logical flow of activities, key decision points, and feedback loops, offering a
coherent blueprint for aligning Al implementation with technological, organizational, and
strategic priorities. This visual synthesis reinforces the structured and iterative nature of Al
adoption and supports SME leaders in navigating complexity with clear, actionable steps.

Al IMPLEMENTATION

Stages and key activities

CURRENT STATEASSESSMENT

Evaluate technological infrastructure. Work force

competencies. Leadership alignment. Digital

maturity. Financial capacity. Identify strengths,
' and readi for Al adoption.

STRATEGICOBJECTIVES

Define clear, measurable business goals for Al
doption. Ensuring aligi t with overarching

business priorities such as efficiency, customer
experience, and data-driven decision-making.

Al SOLUTION SELECTION

Choose appropriate Al tools and deployment
models (custom vs. off-the-shelf; cloud-based vs.
on-premise) based on business needs, avail able
resources, and scalability requirements.

PILOT PROJECT IMPLEMENTATION

Conduct Il-scale pilot projects to Al
D. Pilot Project Implementation solutions, assess
feasibility, and build internal trust before full-
scale implementation.

TRAININGAND CHANGE
MANAGEMENT
Provide gemp ining toenk Al-related
skills. Impl change practices to

address resistance, align roles, and emphasize Al's role in
augmenting human capabilities.

MEASUREMENT AND SCALING

Establish key performance indicators (KPls) toF.
Measurement and Scaling evaluate Alimpact. Use
insights from pilot phasestorefinestrategies
andscaleAlsolutions across broader organizational
functions.

Figure 2. Al Adoption primary methodology for SMEs.
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In summary, developing a structured and phased methodology is fundamental for
SMEs to adopt Al effectively. A systematic approach ensures organizational alignment,
minimizes risk, and allows sustainable scaling, transforming Al from a conceptual ambition
into an operational and strategic advantage.

It is important to emphasize that the roadmap Al adoption based methodology pro-
posed in this section represents a primary conceptual framework derived from the synthesis
of the literature rather than original empirical data (e.g., interviews or questionnaires for
small businesses). As such, it serves as a structured starting point for guiding SMEs
through Al adoption but requires empirical validation to test its applicability, robustness,
and adaptability in real-world contexts. Future research should focus on operationalizing
this roadmap through field studies, participatory design workshops, and comparative case
analyzes to refine its stages, define maturity metrics, and assess its effectiveness across
sectors and geographies. Although outside the scope of this article, this validation is critical
to transform this initial framework into a reliable decision support and diagnostic tool
tailored to the practical needs and constraints of SMEs.

7. Discussion: Lessons Learned, Limitations, and Future
Research Directions

A statement that captures the core of this discussion is as follows.

“Al adoption is no longer optional for SMEs; it has become a strategic lever for
transformation and a core requirement to remain competitive in a digital and
increasingly regulated marketplace.”

This section consolidates the theoretical and practical insights derived from the
challenge—solution framework presented throughout the study. It is organized into
two parts.

First, the Section 7.1 synthesizes the key takeaways from the ten Al adoption challenges
identified, providing guidance to SMEs, policymakers, and researchers through the lens of
the TOE-DOI framework. These insights are intended to support SMEs in adopting Al not
only as a technological upgrade, but also as a core enabler of strategic transformation.

Second, the Section 7.2 critically reflects on the methodological scope and context
dependence of the findings. It highlights areas requiring further empirical validation and
proposes research pathways to enhance the generalizability and operational relevance
of the model, particularly in light of emerging technologies such as generative Al and
evolving global Al governance frameworks.

7.1. Lessons Learned

Building on the analysis of adoption barriers and implementation strategies, this
section presents ten key lessons for SMEs, policymakers, and researchers, structured
around the TOE-DOI framework.

1. Al presents transformative opportunities for SMEs.
Al enables automation, smarter decision-making, customer personalization, and
new value creation pathways. When aligned with the lean structures and con-
straints of SMEs, these tools can significantly enhance competitiveness and innovation
(TOE: Technological).

2. Adoption lags due to multi-dimensional barriers.
Despite its potential, Al uptake in SMEs remains slow. Challenges include techno-
logical complexity, financial constraints, lack of digital culture, and limited external
support. The TOE-DOI framework helps identify and address these systematically at
the structural and perceptual levels.
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10.

Adoption strategies must reflect SME-specific realities.

SMEs operate with unique restrictions, limited resources, agile decision-making, and
informal structures. Effective adoption of Al requires tailored and scalable approaches
sensitive to these characteristics (TOE: Organizational).

Al must be embedded in strategy—not treated as a side project.

Al should be part of the firm’s core strategic planning, not an isolated technology
experiment. This requires long-term vision, structured roadmaps, and alignment of
leadership. Our six-phase implementation model offers practical guidance for SMEs
to embed Al into their growth strategies (TOE: Organizational + Technological).
Organizational culture is a key enabler.

A culture that supports experimentation, learning, and inclusive change manage-
ment promotes smoother adoption of Al. Overcoming fear and resistance requires
leadership to create safe spaces for adaptation (TOE: Organizational).

Talent development and upskilling are essential.

Technical and managerial knowledge of Al must be built internally. Upskilling existing
staff and reducing dependence on external consultants enhances sustainability and
internal capability (TOE: Organizational).

Accessible, modular, and open-weight solutions can democratize adoption.

Cloud-based platforms, plug-and-play tools, and open-weight LLMs—such as
LLaMA, DeepSeek-R1, Mistral, and Falcon—offer SMEs scalable, transparent, and
cost-effective alternatives to proprietary systems. These models support self-hosted,
hybrid, or cloud-based deployment, enabling greater control over data, compliance,
and customization. By lowering technical and financial barriers, open-weight solu-
tions empower SMEs to adopt Al in ways that align with their strategic goals and
operational realities (TOE: Technological + Organizational).

Data quality and governance underpin successful Al

Reliable, accessible, and clean data is the foundation for effective AI. SMEs must
invest in data infrastructure, governance protocols, and integration tools such as APIs
to ensure actionable insights (TOE: Technological).

Ethical and responsible Al must be integrated from the start.

As SMEs adopt powerful Al tools, governance mechanisms around fairness, trans-
parency, and data protection are essential. Lightweight and actionable frameworks
can help SMEs ensure trust and compliance (TOE: Organizational + Environmental).
Public-private ecosystems should support SME Al adoption.

Collaboration with universities, governments, tech providers and Al computation
centers can provide SMEs with access to expertise, infrastructure and financial support,
especially in early adoption phases (TOE: Environmental).

These lessons provide a solid roadmap for SMEs to pursue Al not just as a technology

trend, but as a strategic enabler for sustainable growth, inclusion, and resilience.

7.2. Limitations and Future Research

Although this study offers a comprehensive and structured framework for under-

standing Al adoption in SMEs through the TOE-DOI lens, several limitations must
be acknowledged.

First, the proposed challenge mapping matrix (Table 4) is constructed from sec-
ondary literature and has not yet been validated through primary data collection or
empirical fieldwork.

Second, the findings are context sensitive and may not generalize uniformly across
all industries, regions, or firm sizes, particularly given the rapidly evolving nature of
generative Al technologies and regulatory landscapes.
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Third, the framework assumes a relatively linear adoption trajectory, whereas real-
world implementation processes are often iterative, adaptive, and path-dependent.

These limitations point to the need for an iterative multi method research agenda that

can empirically test, contextualize, and refine the framework across business environments

and stages of digital maturity.

Building on the challenge mapping matrix presented in this study, several future

research opportunities emerge that can strengthen both theoretical understanding and

practical implementation of Al adoption in SMEs.

1.

The proposed model would benefit from empirical validation across sectors and
geographies. Although the framework is grounded in robust literature, its opera-
tionalization should be tested through case studies, surveys, and longitudinal studies.
As shown by [123], Al assimilation affects firm performance via dynamic capabil-
ities such as absorptive capacity and customer agility. Future research could ex-
plore how these mediators vary between different levels of digital maturity and
organizational size.

Studies such as [6,13] highlight structural disparities in Al adoption between SMEs
and larger enterprises. These include differences in project management integration,
support levels, and digital readiness. Comparative analyzes and longitudinal research
could uncover which internal or contextual factors allow certain SMEs to overcome
common adoption bottlenecks such as infrastructure gaps, talent shortages, and
strategic misalignment.

Strategic alignment remains an underexplored area. Refs. [115,124] propose structured
adoption roadmaps tailored to SMEs, yet these models require broader testing across
industries and regions. Future work could examine how such phased approaches
perform under varying degrees of resource constraint, leadership involvement, or
policy support.

Generative Al (Gen-Al) tools represent a transformative opportunity, particularly
for smaller firms. However, as noted in [3,119], there is limited empirical data on
how SMEs integrate Gen-Al into workflows or innovation cycles. Future studies
should investigate adoption pathways, productivity outcomes, and organizational
learning processes associated with Gen-Al tools such as ChatGPT, Copilot, or Jasper.
Furthermore, exploring how Gen-Al supports sustainability goals, as discussed by [3],
could guide Al strategies oriented to climate in SMEs.

Implementing ethical and responsible Al remains another urgent area. Ref. [67]
calls for lightweight governance models that can be embedded in SMEs with limited
regulatory capacity. More research should explore how such models can be insti-
tutionalized, including stakeholder engagement practices, explainability protocols,
and ethical impact audits, especially in environments with emerging or fragmented
regulatory oversight.

Technology-wise, infrastructure readiness and integration continue to be critical
barriers, as detailed in [97,112]. Future research should address modular, cloud-based,
and API-driven architectures that support interoperability and scalability, especially
for resource-constrained SMEs in emerging economies.

In addition, studies at the policy and ecosystem level could build on and [100],
investigating the role of public—private partnerships, national digital strategies, and
innovation funding to support the Al adoption journeys of SMEs. Exploring how
government interventions affect regional disparities and inclusive innovation will
help craft context-specific recommendations for digital policy frameworks.

Finally, as proposed by [125], the evolving taxonomy of Al applications in innovation
management provides a rich avenue to study how SMEs use Al in innovation of
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product, process and business model. Mapping these applications to industry verticals
and innovation stages can offer valuable granularity to existing adoption models.

In summary, future research should deepen empirical insights into the strategic,
technical, and ethical dimensions of Al in SMEs, aligned with real-world adoption sce-
narios, and build an evidence-based foundation for inclusive, scalable, and responsible
Al transformation guided by the TOE-DOI framework, which offers a robust lens to ana-
lyze both structural conditions and perception-driven adoption dynamics. This research
agenda should also respond directly to the interrelated challenges of evolution identified in
Section 4, validate the proposed solutions, and uncover new patterns of adoption, resistance,
and impact in diverse SME environments.

8. Conclusions

This study has argued that for SMEs, adopting Al is no longer optional—it is a critical
driver of strategic transformation, innovation, and long-term competitiveness. Although
Al offers unprecedented opportunities to automate operations, personalize customer en-
gagement, and improve decision-making, successful implementation requires navigating a
complex landscape of technological, organizational, and environmental barriers.

To address this complexity, the paper applied an integrated TOE framework enriched
with selected attributes of DOI theory. This combined lens enabled a multidimensional anal-
ysis that incorporates both structural conditions and perception-driven adoption dynamics.
Eleven key challenges were identified across the TOE dimensions, and each was matched
with actionable context-sensitive strategies, ranging from talent development and modular
infrastructure design to responsible Al governance and public—private ecosystem support.

In addition to the challenge mapping matrix, the study proposes a six-phase structured
roadmap methodology for Al adoption, detailed in Section 6. This methodology addresses
the need for a clear, phased approach tailored to SMEs’ constraints, guiding firms through
readiness assessment, solution selection, piloting, and scaling. Table 5 and Figure 2 provide
a visual and practical synthesis of this process. By offering a structured methodology
aligned with TOE-DQOI dimensions, the paper contributes operational guidance to a domain
often dominated by abstract strategy.

The proposed model and primary roadmap are particularly relevant in a fast-evolving
environment shaped by the rise of generative Al and emerging regulatory norms. An emerg-
ing enabler in this landscape is the rapid development of open-weight high-performance
LLMs, such as DeepSeek-R1, Mistral, and Falcon. These models democratize access to
advanced Al capabilities by offering SMEs greater transparency, customizability, and con-
trol over deployment. Unlike proprietary systems, open-weight LLMs allow for local or
cloud-based hosting, fine-tuning, and integration aligned with specific organizational and
regulatory contexts—especially critical for SMEs navigating data sensitivity, compliance,
and cost constraints.

Although the framework offers strong conceptual and practical relevance, its broader
applicability depends on continued empirical validation and contextual refinement. A
dedicated limitations-and-future-research agenda have been outlined to align strategic,
technical, and ethical insights with real-world implementation contexts. These directions
reinforce the need for adaptive, inclusive, and scalable pathways to Al adoption in SMEs.

Ultimately, this paper contributes to the growing body of research focused on enabling
small firms to participate meaningfully in the era of digital transformation. It calls for
policies, infrastructures, and leadership models that empower SMEs to adopt Al not merely
as a tool, but as a strategic enabler of inclusive and sustainable innovation. The central
message is clear: In a world defined by accelerating innovation cycles, SMEs that delay Al
adoption today may risk irrelevance tomorrow.



Appl. Sci. 2025, 15, 6465 39 of 43

Author Contributions: Conceptualization, E.S., R.C. and FH.; methodology, E.S., R.C. and FH.;
investigation, E.S., R.C. and EH.; writing—original draft preparation, E.S., R.C. and FH.; writing—
review and editing, R.C. and FH.; supervision, R.C. and F.H.; funding acquisition, FH. All authors
have read and agreed to the published version of the manuscript.

Funding: This publication is part of the project “Ethical, Responsible, and General Purpose Artifi-
cial Intelligence: Applications In Risk Scenarios” (IAFER) Exp.:TSI-100927-2023-1 funded through
the creation of university-industry research programs (Enia Programs), aimed at the research and
development of artificial intelligence, for its dissemination and education within the framework of
the Recovery, Transformation and Resilience Plan from the European Union Next Generation EU
through the Ministry of Digital Transformation and the Civil Service. This work was also partially
supported by Knowledge Generation Projects, funded by the Spanish Ministry of Science, Innovation,
and Universities of Spain under the project PID2023-150070NB-100.

Data Availability Statement: Not applicable.

Acknowledgments: Declaration of Al-assisted technologies in the writing process. During the
preparation of this work, the authors used large-language models to improve the readability and
language of the manuscript. After using this tool/service, the authors reviewed and edited the
content as needed and assumed full responsibility for the content of the published article.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. World Bank. Small and Medium Enterprises (SMEs) Finance: Improving SMEs” Access to Finance and Finding Innovative Solutions to
Unlock Sources of Capital; World Bank: Washington, DC, USA, 2024.

2. Dvorsky, ].; Kubalek, ].; Barinova, D.; Androniceanu, A.; Khan, K.A. Selected Factors Influencing the Social and Environmental
Aspects of Sustainability of Smes. Transform. Bus. Econ. 2024, 23, 62.

3. Shaik, A.S.; Alshibani, S.M.; Jain, G.; Gupta, B.; Mehrotra, A. Artificial intelligence (AI)-driven strategic business model
innovations in small-and medium-sized enterprises. Insights on technological and strategic enablers for carbon neutral businesses.
Bus. Strategy Environ. 2024, 33, 2731-2751. [CrossRef]

4. Raj, K,; Fredrick, D.P,; Kurahattidesai, C.; Hegde, C.S. Artificial Intelligence Driven Customer Relationship Management:
Harnessing the power of technology to improve business efficiency. Int. J. Commun. Netw. Inf. Secur. 2024, 16, 58—65.

5. Pingali, S.R.; Singha, S.; Arunachalam, S.; Pedada, K. Digital readiness of small and medium enterprises in emerging markets:
The construct, propositions, measurement, and implications. J. Bus. Res. 2023, 164, 113973. [CrossRef]

6. Schwaeke, J.; Peters, A.; Kanbach, D.K.; Kraus, S.; Jones, P. The new normal: The status quo of Al adoption in SMEs. |. Small Bus.
Manag. 2024, 63, 1-35. [CrossRef]

7. Costa, J.; Castro, R. SMEs must go online—E-commerce as an escape hatch for resilience and survivability. J. Theor. Appl. Electron.
Commer. Res. 2021, 16, 3043-3062. [CrossRef]

8. Yatna, C.N.; Banjuradja, S.Y.; Sutrisno, S.; Ritawaty, N. Digital Technology Adaptation Challenges to Enhance Growth and
Security of Corporate Online Businesses. Adv. Bus. Ind. Mark. Res. 2025, 3, 44-56. [CrossRef]

9.  Baabdullah, A.M. The precursors of Al adoption in business: Towards an efficient decision-making and functional performance.
Int. ]. Inf. Manag. 2024, 75, 102745. [CrossRef]

10. Fiiller, J.; Hutter, K.; Wahl, J.; Bilgram, V.; Tekic, Z. How Al revolutionizes innovation management-Perceptions and implementa-
tion preferences of Al-based innovators. Technol. Forecast. Soc. Change 2022, 178, 121598. [CrossRef]

11. Hansen, E.B.; Bagh, S. Artificial intelligence and internet of things in small and medium-sized enterprises: A survey. J. Manuf.
Syst. 2021, 58, 362-372. [CrossRef]

12.  Chatterjee, S.; Chaudhuri, R.; Grandhi, B.; Galati, A. Evolution of strategy for global value creation in MNEs: Role of knowledge
management, technology adoption, and financial investment. J. Int. Manag. 2023, 29, 101057. [CrossRef]

13.  Tominc, P; Oregki, D.; Canéer, V.; Rozman, M. Statistically Significant Differences in Al Support Levels for Project Management
between SMEs and Large Enterprises. Al 2024, 5, 136-157. [CrossRef]

14.  Ghobakhloo, M.; Iranmanesh, M.; Vilkas, M.; Grybauskas, A.; Amran, A. Drivers and barriers of Industry 4.0 technology adoption
among manufacturing SMEs: A systematic review and transformation roadmap. J. Manuf. Technol. Manag. 2022, 33, 1029-1058.
[CrossRef]

15. Hwang, W.S.; Kim, H.S. Does the adoption of emerging technologies improve technical efficiency? Evidence from Korean

manufacturing SMEs. Small Bus. Econ. 2022, 59, 627-643. [CrossRef]


http://doi.org/10.1002/bse.3617
http://dx.doi.org/10.1016/j.jbusres.2023.113973
http://dx.doi.org/10.1080/00472778.2024.2379999
http://dx.doi.org/10.3390/jtaer16070166
http://dx.doi.org/10.60079/abim.v3i1.436
http://dx.doi.org/10.1016/j.ijinfomgt.2023.102745
http://dx.doi.org/10.1016/j.techfore.2022.121598
http://dx.doi.org/10.1016/j.jmsy.2020.08.009
http://dx.doi.org/10.1016/j.intman.2023.101057
http://dx.doi.org/10.3390/ai5010008
http://dx.doi.org/10.1108/JMTM-12-2021-0505
http://dx.doi.org/10.1007/s11187-021-00554-w

Appl. Sci. 2025, 15, 6465 40 of 43

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

Enholm, I.M.; Papagiannidis, E.; Mikalef, P.; Krogstie, J. Artificial intelligence and business value: A literature review. Inf. Syst.
Front. 2022, 24, 1709-1734. [CrossRef]

Lamarre, E. Digital and Al Transformations, Start with the Problem, Not the Technology; McKinsey & Company: New York, NY, USA,
2023.

Tornatzky, L.; Fleischer, M. The Process of Technology Innovation; D.C. Heath & Company: Lexington, MA, USA, 1990.

Rogers, E. Diffusion of Innovations; The Free Press: New York, NY, USA, 2003.

Kumar Bhardwaj, A.; Garg, A.; Gajpal, Y. Determinants of blockchain technology adoption in supply chains by small and medium
enterprises (SMEs) in India. Math. Probl. Eng. 2021, 2021, 5537395. [CrossRef]

Das, S.D.; Bala, PK. What drives MLOps adoption? An analysis using the TOE framework. J. Decis. Syst. 2024, 33, 376-412.
[CrossRef]

Simina, M.M.; Dutescu, A. TOE framework elements used on Artificial Intelligence implementation in the accounting and audit
sector. Int. . Res. Bus. Soc. Sci. 2024, 13, 335-349.

Chen, H.; Li, L.; Chen, Y. Explore success factors that impact artificial intelligence adoption on telecom industry in China.
J. Manag. Anal. 2021, 8, 36-68. [CrossRef]

Rawash, H.N. E-commerce adopting TOE model by SMEs in Jordan. Multicult. Educ. 2021, 7, 118-122.

Chatterjee, S.; Rana, N.P,; Dwivedi, YK.; Baabdullah, A.M. Understanding AI adoption in manufacturing and production firms
using an integrated TAM-TOE model. Technol. Forecast. Soc. Change 2021, 170, 120880. [CrossRef]

El-Haddadeh, R. Digital innovation dynamics influence on organisational adoption: The case of cloud computing services. Inf.
Syst. Front. 2020, 22, 985-999. [CrossRef]

Arroyabe, M.E; Arranz, C.E; De Arroyabe, L.E; de Arroyabe, ].C.E. Analyzing Al adoption in European SMEs: A study of digital
capabilities, innovation, and external environment. Technol. Soc. 2024, 79, 102733. [CrossRef]

Polisetty, A.; Chakraborty, D.; Kar, AK,; Pahari, S. What determines Al adoption in companies? Mixed-method evidence.
J. Comput. Inf. Syst. 2024, 64, 370-387. [CrossRef]

Baabdullah, A.M.; Alalwan, A.A ; Slade, E.L.; Raman, R.; Khatatneh, K.F. SMEs and artificial intelligence (AI): Antecedents and
consequences of Al-based B2B practices. Ind. Mark. Manag. 2021, 98, 255-270. [CrossRef]

Ocloo, C.E.; Xuhua, H.; Akaba, S.; Shi, J.; Worwui-Brown, D.K. The determinant factors of business to business (B2B) E-commerce
adoption in small-and medium-sized manufacturing enterprises. J. Glob. Inf. Technol. Manag. 2020, 23, 191-216. [CrossRef]
Hamad, W.B. The role of ICT in knowledge management processes: A Review. Int. J. Eng. Sci. Comput. 2018, 8, 16373-16380.
Sharma, S. Benefits or concerns of Al: A multistakeholder responsibility. Futures 2024, 157, 103328. [CrossRef]

Huang, M.H.; Rust, R.T. A framework for collaborative artificial intelligence in marketing. J. Retail. 2022, 98, 209-223. [CrossRef]
Badet, J. Al automation and new jobs. Open . Bus. Manag. 2021, 9, 2452-2463. [CrossRef]

Umutoni, A. The Influence of Artificial Intelligence on Customer Service Automation in E-Commerce in Rwanda. Int. J. Technol.
Syst. 2025, 10, 57-68. [CrossRef]

Alami, H.; Rivard, L.; Lehoux, P.; Hoffman, S.J.; Cadeddu, S.B.M.; Savoldelli, M.; Samri, M.A.; Ag Ahmed, M.A; Fleet, R.; Fortin,
J.P. Artificial intelligence in health care: Laying the foundation for responsible, sustainable, and inclusive innovation in low-and
middle-income countries. Glob. Health 2020, 16, 1-6. [CrossRef] [PubMed]

Briatore, F.; Mosca, M.T.; Mosca, R.N.; Braggio, M. A Bibliometric Analysis on Artificial Intelligence in the Production Process of
Small and Medium Enterprises. Al 2025, 6, 54. [CrossRef]

Leocadio, D.; Guedes, L.; Oliveira, J.; Reis, J.; Melao, N. Customer service with Al-powered human-robot collaboration (HRC):
A literature review. Procedia Comput. Sci. 2024, 232, 1222-1232. [CrossRef]

Shaalan, A.; Tourky, M.; Ibrahim, K. AI Caramba!: The Negative Effects of Al Agents in Customer Relationship Management. In
Leveraging Al for Effective Digital Relationship Marketing; IGI Global: Hershey, PA, USA, 2025; pp. 309-352.

Matosas-Lopez, L. The influence of brand credibility and brand loyalty on customer satisfaction and continued use intention in
new voice assistance services based on Al |. Mark. Anal. 2025, 13, 180-201. [CrossRef]

Bhuiyan, M.S. The role of Al-Enhanced personalization in customer experiences. J. Comput. Sci. Technol. Stud. 2024, 6, 162-169.
[CrossRef]

Konda, R. Al-driven customer support: Transforming user experience and operational efficiency. Int. J. Sci. Technol. 2025,
16, 117-130.

Gowri, D.P. Impact of Al in Personalized Digital Marketing: Boosting Customer Engagement through Tailored Content.
J. Commun. Manag. 2024, 3, 216-221. [CrossRef]

Gupta, Y.; Khan, EM. Role of artificial intelligence in customer engagement: A systematic review and future research directions.
J. Model. Manag. 2024, 19, 1535-1565. [CrossRef]

Biallas, M.; O’Neill, F. Artificial intelligence innovation in financial services. Int. Financ. Corp. 2020, 85, 1-8.

Ben Ayed, R.; Hanana, M. Artificial intelligence to improve the food and agriculture sector. J. Food Qual. 2021, 2021, 5584754.
[CrossRef]


http://dx.doi.org/10.1007/s10796-021-10186-w
http://dx.doi.org/10.1155/2021/5537395
http://dx.doi.org/10.1080/12460125.2023.2214306
http://dx.doi.org/10.1080/23270012.2020.1852895
http://dx.doi.org/10.1016/j.techfore.2021.120880
http://dx.doi.org/10.1007/s10796-019-09912-2
http://dx.doi.org/10.1016/j.techsoc.2024.102733
http://dx.doi.org/10.1080/08874417.2023.2219668
http://dx.doi.org/10.1016/j.indmarman.2021.09.003
http://dx.doi.org/10.1080/1097198X.2020.1792229
http://dx.doi.org/10.1016/j.futures.2024.103328
http://dx.doi.org/10.1016/j.jretai.2021.03.001
http://dx.doi.org/10.4236/ojbm.2021.95132
http://dx.doi.org/10.47604/ijts.3213
http://dx.doi.org/10.1186/s12992-020-00584-1
http://www.ncbi.nlm.nih.gov/pubmed/32580741
http://dx.doi.org/10.3390/ai6030054
http://dx.doi.org/10.1016/j.procs.2024.01.120
http://dx.doi.org/10.1057/s41270-023-00278-8
http://dx.doi.org/10.32996/jcsts.2024.6.1.17
http://dx.doi.org/10.58966/JCM2024334
http://dx.doi.org/10.1108/JM2-01-2023-0016
http://dx.doi.org/10.1155/2021/5584754

Appl. Sci. 2025, 15, 6465 41 of 43

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

Debbadi, R K.; Boateng, O. Optimizing end-to-end business processes by integrating machine learning models with UiPath for
predictive analytics and decision automation. Int. J. Sci. Res. Arch. 2025, 14, 778-796. [CrossRef]

Chaudhary, PS.; Khurana, M.R.; Ayalasomayajula, M. Real-world applications of data analytics, big data, and machine
learning. In Data Analytics and Machine Learning: Navigating the Big Data Landscape; Springer: Berlin/Heidelberg, Germany, 2024;
pp. 237-263.

Vittori, D.; Natalicchio, A.; Panniello, U.; Petruzzelli, A.M.; Albino, V.; Cupertino, F. Failure is an option: How failure can lead to
disruptive innovations. Technovation 2024, 129, 102897. [CrossRef]

Stettler, T.R.; Moosauer, E.J.; Schweiger, S.A.; Baldauf, A.; Audretsch, D. Absorptive capacity in a more (or less) absorptive
environment: A meta-analysis of contextual effects on firm innovation. J. Prod. Innov. Manag. 2025, 42, 18-47. [CrossRef]
Denicolai, S.; Zucchella, A.; Magnani, G. Internationalization, digitalization, and sustainability: Are SMEs ready? A survey on
synergies and substituting effects among growth paths. Technol. Forecast. Soc. Change 2021, 166, 120650. [CrossRef]

Nagy, M.; Lazéroiu, G.; Valaskova, K. Machine intelligence and autonomous robotic technologies in the corporate context of SMEs:
Deep learning and virtual simulation algorithms, cyber-physical production networks, and Industry 4.0-based manufacturing
systems. Appl. Sci. 2023, 13, 1681. [CrossRef]

Etienne Fabian, N.; Dong, J.Q.; Broekhuizen, T.; Verhoef, P.C. Business value of SME digitalisation: When does it pay off more?
Eur. J. Inf. Syst. 2024, 33, 383-402. [CrossRef]

Giuggioli, G.; Pellegrini, M.M. Artificial intelligence as an enabler for entrepreneurs: A systematic literature review and an
agenda for future research. Int. ]. Entrep. Behav. Res. 2023, 29, 816-837. [CrossRef]

Dorr, L.; Fliege, K.; Lehmann, C.; Kanbach, D.K.; Kraus, S. A taxonomy on influencing factors towards digital transformation in
SMEs. ]. Small Bus. Strategy 2023, 33, 53—69. [CrossRef]

Horani, O.M.; Al-Adwan, A.S,; Yaseen, H.; Hmoud, H.; Al-Rahmi, WM.; Alkhalifah, A. The critical determinants impacting
artificial intelligence adoption at the organizational level. Inf. Dev. 2023, 02666669231166889 . [CrossRef]

Gangwar, H.; Date, H.; Raoot, A. Review on IT adoption: Insights from recent technologies. |. Enterp. Inf. Manag. 2014,
27,488-502. [CrossRef]

Sun, Y,; Tan, C.W.; Lim, K.H.; Liang, T.P; Yeh, Y.H. Strategic contexts, strategic orientations and organisational technology
adoption: A configurational approach. Inf. Syst. J. 2024, 34, 1355-1401. [CrossRef]

Maroufkhani, P.; Wan Ismail, W.K.; Ghobakhloo, M. Big data analytics adoption model for small and medium enterprises. J. Sci.
Technol. Policy Manag. 2020, 11, 483-513. [CrossRef]

Loo, M.K,; Ramachandran, S.; Raja Yusof, R.N. Systematic Review of Factors and Barriers Influencing E-Commerce Adoption
among SMEs over the Last Decade: A TOE Framework Perspective. J. Knowl. Econ. 2024, 1-25.. [CrossRef]

Faiz, F. Factors Influencing Digital Technologies Adoption among Indonesian SMEs: A Conceptual Framework. In Proceedings of
the International Conference on Entrepreneurship, Leadership and Business Innovation (ICELBI 2022); Atlantis Press: Dordrecht, The
Netherlands, 2024; pp. 227-241.

Kim, J.S.; Seo, D. Foresight and strategic decision-making framework from artificial intelligence technology development to
utilization activities in small-and-medium-sized enterprises. Foresight 2023, 25, 769-787. [CrossRef]

Prasad Agrawal, K. Towards adoption of generative Al in organizational settings. J. Comput. Inf. Syst. 2024, 64, 636-651.
[CrossRef]

Toufaily, E.; Zalan, T.; Dhaou, S.B. A framework of blockchain technology adoption: An investigation of challenges and expected
value. Inf. Manag. 2021, 58, 103444. [CrossRef]

Effendi, M.I,; Sugandini, D.; Istanto, Y. Social media adoption in SMEs impacted by COVID-19: The TOE model. |. Asian Financ.
Econ. Bus. 2020, 7, 915-925. [CrossRef]

Abed, S.S. Social commerce adoption using TOE framework: An empirical investigation of Saudi Arabian SMEs. Int. J. Inf.
Manag. 2020, 53, 102118. [CrossRef]

Baldassarre, M.T.; Caivano, D.; Fernandez Nieto, B.; Gigante, D.; Ragone, A. Fostering Human Rights in Responsible Al:
A Systematic Review for Best Practices in Industry. IEEE Trans. Artif. Intell. 2025, 6, 416—431. [CrossRef]

Tiwari, A.K,; Marak, Z.R; Paul, ].; Deshpande, A.P. Determinants of electronic invoicing technology adoption: Toward managing
business information system transformation. J. Innov. Knowl. 2023, 8, 100366. [CrossRef]

Merhi, M.I,; Harfouche, A. Enablers of artificial intelligence adoption and implementation in production systems. Int. J. Prod. Res.
2024, 62, 5457-5471. [CrossRef]

Ebert, C.; Louridas, P. Generative Al for software practitioners. IEEE Softw. 2023, 40, 30-38. [CrossRef]

Russo, D. Navigating the complexity of generative ai adoption in software engineering. ACM Trans. Softw. Eng. Methodol. 2024,
33, 1-50. [CrossRef]

Chatterjee, S.; Chaudhuri, R. Adoption of artificial intelligence integrated customer relationship management in organizations
for sustainability. In Business Under Crisis, Volume III: Avenues for Innovation, Entrepreneurship and Sustainability; Springer:
Berlin/Heidelberg, Germany, 2022; pp. 137-156.


http://dx.doi.org/10.30574/ijsra.2025.14.2.0448
http://dx.doi.org/10.1016/j.technovation.2023.102897
http://dx.doi.org/10.1111/jpim.12758
http://dx.doi.org/10.1016/j.techfore.2021.120650
http://dx.doi.org/10.3390/app13031681
http://dx.doi.org/10.1080/0960085X.2023.2167671
http://dx.doi.org/10.1108/IJEBR-05-2021-0426
http://dx.doi.org/10.53703/001c.66283
http://dx.doi.org/10.1177/02666669231166889
http://dx.doi.org/10.1108/JEIM-08-2012-0047
http://dx.doi.org/10.1111/isj.12497
http://dx.doi.org/10.1108/JSTPM-02-2020-0018
http://dx.doi.org/10.1007/s13132-024-02257-5
http://dx.doi.org/10.1108/FS-06-2022-0069
http://dx.doi.org/10.1080/08874417.2023.2240744
http://dx.doi.org/10.1016/j.im.2021.103444
http://dx.doi.org/10.13106/jafeb.2020.vol7.no11.915
http://dx.doi.org/10.1016/j.ijinfomgt.2020.102118
http://dx.doi.org/10.1109/TAI.2024.3394389
http://dx.doi.org/10.1016/j.jik.2023.100366
http://dx.doi.org/10.1080/00207543.2023.2167014
http://dx.doi.org/10.1109/MS.2023.3265877
http://dx.doi.org/10.1145/3652154

Appl. Sci. 2025, 15, 6465 42 of 43

73.

74.

75.

76.

77.

78.

79.
80.

81.

82.

83.

84.
85.

86.

87.

88.

89.

90.

91.

92.
93.

94.

95.

96.

97.

98.

99.

100.

Polas, M.R.H.; Jahanshahi, A.A.; Kabir, A.I; Sohel-Uz-Zaman, A.S.M.; Osman, A.R.; Karim, R. Artificial intelligence, blockchain
technology, and risk-taking behavior in the 4.0 IR metaverse era: Evidence from Bangladesh-based SMEs. ]. Open Innov. Technol.
Mark. Complex. 2022, 8, 168. [CrossRef]

Choudrie, J.; Manandhar, N.; Castro, C.; Obuekwe, C. Hey Siri, Google! Can you help me? A qualitative case study of
smartphones Al functions in SMEs. Technol. Forecast. Soc. Change 2023, 189, 122375. [CrossRef]

von Garrel, ].; Jahn, C. Design framework for the implementation of Al-based (service) business models for small and medium-
sized manufacturing enterprises. J. Knowl. Econ. 2023, 14, 3551-3569. [CrossRef]

Kinney, M.; Anastasiadou, M.; Naranjo-Zolotov, M.; Santos, V. Expectation management in Al: A framework for understanding
stakeholder trust and acceptance of artificial intelligence systems. Heliyon 2024, 10, €28562. [CrossRef]

Griinbichler, R. Implementation barriers of artificial intelligence in companies. In Proceedings of the FEB Zagreb International
Odyssey Conference on Economics and Business, Pore¢, Croatia, 10-13 May 2023; Volume 5, pp. 193-203.

Zavodna, L.S.; Uberwimmer, M.; Frankus, E. Barriers to the implementation of artificial intelligence in small and medium-sized
enterprises: Pilot study. J. Econ. Manag. 2024, 46, 331-352. [CrossRef]

Yang, S.; Yang, S.; Tu, C.Y. Explore the drivers of e-commerce adoption by SMEs. Int. |. Bus. Manag. 2024, 4, 45. [CrossRef]
Iansiti, M.; Lakhani, K.R. Competing in the Age of Al: Strateqy and Leadership when Algorithms and Networks Run the World; Harvard
Business Press: Cambridge, MA, USA, 2020.

Lemos, S.I; Ferreira, F.A.; Zopounidis, C.; Galariotis, E.; Ferreira, N.C. Artificial intelligence and change management in small
and medium-sized enterprises: An analysis of dynamics within adaptation initiatives. Ann. Oper. Res. 2022, 1-27. [CrossRef]
[PubMed]

Chatterjee, S.; Chaudhuri, R.; Vrontis, D.; Basile, G. Digital transformation and entrepreneurship process in SMEs of India:
A moderating role of adoption of AI-CRM capability and strategic planning. ]. Strategy Manag. 2022, 15, 416-433. [CrossRef]
Pellegrini, M.M.; Ciampi, F; Marzi, G.; Orlando, B. The relationship between knowledge management and leadership:
Mapping the field and providing future research avenues. . Knowl. Manag. 2020, 24, 1445-1492. [CrossRef]

Mladenova, I. SMEs in a Digital Era: The Role of Management. Adm. Sci. 2024, 14, 296. [CrossRef]

Huseyn, M.; Ruiz-Gandara, A.; Gonzélez-Abril, L.; Romero, L. Adoption of artificial intelligence in small and medium-sized
enterprises in Spain: The role of competences and skills. Amfiteatru Econ. 2024, 26, 848-866. [CrossRef]

Weber, P. Unrealistic optimism regarding artificial intelligence opportunities in human resource management. Int. J. Knowl.
Manag. (IJKM) 2023, 19, 1-19. [CrossRef]

Liu, B. Integration of novel uncertainty model construction of green supply chain management for Small and Medium-Sized
Enterprises using artificial intelligence. Optik 2023, 273, 170411. [CrossRef]

Trawnih, A.; Yaseen, H.; Al-Adwan, A.S.; Alsoud, R.; Jaber, O.A. Factors influencing social media adoption among smes during
COVID-19 crisis. J. Manag. Inf. Decis. Sci. 2021, 24, 1-18.

Chaudhuri, R.; Chatterjee, S.; Vrontis, D.; Chaudhuri, S. Innovation in SMEs, Al dynamism, and sustainability: The current
situation and way forward. Sustainability 2022, 14, 12760. [CrossRef]

Boubaker, S.; Le, T.D.; Ngo, T.; Manita, R. Predicting the performance of MSMEs: A hybrid DEA-machine learning approach.
Ann. Oper. Res. 2023, 1-23. [CrossRef]

Dey, PK.; Chowdhury, S.; Abadie, A.; Vann Yaroson, E.; Sarkar, S. Artificial intelligence-driven supply chain resilience in
Vietnamese manufacturing small-and medium-sized enterprises. Int. J. Prod. Res. 2024, 62, 5417-5456. [CrossRef]

Acemoglu, D. The simple macroeconomics of Al. Econ. Policy 2025, 40, 13-58. [CrossRef]

Ganguly, K.K. Understanding the challenges of the adoption of blockchain technology in the logistics sector: The TOE framework.
Technol. Anal. Strateg. Manag. 2024, 36, 457-471. [CrossRef]

Sun, W.; Dedahanov, A.T.; Shin, H.Y.; Li, W.P. Using extended complexity theory to test SMEs” adoption of Blockchain-based loan
system. PLoS ONE 2021, 16, €0245964. [CrossRef] [PubMed]

Omar, M.A; Sulaiman, R.B. Social Commerce Adoption among MSME in Kuwait: The Role of Perceived Value and Organizational
Innovation. Appl. Math. Inf. Sci. 2024, 18, 1105-1116.

Areiqgat, A.Y,; Alheet, A.F; Qawasmeh, R.A.; Zamil, A.M. Artificial intelligence and its drastic impact on e-commerce progress.
Acad. Strateg. Manag. |. 2021, 20, 1-11.

Badghish, S.; Soomro, Y.A. Artificial intelligence adoption by SMEs to achieve sustainable business performance: Application of
technology—organization-environment framework. Sustainability 2024, 16, 1864. [CrossRef]

Fonseka, K.; Jaharadak, A.A.; Raman, M. Impact of E-commerce adoption on business performance of SMEs in Sri Lanka;
Moderating role of artificial intelligence. Int. ]. Soc. Econ. 2022, 49, 1518-1531. [CrossRef]

Wei, R.; Pardo, C. Artificial intelligence and SMEs: How can B2B SMEs leverage Al platforms to integrate Al technologies? Ind.
Mark. Manag. 2022, 107, 466-483. [CrossRef]

Abrokwah-Larbi, K.; Awuku-Larbi, Y. The impact of artificial intelligence in marketing on the performance of business
organizations: Evidence from SMEs in an emerging economy. J. Entrep. Emerg. Econ. 2024, 16, 1090-1117. [CrossRef]


http://dx.doi.org/10.3390/joitmc8030168
http://dx.doi.org/10.1016/j.techfore.2023.122375
http://dx.doi.org/10.1007/s13132-022-01003-z
http://dx.doi.org/10.1016/j.heliyon.2024.e28562
http://dx.doi.org/10.22367/jem.2024.46.13
http://dx.doi.org/10.56028/ijbm.2.4.45.2024
http://dx.doi.org/10.1007/s10479-022-05159-4
http://www.ncbi.nlm.nih.gov/pubmed/36597501
http://dx.doi.org/10.1108/JSMA-02-2021-0049
http://dx.doi.org/10.1108/JKM-01-2020-0034
http://dx.doi.org/10.3390/admsci14110296
http://dx.doi.org/10.24818/EA/2024/67/848
http://dx.doi.org/10.4018/IJKM.317217
http://dx.doi.org/10.1016/j.ijleo.2022.170411
http://dx.doi.org/10.3390/su141912760
http://dx.doi.org/10.1007/s10479-023-05230-8
http://dx.doi.org/10.1080/00207543.2023.2179859
http://dx.doi.org/10.1093/epolic/eiae042
http://dx.doi.org/10.1080/09537325.2022.2036333
http://dx.doi.org/10.1371/journal.pone.0245964
http://www.ncbi.nlm.nih.gov/pubmed/33544745
http://dx.doi.org/10.3390/su16051864
http://dx.doi.org/10.1108/IJSE-12-2021-0752
http://dx.doi.org/10.1016/j.indmarman.2022.10.008
http://dx.doi.org/10.1108/JEEE-07-2022-0207

Appl.

Sci. 2025, 15, 6465 43 0f 43

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.
125.

Hasani, T.; Rezania, D.; Levallet, N.; O'Reilly, N.; Mohammadi, M. Privacy enhancing technology adoption and its impact on
SMEs’ performance. Int. |. Eng. Bus. Manag. 2023, 15, 18479790231172874. [CrossRef]

Beebeejaun, A.; Gunputh, R.P. A study of the influence of artificial intelligence and its challenges: The impact on employees of
the legal sector of Mauritius. Glob. Bus. Rev. 2023, 09721509231193803. [CrossRef]

Bukartaite, R.; Hooper, D. Automation, artificial intelligence and future skills needs: An Irish perspective. Eur. |. Train. Dev. 2023,
47,163-185. [CrossRef]

Jones, M.; Idrovo-Carlier, S.; Rodriguez, A.J. Automation in Colombia: Assessing skills needed for the future of work. High. Educ.
Ski. Work.-Based Learn. 2022, 12, 225-240. [CrossRef]

Kinkel, S.; Baumgartner, M.; Cherubini, E. Prerequisites for the adoption of Al technologies in manufacturing—Evidence from a
worldwide sample of manufacturing companies. Technovation 2022, 110, 102375. [CrossRef]

Akpan, L].; Udoh, E.A.P.; Adebisi, B. Small business awareness and adoption of state-of-the-art technologies in emerging and
developing markets, and lessons from the COVID-19 pandemic. ]. Small Bus. Entrep. 2022, 34, 123-140. [CrossRef]
Kalogiannidis, S.; Kalfas, D.; Loizou, E.; Papaevangelou, O.; Chatzitheodoridis, F. Smart sustainable marketing and emerging
technologies: Evidence from the Greek business market. Sustainability 2023, 16, 312. [CrossRef]

Msomi, T.; Olarewaju, O. Evaluation of access to finance, market and viability of small and medium-sized enterprises in South
Africa. Probl. Perspect. Manag. 2021, 19, 281. [CrossRef]

Wan, J.; Li, X,; Dai, H.N.; Kusiak, A.; Martinez-Garcia, M.; Li, D. Artificial-intelligence-driven customized manufacturing factory:
Key technologies, applications, and challenges. Proc. IEEE 2020, 109, 377-398. [CrossRef]

Haider, U.; Faisal, A. [oT and Al Synergy: Enhancing SMEs” Operational Strategies in Retail and Manufacturing Sectors; ResearchGate
GmbH: Berlin, Germany, 2024.

Ardito, L; Filieri, R.; Raguseo, E.; Vitari, C. Artificial intelligence adoption and revenue growth in European SMEs: Synergies with
IoT and big data analytics. Internet Res. 2024. [CrossRef]

Oldemeyer, L.; Jede, A.; Teuteberg, F. Investigation of artificial intelligence in SMEs: A systematic review of the state of the art
and the main implementation challenges. Manag. Rev. Q. 2024, 75, 1185-1227. [CrossRef]

Segarra-Blasco, A.; Tomas-Porres, J.; Teruel, M. Al, robots and innovation in European SMEs. Small Bus. Econ. 2025, 1-27.
[CrossRef]

Peretz-Andersson, E.; Tabares, S.; Mikalef, P; Parida, V. Artificial intelligence implementation in manufacturing SMEs: A resource
orchestration approach. Int. J. Inf. Manag. 2024, 77,102781. [CrossRef]

Proietti, S.; Magnani, R. Assessing Al Adoption and Digitalization in SMEs: A Framework for Implementation. arXiv 2025,
arXiv:2501.08184.

Zhang, Y.; Yu, Y,; Chen, Z. Al, SME Financing, and Bank Digitalization. China Econ. Transit. Dangdai Zhongguo Jingji Zhuanxing
Yanjiu 2022, 5, 210-241.

Omokhoa, H.E.; Odionu, C.S.; Azubuike, C.; Sule, A K. Digital transformation in financial services: Integrating Al, fintech, and
innovative solutions for SME growth and financial inclusion. Gulf]. Adv. Bus. Res. 2024, 2, 423-434. [CrossRef]

Soomro, R.B.; Al-Rahmi, W.M.; Dahri, N.A.; Almugqren, L.; Al-Mogren, A.S.; Aldaijy, A. A SEM-ANN analysis to examine impact
of artificial intelligence technologies on sustainable performance of SMEs. Sci. Rep. 2025, 15, 5438. [CrossRef]

Kshetri, N.; Rojas-Torres, D.; Hanafi, M.M.; Al-kfairy, M.; O'Keefe, G.; Feeney, N. Harnessing Generative Artificial Intelligence:
A Game-Changer for Small and Medium Enterprises. IT Prof. 2025, 26, 84-89. [CrossRef]

Mollick, E. Co-Intelligence: Living and Working with Al Portfolio/Penguin: New York, NY, USA, 2024.

Haase, J.; Klessascheck, F; Mendling, J.; Pokutta, S. Sustainability via LLM Right-sizing. arXiv 2025, arXiv:2504.13217.

Kukreja, S.; Kumar, T.; Purohit, A.; Dasgupta, A.; Guha, D. A literature survey on open source large language models. In
Proceedings of the 2024 7th International Conference on Computers in Management and Business, Singapore, 12-14 January 2024;
pp. 133-143.

Wahab, M.D.A.; Radmehr, M. The impact of Al assimilation on firm performance in small and medium-sized enterprises:
A moderated multi-mediation model. Heliyon 2024, 10, €29580. [CrossRef]

Hussain, A.; Rizwan, R. Strategic Al adoption in SMEs: A Prescriptive Framework. arXiv 2024, arXiv:2408.11825.

Gama, F.; Magistretti, S. Artificial intelligence in innovation management: A review of innovation capabilities and a taxonomy of
Al applications. ]. Prod. Innov. Manag. 2025, 42, 76-111. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1177/18479790231172874
http://dx.doi.org/10.1177/09721509231193803
http://dx.doi.org/10.1108/EJTD-03-2023-0045
http://dx.doi.org/10.1108/HESWBL-01-2021-0003
http://dx.doi.org/10.1016/j.technovation.2021.102375
http://dx.doi.org/10.1080/08276331.2020.1820185
http://dx.doi.org/10.3390/su16010312
http://dx.doi.org/10.21511/ppm.19(1).2021.24
http://dx.doi.org/10.1109/JPROC.2020.3034808
http://dx.doi.org/10.1108/INTR-02-2024-0195
http://dx.doi.org/10.1007/s11301-024-00405-4
http://dx.doi.org/10.1007/s11187-025-01017-2
http://dx.doi.org/10.1016/j.ijinfomgt.2024.102781
http://dx.doi.org/10.51594/gjabr.v2i6.56
http://dx.doi.org/10.1038/s41598-025-86464-3
http://dx.doi.org/10.1109/MITP.2024.3501552
http://dx.doi.org/10.1016/j.heliyon.2024.e29580
http://dx.doi.org/10.1111/jpim.12698

	Introduction
	AI’s Benefits for Business and Peculiarities for SMEs
	Critical Analysis of AI Adoption in SMEs: Internal and External Factors Through the TOE–DOI Framework
	TOE Plus DOI Framework Relevant to SMEs
	Technological Determinant
	Organizational Determinant
	Environmental Determinant
	Empirical Findings on SMEs and AI Adoption

	 Empirical Insights from Sectorial and Regional Studies
	AI Adoption in Manufacturing and Retails SMEs
	AI-Driven Smart Manufacturing: Technological and Organizational Lessons from Customization Models wan2020artificial
	AI and IoT Integration in Retail and Manufacturing SMEs: Operational Efficiencies and Strategic Challenges haider2024iot

	AI Synergies and Revenue Growth in European SMEs
	AI Adoption in European SMEs and the Role of Internal Capabilities arroyabe2024analyzing
	A Comprehensive Systematic Literature Review oldemeyer2024investigation
	AI and Robotics as Innovation Drivers in European SMEs segarra2025ai

	Nordic Countries Study for AI Adoption in Manufacturing and Retail SMEs 
	AI Adoption and Digital Competencies in Spanish SMEs
	Insights from Italian SMEs: Organizational Readiness and Strategic Implementation
	AI-Driven Business Model Innovation for Sustainability: Evidence from U.S. SMEs
	AI-Driven Bank Digitalization and SME Financing in China
	Digital Readiness as a Foundation for AI Adoption in Emerging Market SMEs in India
	Saudi Arabia: Sustainable Business Performance Through AI Adoption
	AI and Financial Inclusion in African SMEs: A Fintech-Driven Perspective
	AI Adoption and Sustainable Performance in Developing Economies: Evidence from Pakistani SMEs
	AI Marketing and SME Performance in Emerging Economies: Evidence from Ghana SMEs
	Summary Table to Complement the Cases Analysis

	Challenges and Actionable Pathways for AI Adoption in SMEs
	Closing the Knowledge Gap and Technical Expertise
	Designing Scalable AI Solutions for Sustainable Growth
	Overcoming Financial Barriers to Enable AI Adoption
	Ensuring Data Availability, Quality, and Governance for AI Success
	Building Future-Ready Infrastructure and Integration Pathways
	Cultivating an Innovation-Driven Culture to Support AI Adoption
	Enhancing Human–AI Collaboration to Improve Organizational Productivity
	Strengthening Public–Private Collaboration to Support AI Adoption
	Strategically Leveraging Generative AI to Democratize Capabilities and Drive Innovation: Toward Open-Weight LLM Adoption
	Embedding Responsible AI Practices and Human-Centered Governance
	Mapping AI Adoption Challenges and Solutions Within the TOE Framework

	Structured Pimary Methodology for Effective AI Adoption in SMEs
	Discussion: Lessons Learned, Limitations, and Future Research Directions
	Lessons Learned
	Limitations and Future Research

	Conclusions
	References

