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Abstract: Adopting Industry 4.0 (I4.0) is inevitable for Thailand’s manufacturing sector to remain
competitive because global markets increasingly demand higher quality, faster delivery, and greater
customization. While firms need to enhance productivity and optimize resource utilization, they also
need to reduce operation costs, which require advanced technologies and data-driven operations.
However, successful adoption requires skilled human resources, which is challenging for small
and medium-sized enterprises (SMEs). This research explores factors driving and facilitating the
implementation of Industry 4.0 (I4.0) in Thai manufacturing firms among SMEs and large firms. We
employed qualitative analysis using semi-structured interviews with SMEs and large manufacturing
firms in Thailand. Five key factors emerged as crucial for I4.0 adoption: awareness of I4.0, strong
and proactive support from top management, self-funding capabilities, and effective human resource
development strategies. While large multinational enterprises (MNEs) possess more significant
resources and capabilities to adopt I4.0 technologies, SMEs face considerable challenges. They require
a strategic approach tailored to their unique needs and resources to develop a feasible I4.0 roadmap.
Additionally, governments and industry associations can play a significant role by providing training,
funding, and other resources to empower SMEs to embrace I4.0.

Keywords: digital transformation; human resource development strategy; top management support;
Industry 4.0; capability building

1. Introduction

The shift to Industry 4.0 (I4.0) has been a catalyst for significant transformation in the
manufacturing sector, driven by technologies like the Internet of Things (IoT), Artificial
Intelligence (AI), and big data analytics. This change is crucial for maintaining global
competitiveness, especially for countries like Thailand. Traditional production methods,
which rely heavily on manual processes and basic automation, have not met the increasing
demand for efficiency, customization, and quality. Therefore, researching the factors that
drive and support I4.0 adoption in Thai manufacturing firms is essential to help them make
this transition effective.

Thai manufacturing firms are actively pursuing I4.0 adoption to maintain their global
competitiveness. However, the successful adoption of I4.0 entails a complex endeavor with
several factors, especially for small and medium-sized enterprises (SMEs). The extent and
manner of I4.0 adoption in developing countries, such as Thailand, remain underexplored.
While previous studies have investigated the concept of I4.0 and its potential benefits, a
gap exists in the literature between the conceptual approach to I4.0 and the reality of its
adoption regarding the specific local context of the Thai manufacturing sector, which is
robust to the unique challenges faced by Thai firms (Jeenanunta et al. 2017; Jermsittiparsert
et al. 2020). The specific research goal is to identify key factors driving and facilitating I4.0
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adoption in Thai manufacturing firms through an in-depth qualitative case study approach,
providing actionable insights for industry stakeholders and policymakers.

Recent studies have explored various aspects of I4.0 adoption in different regions. For
example, research on Malaysian SMEs found that leadership and organizational flexibility
are critical to I4.0 adoption, but many firms lack strategic flexibility (Hossain et al. 2023).
In Italian Micro, Small, and Medium Enterprises (MSMEs), adopting I4.0 technologies
increased labor productivity by 7%, yet there were challenges related to cost efficiency
and knowledge creation (Bettiol et al. 2023). In Bangladesh, the main barrier was a lack of
technical knowledge about I4.0, which slowed its adoption (Hossain et al. 2023). Miah et al.
(2024) proposed the Skills and Employability Framework for I4.0, focusing on the South
Asian region. They mentioned that training and development, financial constraints, and
regulatory issues are significant challenges to I4.0 technology adoption.

While our analysis references global trends in I4.0, to establish a comparative frame-
work, it is crucial to understand how these global patterns can be adapted to the Thai
context. Studies from other countries offer valuable insights into the challenges and best
practices of implementing I4.0, which is crucial for tailoring strategies specific to Thai-
land. Recent studies have highlighted significant strides in adopting Industry 4.0, within
Thailand. Jeenanunta et al. (2017) also highlighted the challenges in human resource
development for technological upgrades in Thailand, pointing out the significant gaps
in skills and innovation capabilities. Sureeyatanapas et al. (2023) found that despite the
potential benefits, Thai sugar producers are still at a low readiness level to adopt I4.0
technologies due to high investment costs. Small businesses struggle to find qualified
employees, collaborate with reliable technological partners, and adapt to new working
methods. Rauch et al. (2021) emphasized that Thailand needs to build a robust foundation
for I4.0 implementation.

Previous studies on drivers and obstacles of I4.0 adoption have been conducted
in developed countries, especially Western countries (Castelo-Branco et al. 2019). Such
studies in Asian developing countries, especially, are still limited (Bellantuono et al. 2021).
Furthermore, many studies have shown contradictory and different conclusions about the
driving factors and challenges of I4.0 adoption (Bellantuono et al. 2021; Delera et al. 2022;
Himang et al. 2020; Khin and Kee 2022). Miah et al. (2024) also identify six challenges,
such as training and development, financial constraints, and regulatory issues, that must
be addressed to grab maximum potential. Stentoft et al. (2021) conducted a mixed-method
analysis to examine the drivers and barriers to I4.0 readiness and practice among Danish
small and medium-sized manufacturers. Based on the qualitative results of four firms, the
most perceived drivers were cost reduction, legal requirement (only for low technology
intensity firms), customer requirements, and conscious strategy on I4.0 (for medium-high
and high technology intensity firms). The most acknowledged obstacles were a lack of
management’s understanding of the strategic importance of I4.0 (only for low and medium-
low technology intensity firms), lack of employee knowledge about I4.0 (except for a high-
intensity firm), and lack of employee readiness (only for a high-intensity firm). However,
the quantitative findings (190 firms) contradicted the results of other studies (Vuksanović
Herceg et al. 2020) stating that barriers (e.g., lack of knowledge, lack of employee readiness)
did not significantly influence the I4.0 technology adoption.

Despite these insights, there is still a significant gap in the understanding of the
specific challenges and support needed for Thai manufacturers. While there are distinct
differences between SMEs and large firms in their approach to I4.0, there are also notable
similarities. Large firms typically possess more robust financial resources, established
technological infrastructure, and access to skilled labor, which facilitate the adoption of
advanced technologies. In contrast, SMEs often struggle with financial constraints and a
lack of technological expertise. However, SMEs and large firms share common objectives,
such as cost reduction, improving operational efficiency, increasing competitiveness, and
adapting to market changes. Both face challenges related to integrating new technologies
with existing systems and the necessity for ongoing employee training. Understanding
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these similarities and differences is crucial for developing tailored strategies to support the
implementation of I4.0 across different types of firms. This study aims to fill this gap by
focusing on the unique socioeconomic conditions of Thai manufacturing firms, especially
SMEs, which face different challenges compared to larger enterprises. Our study seeks
to bridge this gap by analyzing the factors driving and supporting I4.0 adoption in Thai
manufacturing firms. Unlike other studies that offer broad regional analyses, our research
focuses on the Thai context. We conducted semi-structured interviews with crucial SMEs
and large-firm stakeholders to gather detailed insights. By identifying critical factors such
as top management support, financial challenges, and human resource capabilities, our
research offers practical recommendations for policymakers and industry leaders to better
support the I4.0 transition.

This research adds valuable insights to both the academic literature and practical
applications. Academically, it enriches our understanding of I4.0 adoption by providing
evidence from the small-, medium-, and large-sized Thai manufacturing sector, offering
a localized perspective. The findings highlight the different and similar driving and
facilitating factors for I4.0 adoption across different firm sizes and types. Our findings
provide an initial exploration into the driving and facilitating factors for I4.0 adoption in
Thailand, which can serve as a foundation for broader, more comprehensive studies. We
aim to contribute to the ongoing discussion and provide preliminary insights rather than
definitive conclusions regarding the Thai manufacturing sector. Additionally, this study
contributes empirical data on Thai firms’ specific challenges and opportunities, enriching
the literature on industrial modernization in developing economies.

Practically, our findings can serve as a guide for policymakers, industry associations,
and manufacturing firms. The insights can help develop strategies and policies that ad-
dress the specific needs of Thai manufacturing firms, particularly SMEs, improving their
readiness and capability to adopt I4.0 technologies. It recommends targeted policy inter-
ventions, such as increasing financial support for SMEs, developing comprehensive skill
enhancement programs, and improving technological infrastructure. These recommenda-
tions are based on empirical findings and aim to address the unique challenges identified
in the study.

To understand the Thailand approach to I4.0, Section 3 conducts a systematic literature
review to identify the driving and facilitating factors of I4.0 implementation in varied
contexts. Section 4 describes the methodology used to understand the driving and facili-
tating factors in the Thai manufacturing context. Section 5 presents the results. Section 6
concludes this study.

2. The Adoption of I4.0 in Thailand in the Context of Neighboring Countries

In this section, we explore the adoption of Industry 4.0 in Thailand, contextualized
within the experiences of neighboring Asian countries. This comparative analysis highlights
Thai manufacturers’ unique challenges and opportunities and the broader regional trends
influencing Industry 4.0 adoption. By examining the strategies and outcomes in Malaysia,
Vietnam, and Indonesia, we aim to comprehensively understand the regional dynamics
and how they impact Thailand’s I4.0 adoption efforts.

The Thai government has launched many projects in cooperation with the Japanese
government, such as the Automotive Human Resource Development Project (AHRDP)
in 2006–2011, to support and cultivate knowledge and the technological development
of manufacturing firms, especially among SMEs, to improve their productive activities.
The Thai government has also accelerated industrial upgrading and structural change
by promoting digital transformation of existing manufacturing and automation-related
businesses since it announced new policies such as Thailand 4.0 in 2016 (Wongwuttiwat and
Lawanna 2018) and the development of new S-curve industries in the Eastern Economic
Corridor (EEC) in 2016 (Kohpaiboon 2020). The Lean Automation System Integrator (LASI)
training program launched in 2018 is one of the international cooperation programs for
capacity building among the Thai and Japanese governments and private and educational
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sectors to promote the understanding and adoption of I4.0. However, many firms struggle
to develop sustained digital transformation and I4.0 implementation. In 2015, the Office of
Industrial Economics reported that about 25% of the firms’ production process is entirely
manual, 35% is a combination of computer numerically controlled (CNC) and manual, 25%
is a combination of CNC and automated handling system, 10% is CNC and robot, and
only 5% of the firms were fully automated (OIE 2015). The Federation of Thai Industries
(FTI) developed the self-assessment 4.0 model to assess a manufacturing firm’s readiness
for I4.0. Of 1335 firms, only 2% reached I4.0, 28% are in I3.0, 61% are in I2.0, and 9%
are in I1.0 (FTI 2021). Comparatively, other Southeast Asian countries have progressed
in adopting I4.0 technologies at varying paces (Miah et al. 2024). The adoption of key
Industry 4.0 technologies is still in its early stages in Vietnam. About 6.9% of firms use
cloud computing for business tasks, 1.5% use Big Data or AI for marketing purposes, only
6.1% of firms use advanced methods for manufacturing, 5.9% use robots, and 1.8% of
manufacturing firms use additive manufacturing technologies (Cirera et al. 2021). There
are still hesitant applications for these new technologies, as represented by their low
readiness levels (Le et al. 2023). The Vietnamese government’s support and the increasing
presence of multinational companies have been crucial drivers of this adoption. In Malaysia,
production efficiency and cost reduction were the strongest drivers for I4.0 adoption in the
electrical and electronics industry. However, the most significant obstacles were the talent
shortage and skilled workforce, limited financial support, and a lack of substantial business
evidence to support such investment (Wong and Kee 2022; Yeap et al. 2024). De Marchi
et al. (2022) discussed the network architecture of Education and Training for Automation
4.0 (ETAT) centers, which aims to develop a skilled workforce equipped for Automation 4.0.
These studies underscore the importance of tailored educational frameworks for fostering
industry readiness and competitiveness. The diversified situation of I4.0 adoption among
Thai firms and the gap among countries suggests unexplored untapped country, sector,
and firm-specific driving and hindering factors of I4.0 adoption. Therefore, more studies
should be conducted to determine the antecedent factors of I4.0 implementation in different
contexts and industry characteristics (Khin and Kee 2022; Stentoft et al. 2021).

3. Literature Review

A literature review was conducted using a comprehensive search of peer-reviewed
scholarly articles written in English from several databases. The databases used were
Web of Science, Emerald, IEEE, Taylor & Francis, Science Direct, and the Thai Journal
Citation Index (TCI). The leading search phrases were digital transformation, I4.0, I4.0
implementation, I4.0 technology, factors affecting I4.0 implementation, human resource
development toward I4.0, organizational strategy for I4.0, case study, and qualitative.
Articles were selected based on their relevance to the study’s objectives. The process for
identifying driving and facilitating factors involved analyzing the findings and discussions
of the selected articles. Key themes and factors were extracted and categorized to ensure
comprehensive coverage of the literature and reliability of the results. As a result, we
identified three driving factors and six facilitating factors as shown in Table 1.

Table 1. Driving and facilitating factors for Industry 4.0.

Themes Sub-Themes Source(s)

Driving factors

I4.0 Awareness Awodele et al. (2024); Ersoz et al. (2018); Sarı et al. (2020)

Expected benefits and opportunities Horváth and Szabó (2019); Khin and Kee (2022); Kiel et al. (2017); Müller et al. (2018);
Stentoft et al. (2021)

Customer pressure Khin and Kee (2022); Vuksanović Herceg et al. (2020)
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Table 1. Cont.

Themes Sub-Themes Source(s)

Facilitating factors

Top management support Khin and Kee (2022); Vuksanović Herceg et al. (2020)

Financial support Awodele et al. (2024); Khin and Kee (2022); Vuksanović Herceg et al. (2020)

I4.0 communication channel EDB (2020)

Inter-company collaboration
Khin and Kee (2022); Vuksanović Herceg et al. (2020)

Stakeholders support

Digital skill development Khin and Kee (2022); Moktadir et al. (2018); Vuksanović Herceg et al. (2020)

3.1. Driving Factors

The three driving factors include I4.0 awareness (Awodele et al. 2024; Ersoz et al. 2018;
Sarı et al. 2020), expected benefits and opportunities (Khin and Kee 2022), and customer
pressure (Khin and Kee 2022; Vuksanović Herceg et al. 2020).

3.1.1. I4.0 Awareness

Understanding I4.0 is the first step before firms implement or adopt it (Awodele
et al. 2024). Awareness of the potential advantages of I4.0 opens opportunities for firms
to embrace and invest in I4.0 technologies (Sarı et al. 2020). Understanding the benefits
motivates companies to explore I4.0 solutions and consider their potential impact on their
operations. In the Czech Republic and Kazakhstan, many firms had not implemented I4.0
because they had a low awareness (Basl 2017; Dikhanbayeva et al. 2021; Horváth and Szabó
2019; Stentoft et al. 2021). Many firms have only adopted and used technologies with a clear
and demonstrably high-value proposition for their specific needs and existing processes
(Awodele et al. 2024; Sarı et al. 2020). In South India, firms with less information on the
I4.0 concept and its components had inadequate future actions and expectations (Safar
et al. 2020). In contrast, firms with a high awareness of the benefits of I4.0 technologies
and competitive advantages had already moved toward I4.0 with concrete strategic plans
and actions (Ersoz et al. 2018; Sarı et al. 2020). However, some studies argued that even
though the firms were aware of the potential advantages of I4.0, only a few used these
concepts in particular activities, such as monitoring industrial processes (Mittal et al. 2018;
Moeuf et al. 2018).

3.1.2. Expected Benefits and Opportunities

I4.0 involves significant investments in technology, infrastructure, and workforce
training (Horváth and Szabó 2019; Khin and Kee 2022). Moreover, it also changes how
businesses operate. If firms clearly understand and perceive the potential benefits opportu-
nities, such as increased productivity, cost reduction, or improved product quality, they
might consider moving toward I4.0 (Horváth and Szabó 2019; Khin and Kee 2022; Müller
et al. 2018; Vuksanović Herceg et al. 2020). Khin and Kee (2022) proposed a list of benefits
firms expect from I4.0 implementation, such as production and cost efficiency, traceability,
flexibility, productivity, and better quality. They also showed a list of opportunities, such
as customers’ confidence in quality, more export markets, more high-end customers, and
more significant market share.

3.1.3. Customer Pressure

Customer pressure forces firms to continuously improve their efficiency and perfor-
mance. I4.0 technologies allow firms to adapt to changes faster and be more responsive
to customers’ demands quickly. Customers expect a wider variety of products, faster cus-
tomization, and shorter delivery times. Firms that embrace I4.0 can gain a competitive edge
by offering more innovative and efficient products and services. Vuksanović Herceg et al.
(2020) found that customers’ requirements dominated the decision to adopt I4.0 compared
with employees’ requirements. Firms prioritize customer satisfaction over the company’s
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profitability (Vuksanović Herceg et al. 2020). Furthermore, firms with I4.0 technologies
can be perceived as leaders in adopting I4.0 and perceived as an image of innovation and
forward-thinking, which can attract more customers.

3.2. Facilitating Factors

The six facilitating factors consist of top management support (Khin and Kee 2022;
Vuksanović Herceg et al. 2020), financial support (Awodele et al. 2024), expected benefits
and opportunities (Awodele et al. 2024; Khin and Kee 2022; Vuksanović Herceg et al. 2020),
I4.0 communication channel, inter-company collaboration, stakeholder support (Khin and
Kee 2022; Vuksanović Herceg et al. 2020), and digital skill development (Khin and Kee 2022;
Moktadir et al. 2018; Vuksanović Herceg et al. 2020).

3.2.1. Top Management Support

Several studies have highlighted the importance of top management support in driving
I4.0 implementation (Miah et al. 2024; Srivastava et al. 2022). The top management’s
perception of opportunities and challenges obtained from I4.0 drives I4.0 implementation
(Müller et al. 2018). Realizing that I4.0 can maintain and expand its opportunities to be more
competitive in the market, increasing operational efficiencies, and improving quality are
crucial motivators for its adoption. Management’s understanding and assessment of these
benefits are essential for overcoming the inherent challenges and uncertainties associated
with I4.0. Moreover, studies indicate that acknowledging challenges like organizational
and production fit, competitiveness, and future viability are pivotal in shaping the decision-
making process for I4.0 implementation (Fettermann et al. 2018; Moktadir et al. 2018; Müller
et al. 2018; Veile et al. 2020). Therefore, top management’s dual recognition of opportunities
and challenges drives the strategic direction and ensures a balanced and informed approach
to I4.0 adoption. Market uncertainty of business significantly drove I4.0 adoption in the
short, medium, and long term (Prause 2019). Top management support is required to
achieve a long-term strategy for I4.0 implementation, especially (Prause 2019).

Top management also plays a crucial role in handling the resistance from employee
and middle management levels, which significantly hinders the adoption of I4.0 technology
(Bellantuono et al. 2021). Dynamic leadership is also required to convince resistant individ-
uals of the benefits of embracing a change toward I4.0 and build an innovative mindset
among employees and an organizational culture (Parhi et al. 2022).

Such influences of top management leadership should be strengthened by concrete
gains from digital transformation to make I4.0 strategies successful. Top management can
support and facilitate a team to develop a successful pilot I4.0 project, showing employees
the benefits of utilizing digital technologies and demonstrating how technologies will help
them improve their work performance, not replace them. If the benefits of adopting I4.0
are not clear, it will create more barriers to I4.0 initiation (Horváth and Szabó 2019).

3.2.2. Financial Support

Financial support is also essential for developing and improving I4.0 systems. Fi-
nancial resources are indispensable to secure I4.0 technologies, hardware, software, and
other resources. However, firms can start an I4.0 pilot project using the existing resources
available within the firms and avoid new investments as much as possible. Firms must con-
stantly update and improve technologies to catch up with fast-paced technological changes
and stay competitive. Even so, the lack of financial support limits organizations’ ability
to acquire or develop I4.0 technologies and makes hiring a skilled workforce to manage
and maintain the new technologies difficult. SMEs with limited financial capability needed
financial support to facilitate I4.0 adoption (Veile et al. 2020). However, financial constraints
are not always a major hindrance. Khin and Kee (2022) showed contradicting findings
suggesting that some SMEs proactively initiated the I4.0 project without any support from
the government because I4.0 was worth starting.
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3.2.3. I4.0 Communication Channels

To facilitate the transition to I4.0, management should communicate regularly with
employees. This includes showing a clear vision and mission of I4.0 adoption, explaining
the benefits of I4.0, and the “why” behind the changes. Regular discussions help employees
understand how their roles contribute to this vision and to the company’s success. To our
knowledge, previous studies have not included this factor in their analyses. However, this
factor is used as an assessment criterion for the Smart Industry Readiness Index devel-
oped by Singapore (EDB 2020). This criterion includes the organization’s building block,
structure, management pillar, and inter- and intra-company collaboration dimensions. It
focuses on internal and external collaborations with partners to achieve a shared vision
and purpose. Current studies have mainly focused on the infrastructure of communication
systems, such as sharing data through the IoT or advanced technologies (Mourtzis et al.
2016; Mourtzis et al. 2018; Zhao et al. 2020). Therefore, investigating the influence of
establishing formal communication channels for information sharing on I4.0 adoption can
reveal new practices that SMEs can easily adopt.

3.2.4. Inter-Company Collaboration

Inter-company collaboration is critical in enhancing I4.0 readiness and adoption (Bet-
tiol et al. 2023; Li et al. 2022; Veile et al. 2024). Effective collaboration between companies
can lead to shared resources, knowledge transfer, design new product features and func-
tionality, and enhanced innovation capabilities (Ganotakis et al. 2013; Müller et al. 2020; ul
zia et al. 2023). Collaborative networks facilitate the exchange of knowledge, expertise, and
best practices about I4.0 technologies and business cases, allowing SMEs to leverage larger
firms’ expertise and capabilities (Camarinha-Matos et al. 2017). This collective knowledge
pool can accelerate learning curves and shorten the time it takes for each firm to achieve
its I4.0 goals. Firms can also collaborate to develop a new I4.0 solution for existing or
potential problems. Firms engaged in collaborative efforts with partners are better po-
sitioned to exploit I4.0 technologies and successfully implement I4.0 (Bettiol et al. 2023;
Müller et al. 2018).

3.2.5. Stakeholder Support

According to Vuksanović Herceg et al. (2020), manufacturing firms in Serbia need
different support from each stakeholder. Suppliers and users of I4.0 technologies play the
most critical role in resolving technical issues. Financial support from the government is
essential. On the other hand, support from universities and research institutions is needed
to educate human resources about I4.0 and provide knowledge regarding technical issues
(Vuksanović Herceg et al. 2020).

3.2.6. Digital Skills Development

Digital technologies are constantly evolving, and employees need to be able to adapt
and learn new skills quickly to stay current. This can be a significant challenge for orga-
nizations, particularly in industries where technology is rapidly changing and skills that
were once in demand can quickly become obsolete (Li 2022; Nambisan et al. 2017). The
quality of human capital positively affects the I4.0 technologies adoption, and most of them
are highly educated and highly skilled workers (Corò and Volpe 2020). Employees need
to develop domain-related competencies, develop analytical ability, and learn new digital
knowledge and skill sets related to automation and the Internet of Things (IoT) to efficiently
utilize and configure advanced I4.0 technologies (Alam and Dhamija 2022; Cooke et al.
2022; da Silva et al. 2022; Ghobakhloo 2020). Parhi et al. (2022) also showed that workforce
empowerment and technical capabilities played a significant role in the success of I4.0
implementation in India. The findings from Veile et al. (2020) also emphasized that financial
resources, employees’ skills, education, and training support were also crucial factors for
I4.0 adoption. Nevertheless, the lack of a skilled workforce is a significant challenge and
obstacle to I4.0 implementation, especially in developing countries (Kiel et al. 2017; Müller
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et al. 2018; Vuksanović Herceg et al. 2020). Kapoor and Kabra (2014) found that budget and
other resource allocation were major challenges organizations face in building the work-
force’s digital skills. The lack of internal capabilities to design, implement, and monitor
the effectiveness of a capability-building program is another challenge for organizations in
human resource development (HRD).

4. Methodology

We employed qualitative analysis, specifically a multiple-case study approach (Gustafs-
son 2017; Stake 2013), using semi-structured interviews with manufacturing firms in Thai-
land to capture insights, explore, and analyze the driving and facilitating factors and barri-
ers that affect their decision to adopt I4.0. Qualitative analysis allows us to develop unique
insights and in-depth understanding that are difficult to obtain from a closed-ended survey
questionnaire. Moreover, broader perspectives can be explored during the interviews
through interviewees’ perceptions (Horváth and Szabó 2019; Miles and Huberman 1984).

We focus on the manufacturing sector because it is significantly affected by I4.0 (Arnold
et al. 2016; Butt 2020; Felsberger et al. 2022; Johnson et al. 2008; Sarı et al. 2020). The sample
was carefully selected using a non-random approach with purposive sampling techniques to
guarantee comprehension of the studied phenomenon and gain deep insight from top-level
management regarding the important driving and facilitating forces and barriers behind
I4.0 adoption of the companies (Onwuegbuzie and Collins 2007; Strauss and Corbin 1994;
Vuksanović Herceg et al. 2020). We used the directory of the Federation of Thai Industries
(FTI), the National Electronics and Computer Technology Center (NECTEC), and the
Department of Industrial Works, Ministry of Industry to contact and invite manufacturing
firms in many manufacturing subsectors to participate in the research.

Seven interviewee firms included one small-sized firm (employed less than 51 employees)
from the automotive parts industry, two medium-sized firms (those with 51–200 employees)
from the automotive parts and electronics industry, and three large-sized firms (those with
more than 200 employees) from the automotive, textile, and footwear industries (Saunders
et al. 2018). The selection of these companies carefully considered various factors, including
Thailand’s representative industries, diversity in firm size and production engineering, their
known engagement with I4.0 technologies, and their willingness to participate in detailed
interviews. Their diversity allows for capturing broader perspectives and experiences
in I4.0 adoption. The interviews were conducted from different viewpoints, including
factory owners, CEOs, and managers at various levels, to avoid bias from a high degree
of differing opinions from various job positions. We ensured the interviewees had at least
a senior management level (Phillips 1981; Seidler 1974). Interviews were conducted both
face-to-face and via the online channel from August 2022 to February 2023. The interview
duration was between 60 and 90 min per interview. Each firm has one participant from at
least the senior management level. A list of questions was provided to the interviewees
before the interview date. All interviews were recorded, coded, and transcribed. We treated
the interviewees’ information as confidential and anonymous.

The interview questions were adapted from the literature (Awodele et al. 2024; Ersoz
et al. 2018; Horváth and Szabó 2019; Khin and Kee 2022; Kiel et al. 2017; Moktadir et al.
2018; Müller et al. 2018; Stentoft et al. 2021; Vuksanović Herceg et al. 2020). The interview
consisted of three main parts. The first part collected general information about the
firm, such as establishment information, main customers and suppliers, and the firm’s
activities and movement toward I4.0. The second part discussed their current status of I4.0,
technology adoption, and readiness to adopt I4.0. The third part focused on the driving
and facilitating factors, barriers, and challenges in adopting I4.0. Table 2 exemplifies
the questions.
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Table 2. Example of questions for the proposed themes and sub-themes.

Themes Sub-Themes Key Interview Questions

Driving factors

I4.0 Awareness - Why would you decide to adopt I4.0?
- What are the driving factors for adopting it?

Expected benefits and opportunities - What are the benefits you expect from I4.0 adoption?
- What opportunities do you foresee by adopting I4.0?

Customer pressure - Does your customer request that you adopt I4.0?

Facilitating factors

Top management support - What kind of support do you receive from top management?
- Have you implemented I4.0 strategy?

Financial support - Do you receive financial support from a firm or government?

I4.0 communication channel - Do you have a formal channel to communicate about I4.0?

Inter-company collaboration - Do you collaborate with customers/suppliers?
- Do you collaborate with other partners?Stakeholders support

Digital skill development

- Do you have a training program to upskill and/or reskill
regarding I4.0 technologies?

- How do you invest in employee training and development
programs for I4.0 technologies and skills?

The data were analyzed using thematic analysis, which involves identifying patterns,
themes, and categories within the interview transcripts to systematically explore the in-
terviewees’ responses (Nowell et al. 2017). The transcripts were read and re-read to gain
an understanding of the data. The data were coded, labeled, and categorized based on
their content to capture key concepts and ideas. In the theme development process, codes
were organized into themes and sub-themes representing patterns or commonalities across
the data, guided by existing literature or research questions. Then, themes were reviewed,
refined, and validated through discussions among authors and participant feedback to
ensure that they accurately represented the data. The last step was summarizing the results
to show the key themes and findings (Braun and Clarke 2006; Nowell et al. 2017).

5. Results

This research aims to explore the driving factors, facilitating factors, and obstacles to
I4.0 adoption in the manufacturing sector in Thailand to gain insight into I4.0. This section
summarizes the findings of the interviews by driving and facilitating factors.

5.1. General Information of Firms

Table 3 shows the manufacturing firms’ profiles and their readiness toward I4.0. There
is one small-sized firm (Firm G), two medium-sized (Firms E and F), and four large-sized
firms (Firms A, B, C, and D) from various manufacturing sectors, such as the automotive
industry (Firms B, F, and G), textile (Firms B, C, and D), and electronics and electrical
sectors (Firms A and E). The average firm age is 27 years. Four (Firms A, B, C, and G) are
Tier-1 suppliers directly providing complete components, sub-assemblies, or modules to
the original equipment manufacturer (OEM) that assembles the final product. Firms D,
E, and F are Tier-2 suppliers that supply raw materials, parts, or sub-components directly
to Tier-1 suppliers. Firms A and B are the Original Brand Manufacturers (OBM), while
Firms D to G are the Original Equipment Manufacturers (OEM). Firm C is both an OEM
and an OBM. For the capital structure, Firms A and B are Multinational Enterprise (MNE)
from Switzerland and Germany, respectively. Firms C, D, and G are 100% Thai-owned
companies. Firm F is a joint venture (JV) with Japan. For the transactional relationship with
suppliers, Firms A, B, E, and F have significant local and international suppliers, while
Firms C, D, and G have only local suppliers. For market orientation, Firms A, B, and E
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have the main customers in many countries. Firm C exports only to Asian countries. Firm
D’s primary customers are in Europe and Asia. Firm F’s primary customers are Thailand
and Japan. Firm G’s main customers are in Thailand and Europe.

Table 3. Profile of the firms.

Firm A Firm B Firm C Firm D Firm E Firm F Firm G

Product Sewing
machine Automobiles Leather and

shoes

Yarn dyeing,
fabric

dyeing, and
finishing

Plastic
injection

molding, parts

Automotive
parts

Automotive
parts

Age (years) 33 25 29 32 24 27 21

Tier 1 1 1 2 2 2 1

Size Large Large Large Large Medium Medium Small

No. of
employees 700+ 1000+ 1054 300+ 190 152 25

OEM/OBM OBM OBM OBM/OEM OEM OEM OEM OEM

Capital
structure

MNE
(Switzerland)

MNE
(Germany)

100% Thai
owned

100% Thai
owned

100% Thai
owned JV with Japan 100% Thai

owned

Major
suppliers

Local and
International

Local and
International Local Local Local and

International
Local and

International Local

Major
customers Multinational Multinational Asia Europe, Asia Multinational Local and

Japan
Local and

Europe

Main
market Export Export Export Export Domestic Domestic Domestic

Technology
adoption

80% adopted
automation

and technology
replaced with

I4.0

Fully adopted
automation

CNC and
automation Manual

Initiate
cloud-based

software, data
storage, and

analysis

CNC and semi-
automation

CNC and
manual

Readiness of
I4.0 Very high Very high High Very low Medium Medium Very low

Adopt I4.0 Yes Yes Yes No Yes No No

In 2023, Firm A adopted automation and I4.0 technologies for about 80% (self-estimation)
of the factory, such as autonomous robots, big data applications, cloud computing, sim-
ulation, IoT, and system integration. Firm B’s production was fully automated. Firm C
also integrated an automation system with high-performance CNC machines, while Firm F
had a semi-automation system. Firm E was in the phase of implementing I4.0 technologies,
such as the installation of sensors and robots, to increase productivity as a pilot project.
The production of Firm G was mainly manual, and CNC was used for specific processes.
Firm D also operated manually and had used the machines since the factory started. Firms
A to C were highly ready to adopt I4.0. Firms E and F had medium readiness to adopt. In
contrast, Firms D and G had not initiated any I4.0 activities and were not ready to adopt.
In summary, Firms A, B, C, and E have implemented I4.0, while Firms D, F, and G have
not implemented.

5.2. Driving Factors

Table 4 shows a comparison of the driving factors for each firm.
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Table 4. Thematic analysis of driving factors.

Themes Sub-Themes Firm A Firm B Firm C Firm D Firm E Firm F Firm G

Driving
factors

I4.0
awareness Fully aware Aware Somewhat aware

Expected benefits

Productivity
Cost efficiency

Production efficiency
Transparency

Supply chain integration
Traceability
Flexibility

Better quality

Production
efficiency Better quality Production

efficiency

Expected
opportunities

Customers’ confidence in quality
More supply to meet higher demand Customers’ confidence in quality

Bigger market share
More high-end customers More export market Better-imaged

products

More high-end customers
New market with better margin

Customer
pressure No Yes No
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5.2.1. I4.0 Awareness

This study measures I4.0 awareness into four levels: fully aware, aware, somewhat
aware, and low. Fully aware means firms deeply understand I4.0 concepts, technologies,
and potential benefits. They are likely actively exploring or implementing I4.0 solutions in
manufacturing processes by having dedicated teams or resources focused on I4.0 adoption.
Aware means firms have a general understanding of I4.0 and its potential impact. They
are interested in adopting I4.0 technologies but may lack a clear understanding of how
to implement them or the specific benefits of their operations. They are actively seeking
information and exploring options for I4.0 adoption. Somewhat aware refers to firms with
limited knowledge of I4.0 and no idea about its implications. Low refers to firms that have
heard about the term but are still confused about the definitions and complexity of the
concept. It is difficult for them to identify the real scope and objectives of I4.0 (Awodele
et al. 2024; Dikhanbayeva et al. 2021; Ersoz et al. 2018; Sarı et al. 2020). Table 4 presents the
awareness level of each interviewed firm.

Firm A and Firm B are large-sized MNEs. Their top management and employees fully
know the I4.0 concept and how it can increase its competitive advantage and business
performance. Their overseas headquarters force every factory to adopt I4.0 technologies.
Firm B introduced I4.0 to the Thai factory in 2018, using the concept of “Operational
Excellence and Digitalization” as set up by the CEO. The strategies and roadmap are
well-organized and align with the business mission. More than 80% of all employees
clearly understand and embrace I4.0. Firm A’s Thai factory has transformed toward
I4.0 since 2012 by implementing Kaizen and lean manufacturing and using the latest
technologies to solve their problems in the supply chain. Top management set up a
policy for digital transformation and focused on setting the same high standards for
all factories. Most of the employees are aware of the I4.0 concept and benefits. Firm
C is also fully aware of and understands I4.0 technologies and implementation. Top
management recognizes the potential for increased productivity and enhanced quality
through implementing Industry 4.0 technologies by visiting many exhibitions and show
cases in Thailand and overseas. Top management launched a clear roadmap and policies to
support the company’s digital transformation.

In contrast, Firms D and F suggest that firm size and capital structure are insufficient
conditions to reach the highest awareness level. These two firms have not implemented I4.0
because their top management has not understood the I4.0 concept. The top management
of Firm D somewhat understood the basic concept of I4.0. They informally talked about it
in a few meetings with employees but did not seriously consider adopting it soon. This
firm considered implementing IoT in production lines, such as sensors and RFID. However,
the investment costs were very high, and its organizational structure, strategies, and
human resources were not ready for digital transformation. Therefore, the top management
decided not to invest in the new technologies, and the I4.0 project was not initiated. The
top- and middle-level management did not clearly understand what I4.0 meant for Firm F.
It attended many I4.0 seminars organized by the public sector. However, many factories
are still confused and question what I4.0 is, which degree of technology adoption needs to
be called I4.0, and how many robots or machines they must use to be called I4.0. Firm F is
studying I4.0, conducting a cost/benefit evaluation, and considering the potential to use
robots to replace the workforce in the production line. Firm G is considering adopting I4.0
because the automotive market shift focuses on electronic vehicles within 5–10 years.

5.2.2. Expected Benefits and Opportunities

(1) Benefits. Firms A and B (large MNEs) fully aware of I4.0 are expected to gain
productivity, cost efficiency, production efficiency, transparency, supply chain integration,
traceability, flexibility, and high quality. Firms C and F are expected to increase their
productivity, costs, and production efficiency. Firm G only aimed for productivity and cost
efficiency, while Firm E expected to increase productivity, cost efficiency, and better quality.
Firm D only expected productivity and cost efficiency. In other words, all firms expect
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quality and cost control improvements, whereas Firms A and B expect additional benefits
that improve their entire supply chain operation and governance.

(2) Opportunities. Firm A and Firm B (large MNEs), who are fully aware of I4.0,
believed that I4.0 adoption might lead to opportunities to gain customers’ confidence in
quality, improved people and culture, more significant market share, more supply to meet
higher demand, and having more high-end customers. Large Thai-owned firms (Firm C)
that exported to the Asian market expected customers’ confidence in quality, more supply
to meet higher demand, and more export market. Firm D was highly confident about its
product quality. Therefore, the expected opportunities from I4.0 are more export markets,
more high-end customers, and new markets with better margins. Firm E expected that I4.0
could increase customers’ confidence in quality, increase export markets, increase high-end
customers, and create new markets with better margins. In contrast, Firm F expected
customers’ confidence in the quality and more export market. Firm G needed customers’
confidence in the quality and better-imaged products because it was a small-sized OEM
with a limited understanding of I4.0.

The two large MNEs with full awareness of I4.0 expected benefits and opportunities
other than improvements in daily operational performance. However, the findings from
the rest of the firms suggest that these expectations will depend on various factors, such as
strategic orientations and operational priorities.

5.2.3. Customer Pressure

Contrary to the results of the literature review, only Firm E has received pressure
from its main customers to adopt I4.0. Firm E must satisfy the increasing demand for
high-quality and precise products from its customers. Firm E’s business field of plastic
injection and molding is machine-intensive. Therefore, the firm needs to invest in sensors
and robots to increase productivity and improve quality. The rest of the firms did not
receive any pressure to adopt I4.0.

However, only large firms with the highest awareness levels proactively implemented
I4.0, as discussed in Section 5.1. Firm D and Firm F, who are not proactive and do not
have any support from top management, still use existing technologies to operate be-
cause their productivity is adequate. These findings imply that top management aware-
ness and customer-supplier relationships will affect the role of customer pressure in
I4.0 implementation.

5.3. Facilitating Factors

Table 5 shows a comparison of the facilitating factors for each firm.

5.3.1. Top Management Support

After the concept of I4.0 was recognized and introduced in the organization, top
management played a crucial role in facilitating the planning and implementation of I4.0
projects and activities. The top management of Firm A set up an organizational strategy
that facilitates the adoption of I4.0. Moreover, to sustain I4.0 implementation, the top
management has to regularly monitor and evaluate the project’s progress. Top management
of Firm B set digitalization strategy and mission for every department, starting from routine
tasks. Managers must present monthly progress on digitalization and I4.0, projects, and
success cases and share the best practices of their departments. A key performance indicator
(KPI) was set to evaluate the performance. The CEO also offers appreciation rewards such
as the project of the Week/Month, an IMotion activity that promotes innovative ideas
from employees, and monetary rewards. Firm C proactively invested in I4.0 technology
and collaborated with its partner, specializing in IoT and smart factory technologies. The
top management supported the I4.0 projects and worked with consultants to launch pilot
projects to reduce waste in the production system. Sensors and IoT devices were installed
on the shop floor to monitor production. The top management monitored the project closely
through a monthly report. Firm E is developing the policy and strategies of I4.0, with full
support from the top management.
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Table 5. Thematic analysis of facilitating factors.

Themes Sub-themes Firm A Firm B Firm C Firm D Firm E Firm F Firm G

Facilitating
factors

Top
management

support

Proactive, fully supportive, involved, and committed to I4.0
projects. Initiated and driven by top management with clear

goals, directions, roadmap, action plan, and strategies.
No Reactive and

involve No No

Financial support Self-investment
Need funding and
support from the

government
Self-investment

I4.0
communication

channel

Formal communication channels are established with the
official record Informal communication

Inter-company
collaboration Whole supply chain Main customers

and suppliers No Main customers and suppliers

Stakeholder
support

Customer
Supplier

Customers
Suppliers

Universities
Research

institutions

No Customer
Supplier No

Digital skill
training program

Innovative and adaptive training
program for future skill

Structured
training programs

Basic program for
specific job

function

Structured
training programs

Basic program for
specific job

function

Informal
mentorship and
apprenticeship
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5.3.2. Financial Support

Firms A, B, C, and E allocated their budget to invest, especially in I4.0 projects and
activities, because they knew that investing in I4.0 needed a high upfront budget. All large
firms mentioned that I4.0 provides new opportunities for the firm to digitalize the produc-
tion system and fulfill customer-specific requirements more effectively and efficiently.

Moreover, I4.0 can trace and track the processes throughout supply chains in real-
time to achieve higher flexibility and quality of production processes (Khin and Kee 2022)
and higher supply chain efficiency. Therefore, most large firms, which are influential in
operating their entire supply chains, anticipate a significant benefit from I4.0, and are
well-prepared for investment in new technologies. SMEs recognized the benefits of I4.0,
but perceived that investment cost was higher than the expected return on investment
after exploring the feasibility of I4.0 investment. It is a considerable risk for SMEs to invest
without any support or funding from the government. Therefore, Firms D, F, and G need
funding and support from the government to initiate I4.0 projects.

5.3.3. I4.0 Communication Channel

Firms A, B, and C established formal communication channels within the firms and of-
ficially recorded the I4.0 activities and technologies that they adopted. They also addressed
concerns about employees’ fear of losing their jobs or being replaced by automation. This
transparency fosters understanding, reduces resistance, and encourages employee buy-in
for a successful transition. Firms D to G had no formal communication channels. They
relied on informal channels such as discussing I4.0 in some meetings, personal chat, or hall-
way discussions. Communication through these channels could lead to misunderstanding
or misinformation about I4.0. Moreover, information across different informal channels
could create confusion and make it difficult for employees to grasp the company’s overall
I4.0 vision and strategy.

5.3.4. Inter-Company Collaboration

Firms A and B collaborated with their partners across the supply chain by integrating
I4.0 technologies and cloud computing with enterprise resource planning (ERP) systems
and supply chain management (SCM) systems. This transparent collaboration facilitated
improved communication, data sharing, better coordination, real-time visibility of produc-
tion processes, and faster response times to disruptions among different partners in the
supply chain. Firms C, E, F, and G only collaborated with their primary customers and
suppliers in specific activities, such as product development, problem-solving, and sharing
production status. Firm D had no inter-company collaboration.

5.3.5. Digital Skill Training Program

Firms A and B have proactively developed training programs to identify and incor-
porate innovative learning and development practices and training for future skill sets.
The program is robust and adaptive to keep up with the pace of technology changes. The
training programs are regularly reviewed, refreshed, and customized based on the insights
provided by key stakeholders through feedback loops. These firms also organized in-house
training through internal and external experts from universities and the private sector. The
internal experts can organize training in I4.0 technologies for their employees. They also
have internal training facilities and knowledge management systems that allow employ-
ees to access e-learning platforms anywhere and anytime. Firms D and F only provided
basic training programs for specific job functions. Firms C and E had structured training
programs designed to run continuously and expand employees’ digital skill sets. They
developed a continuous training program aligned with the organization’s needs and HR
functions. Firm G only had informal mentorship and apprenticeship. Since Firms D and G
did not see the urge to implement I4.0 technology, they focused mainly on training specific
technical skills in necessary job functions.
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5.4. Discussions on Conditions of I4.0 Adoption

What are the critical factors that determine the level of readiness for I4.0 (hereafter,
I4.0 adoption)? To identify key elements from the interviews, we focus on the firms at a
very high level of readiness of I4.0 (i.e., Firms A and B) and those at a deficient level (i.e.,
Firms D and G).

Firms A and B share common characteristics. These two firms have the same driving
and facilitating factors. However, they only have different technological adoption attributes
(i.e., Firm A is 80% automated and replaced with I4.0, and Firm B has fully adopted au-
tomation). Among the firm attributes, only these two firms have the capital structure of
MNE, suggesting MNE as a sufficient condition of the very high level of I4.0 in this case
study, which aligns with Horváth and Szabó (2019), who mentioned that MNEs were more
flexible in allocating financial resources to invest in new technologies for new develop-
ments. Although we do not conclude that this finding is robust, it does, in combination
with comparisons with other firms, provide rich insights into the condition of I4.0. For
example, Firm C has characteristics similar to those of Firms A and B, such as large size, full
awareness, proactive support from top management, and formal communication channels.
However, unlike Firms A and B, Firm C is 100% owned by Thai and expects a narrower
scope of benefits to its own productivity, production, and cost efficiency. This evidence
suggests that some Thai firms are still focusing on the limited interests of their stakeholders
and their supply chains, which makes the adoption of I4.0 at a lower level satisfactory.

In the same way as the analysis, Firms D and G, with a deficient level of I4.0 and
high dependence on manual processes, do not receive any stakeholder support, which is a
uniqueness of these two firms. This finding implies that the lack of stakeholder support can
be a sufficient condition for the deficient level of I4.0 adoption. Although these two firms
are different in size (i.e., Firm D is large and Firm G is small), their top management does
not support I4.0 projects, which may discourage Firms D and G from accessing stakeholder
support. This finding also suggests the importance of competitive environments, leadership
style, and other determinants of firm strategies for I4.0, in understanding I4.0 adoption.
These findings support the hypothesis that management issues are a crucial obstacle to
I4.0 adoption if top management can neither identify opportunities from I4.0 adoption nor
recognize the importance of I4.0 technology (Horváth and Szabó 2019; Khin and Kee 2022;
Vuksanović Herceg et al. 2020).

Productivity and cost efficiency are expected benefits from I4.0 for all interviewed
firms, irrespective of their size and capital structure. In addition, all the interviewed
local firms are OEMs. The findings in this subsection indicate that firm- and factory-
level efficiencies are fundamental motives for attempting I4.0, especially for local firms in
Thailand and probably for other developing countries focusing on manufacturing activities
in supply chains.

The barriers and challenges of the studied firms can be summarized as two main
issues. First, management issues, lack of initiative, and support from top management
(Firms D, F, and G) hinder I4.0 adoption. Top management fails to recognize the importance
or potential opportunities of I4.0 technologies in the long term. Firms with proactive
leadership that provides a supportive working environment are more likely to achieve
I4.0 adoption. Second, there is a lack of stakeholder support for firms with low levels of
I4.0 adoption, such as Firms D and G. This suggests that stakeholder support is crucial for
successful I4.0 implementation. The absence of stakeholder support can be a significant
barrier, especially for firms that are heavily reliant on manual processes.

6. Conclusions

The qualitative analysis of this study investigated the driving and facilitating factors
of Thai manufacturing firms toward I4.0. The findings of this study contribute to the
literature on I4.0 adoption among Thai manufacturing firms, offering valuable insights
into the driving factors and facilitating conditions. The different levels of awareness
and understanding of I4.0 concepts among firms, with larger MNEs exhibiting a more
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profound comprehension and proactive approach than smaller, local firms, are consistent
with Horváth and Szabó (2019); Sarı et al. (2020). This variance also reflects the critical role
of top management in fostering awareness and creating a favorable environment for I4.0
adoption. Top management in MNEs has clear strategies, well-organized roadmaps, and a
strong leadership commitment to digital transformation initiatives. However, smaller firms
often face challenges in grasping the implications and benefits of I4.0, particularly when
top management lacks a comprehensive understanding or fails to prioritize its adoption.
Additionally, SMEs may lack the organizational capacity and infrastructure to drive I4.0
initiatives effectively, leading to slower progress and limited innovation compared to their
larger counterparts.

Financial resources emerge as a crucial facilitator of I4.0 adoption, particularly for
smaller firms with limited budgets. Larger firms are better positioned to access the financial
and non-financial resources crucial for I4.0 implementation, giving them an advantage
over SMEs (Sarı et al. 2020). While larger MNEs are willing to invest in I4.0 technologies,
recognizing their long-term benefits and competitive advantages, smaller firms struggle to
justify the high upfront costs without external support or funding. This finding shows the
importance of tailored strategies to communicate the potential benefits and opportunities of
I4.0 in different types of firms, considering their size, sector, and market position. Moreover,
the study highlights the significance of top management support in driving I4.0 initiatives
within organizations, with proactive leadership playing a pivotal role in setting clear
strategies, providing resources, and supporting technological change.

Moreover, collaboration and communication within supply chains present contrasting
scenarios for large MNEs and SMEs. MNEs leverage their global networks and resources to
foster collaboration between suppliers and customers, facilitating enhanced transparency,
data sharing, and coordination. In contrast, due to limited resources and organizational
capabilities, SMEs may face challenges in establishing formal communication channels
and inter-company collaboration. Horváth and Szabó (2019) also confirmed that a lack of
network-level collaboration and technology integration at the supply chain level is a key
hindrance to I4.0 implementation.

Another crucial aspect is the importance of training and skill development programs to
prepare employees for the challenges and opportunities presented by I4.0. Large MNEs in-
vest significantly in comprehensive training programs to upskill and reskill their workforce
and ensure they can effectively utilize I4.0 technologies. These findings are consistent with
Di Sabato and Savov (2023), who show that large firms provide more support to employee
training programs than SMEs, especially for MNEs. However, SMEs face challenges in
providing adequate training and skill development opportunities, limiting their ability to
harness the full potential of I4.0.

Furthermore, most manufacturing SMEs operate as OEMs, catering to the specific
requirements of their customers. When their current skills, knowledge, and experiences
suffice to meet customer demands, these firms may struggle to recognize the critical
importance of reskilling or upskilling in the context of I4.0 technologies. The obvious
example is Firm G, which hesitated to initiate I4.0 adoption due to uncertainty regarding
the potential shift in automotive production from combustion engines to electric vehicles
within the next 5–10 years. If such a transition occurs, Firm G would need to adapt its
production processes, technologies, and human resource capability to manufacture parts
for electric vehicles. However, if this transition does not occur as expected, investing in new
technologies could result in unnecessary costs for the company. Firms need to consider
the uncertainties from government policies, charging infrastructure development, and
consumer preferences for electric vehicles, which might affect the transition in the future.

To assist Thai manufacturing firms, especially SMEs, experts from the public sector,
such as government agencies, the private sector, and the academic sector, should educate
them to understand the I4.0 implementation steps and benefits clearly. Ensure that they
have a clear direction and confidence to move toward I4.0. The absence of a cohesive
digitalization strategy is an obstacle to I4.0 adoption for SMEs. Firms should know how
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to acquire and disseminate up-to-date technological knowledge and reflect on the shared
goals and collaborative efforts of all stakeholders within the firm and between partners in
supply chains.

This study demonstrates that all firms share common goals, such as cost efficiency and
productivity. Moreover, they encounter challenges related to integrating new technologies
with existing systems and the need for ongoing employee training. The factors influencing
I4.0 adoption among Thai manufacturing firms range from awareness and understand-
ing to financial resources, top management support, and skill development. Thai SMEs
encounter distinct challenges due to several factors, including limited financial resources,
a lack of economies of scale, lower technological advancement, and insufficient skilled
labor compared to large firms. These constraints can hinder their ability to invest in new
technologies and the training required for I4.0. SMEs often have less access to government
support than large firms do, while SMEs and large firms strive to implement I4.0. As a
result, their approaches to common challenges can vary significantly. Larger firms can
adopt advanced technologies rapidly, with more robust financial resources, established
technological infrastructure, and access to skilled labor.

Addressing these challenges and creating an enabling environment for I4.0 adoption
requires concerted efforts from policymakers, industry associations, and organizational
leaders to tailor strategies, provide support mechanisms, and foster collaboration within
supply chains. By doing so, Thailand’s manufacturing sector can harness the transformative
potential of I4.0 to enhance competitiveness, drive innovation, and secure sustainable
growth in the digital age.

The limitation of this paper is that the results are based on human perception, which
can introduce subjective biases. Specifically, the findings reflect the views of individuals at
different managerial levels within the studied firms. Top management support, for instance,
was assessed by individuals in top managerial positions, which might have introduced self-
assessment bias. Therefore, the results might differ in different industries, firm sizes, and
countries. Despite these insights, the sample size is relatively small and may not capture
the full diversity of the Thai manufacturing sector. We acknowledge that a sample size of
seven companies cannot fully represent the entire industry. This could potentially limit the
generalizability of the findings to a broader population of Thai manufacturing firms.

Additionally, the sample may not fully represent the diversity of manufacturing sub-
sectors or company sizes within the country. As the study relies on qualitative analysis of
semi-structured interviews, there may be inherent subjectivity and bias in the interpretation
of the data. The perspectives and experiences of participants may vary, and the findings
may not capture the full spectrum of views on I4.0 adoption among Thai manufacturing
firms. The study’s cross-sectional design provides a snapshot of the current state of I4.0
adoption among Thai manufacturing firms. However, it does not capture longitudinal
changes or trends over time.

Future research should consider more extensive and varied samples to validate these
findings. Additionally, longitudinal studies can provide a deeper understanding of the
adoption process over time. Moreover, comparative designs could provide deeper insights
into the dynamics of I4.0 adoption and its impact on firm performance. To address subjec-
tive biases, we included additional respondents from middle management and operational
levels to provide a broader perspective and reduce potential bias. However, we acknowl-
edge that this approach does not eliminate bias, as perceptions can vary widely within a
firm. Future studies could benefit from including a more significant number of respondents
from each company to further enhance the reliability and validity of the findings. These
findings can be used as a basis for benchmark analyses in countries that share similar-
ities with Thailand. A quantitative cross-country empirical study is recommended for
future research.

Moreover, other external factors, such as economic conditions, government policies,
and technological advancements, could impact the adoption and implementation of I4.0
technologies in ways that are not fully captured or accounted for in the study. Investi-
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gating the impact of specific I4.0 technologies, such as IoT, AI, and robotics, on different
industry sectors can provide more detailed insights. Furthermore, comparative studies of
Thailand and other countries with similar economic profiles can offer valuable lessons and
best practices.

Author Contributions: Conceptualization, N.I., Y.U. and C.J.; methodology, N.I. and C.J.; validation,
N.I. and Y.U.; formal analysis, N.I., Y.U. and C.J.; investigation, N.I. and C.J.; resources, N.I. and
C.J.; data curation, N.I., Y.U. and C.J.; writing—original draft preparation, N.I.; writing—review and
editing, N.I. and Y.U.; visualization, N.I.; supervision, C.J. and Y.U.; project administration, Y.U.;
funding acquisition, Y.U. All authors have read and agreed to the published version of the manuscript.

Funding: This article is a result of the research project entitled “Capacity building for digitalization
of industries in developing countries: A case study of Thailand with a focus on HRD” organized by
the Institute of Developing Economies in Fiscal year 2021-2022. Research Project ID 165. Research
Project Number 2021_2_40_009.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is unavailable due to privacy restrictions of the Institute of
Developing Economies.

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

References
Alam, Shafiqul, and Pavitra Dhamija. 2022. Human resource development 4.0 (HRD 4.0) in the apparel industry of Bangladesh: A

theoretical framework and future research directions. International Journal of Manpower 43: 263–85. [CrossRef]
Arnold, Christian, Daniel Kiel, and Kai-Ingo Voigt. 2016. How Industry 4.0 changes business models in different manufacturing

industries. Paper presented at the ISPIM Conference Proceedings, Porto, Portugal, June 19–22.
Awodele, Imoleayo A., Modupe C. Mewomo, Angel M. Gento Municio, Albert P. C. Chan, Amos Darko, Ridwan Taiwo, Nathaniel A.

Olatunde, Emmanuel C. Eze, and Oluwaseyi A. Awodele. 2024. Awareness, adoption readiness and challenges of railway 4.0
technologies in a developing economy. Heliyon 10: e25934. [CrossRef] [PubMed]

Basl, Josef. 2017. Pilot study of readiness of Czech companies to implement the principles of Industry 4.0. Management and Production
Engineering Review 8: 3–8. [CrossRef]

Bellantuono, Nicola, Angela Nuzzi, Pierpaolo Pontrandolfo, and Barbara Scozzi. 2021. Digital transformation models for the I4.0
transition: Lessons from the change management literature. Sustainability 13: 12941. [CrossRef]

Bettiol, Marco, Mauro Capestro, Eleonora Di Maria, and Roberto Grandinetti. 2023. Leveraging on intra-and inter-organizational
collaboration in Industry 4.0 adoption for knowledge creation and innovation. European Journal of Innovation Management
26: 328–52. [CrossRef]

Braun, Virginia, and Victoria Clarke. 2006. Using thematic analysis in psychology. Qualitative Research in Psychology 3: 77–101.
[CrossRef]

Butt, Javaid. 2020. A strategic roadmap for the manufacturing industry to implement industry 4.0. Designs 4: 11. [CrossRef]
Camarinha-Matos, Luis M., Rosanna Fornasiero, and Hamideh Afsarmanesh. 2017. Collaborative Networks as a Core Enabler of

Industry 4.0. Paper Presented at the 18th IFIP WG 5.5 Working Conference on Virtual Enterprises, PRO-VE 2017, Vicenza, Italy,
September 18–20. Cham: Springer International Publishing, pp. 3–17.

Castelo-Branco, Isabel, Frederico Cruz-Jesus, and Tiago Oliveira. 2019. Assessing Industry 4.0 readiness in manufacturing: Evidence
for the European Union. Computers in Industry 107: 22–32. [CrossRef]

Cirera, Xavier, Diego Comin, Marcio Cruz, Kyung Min Lee, and Antonio Soares Martins-Neto. 2021. Firm-Level Technology Adoption in
Vietnam. Washington, DC: World Bank.

Cooke, Fang Lee, Michael Dickmann, and Emma Parry. 2022. Building sustainable societies through human-centred human resource
management: Emerging issues and research opportunities. The International Journal of Human Resource Management 33: 1–15.
[CrossRef]

Corò, Giancarlo, and Mario Volpe. 2020. Driving factors in the adoption of Industry 4.0 technologies: An investigation of SMEs. In
Industry 4.0 and Regional Transformations. London: Routledge, pp. 112–32.

da Silva, Leonardo Breno Pessoa, Ramon Soltovski, Joseane Pontes, Fernanda Tavares Treinta, Paulo Leitão, Elaine Mosconi, Luis
Mauricio Martins de Resende, and Rui Tadashi Yoshino. 2022. Human resources management 4.0: Literature review and trends.
Computers & Industrial Engineering 168: 108111. [CrossRef]

De Marchi, Matteo, Prajaks Jitngernmadan, Pongpat Singsri, Narongsak Putpuek, Saman Kumpakeaw, Supaporn Bundasak,
Warangkhana Kimpan, and Erwin Rauch. 2022. Network architecture of ETAT education and training centers for automation 4.0.
In The 1st International Symposium on Industrial Engineering and Automation ISIEA 2022. Berlin/Heidelberg: Springer, pp. 330–38.

https://doi.org/10.1108/IJM-06-2021-0372
https://doi.org/10.1016/j.heliyon.2024.e25934
https://www.ncbi.nlm.nih.gov/pubmed/38384510
https://doi.org/10.1515/mper-2017-0012
https://doi.org/10.3390/su132312941
https://doi.org/10.1108/EJIM-10-2022-0593
https://doi.org/10.1191/1478088706qp063oa
https://doi.org/10.3390/designs4020011
https://doi.org/10.1016/j.compind.2019.01.007
https://doi.org/10.1080/09585192.2021.2021732
https://doi.org/10.1016/j.cie.2022.108111


Economies 2024, 12, 210 20 of 22

Delera, Michele, Carlo Pietrobelli, Elisa Calza, and Alejandro Lavopa. 2022. Does value chain participation facilitate the adoption of
Industry 4.0 technologies in developing countries? World Development 152: 105788. [CrossRef]

Di Sabato, Vito, and Radovan Savov. 2023. Training as a facilitator for Industry 4.0. Revista de Gestão 31: 291–306. [CrossRef]
Dikhanbayeva, Dinara, Akmaral Tokbergenova, Yevgeniy Lukhmanov, Essam Shehab, Zbigniew Pastuszak, and Ali Turkyilmaz. 2021.

Critical factors of Industry 4.0 implementation in an emerging country: Empirical study. Future Internet 13: 137. [CrossRef]
EDB. 2020. The Singapore Smart Industry Readiness Index: Catalysing the Transformation of Manufacturing. Singapore Economic

Development Board (EDB), Singapore. Available online: https://www.edb.gov.sg/en/business-insights/insights/singapore-
smart-industry-readiness-Index.html (accessed on 15 December 2023).

Ersoz, Filiz, Deniz Merdin, and Taner Ersoz. 2018. Research of Industry 4.0 awareness: A case study of Turkey. Economics and Business
32: 247–63. [CrossRef]

Felsberger, Andreas, Fahham Hasan Qaiser, Alok Choudhary, and Gerald Reiner. 2022. The impact of Industry 4.0 on the reconciliation
of dynamic capabilities: Evidence from the European manufacturing industries. Production Planning & Control 33: 277–300.

Fettermann, Diego Castro, Caroline Gobbo Sá Cavalcante, Tatiana Domingues de Almeida, and Guilherme Luz Tortorella. 2018. How
does Industry 4.0 contribute to operations management? Journal of Industrial and Production Engineering 35: 255–68. [CrossRef]

FTI. 2021. The Importance of Industry 4.0 Assessment Index Development. Available online: https://www.nectec.or.th/ace2021/wp-
content/uploads/2021/12/ss2-FTI.pdf (accessed on 19 June 2024).

Ganotakis, Panagiotis, Wan-Lin Hsieh, and James H. Love. 2013. Information systems, inter-functional collaboration and innovation in
Taiwanese high-tech manufacturing firms. Production Planning & Control 24: 837–50.

Ghobakhloo, Morteza. 2020. Industry 4.0, digitization, and opportunities for sustainability. Journal of Cleaner Production 252: 119869.
[CrossRef]

Gustafsson, Johanna. 2017. Single Case Studies vs. Multiple Case Studies: A Comparative Study. Available online: https://www.diva-
portal.org/smash/get/diva2:1064378/FULLTEXT01.pdf (accessed on 15 October 2022).

Himang, Celbert, Lanndon Ocampo, Jun-Jun Obiso, Miriam Bongo, Shirley Ann Caballes, Dharyll Prince Abellana, Custer Deocaris,
and Rosein Ancheta. 2020. Defining stages of the Industry 4.0 adoption via indicator sets. Engineering Management in Production
and Services 12: 32–55. [CrossRef]

Horváth, Dóra, and Roland Zs Szabó. 2019. Driving forces and barriers of Industry 4.0: Do multinational and small and medium-sized
companies have equal opportunities? Technological Forecasting and Social Change 146: 119–32. [CrossRef]

Hossain, Mohammad Imtiaz, Jeetesh Kumar, Md Tariqul Islam, and Marco Valeri. 2023. The interplay among paradoxical lead-
ership, industry 4.0 technologies, organisational ambidexterity, strategic flexibility and corporate sustainable performance in
manufacturing SMEs of Malaysia. European Business Review 36: 639–69. [CrossRef]

Jeenanunta, Chawalit, Nattharika Rittippant, Pornpimol Chongphaisal, Ryoju Hamada, Nuchjarin Intalar, Kimseng Tieng, and
Kwanchanok Chumnumporn. 2017. Human resource development for technological capabilities upgrading and innovation in
production networks: A case study in Thailand. Asian Journal of Technology Innovation 25: 330–44. [CrossRef]

Jermsittiparsert, Kittisak, Sudawan Somjai, and Krisada Chienwattanasook. 2020. Era of Industry 4.0 technologies and environmental
performance of Thailand’s garment industry: Role of lean manufacturing and green supply chain management practices. In Agile
Business Leadership Methods for Industry 4.0. Bingley: Emerald Publishing Limited, pp. 285–302.

Johnson, Mark W., Clayton M. Christensen, and Henning Kagermann. 2008. Reinventing your business model. Harvard Business Review
86: 50–59.

Kapoor, Bhushan, and Yaggeta Kabra. 2014. Current and future trends in human resources analytics adoption. Journal of Cases on
Information Technology (JCIT) 16: 50–59. [CrossRef]

Khin, Sabai, and Daisy Mui Hung Kee. 2022. Factors influencing Industry 4.0 adoption. Journal of Manufacturing Technology Management
33: 448–67. [CrossRef]

Kiel, Daniel, Christian Arnold, and Kai-Ingo Voigt. 2017. The influence of the Industrial Internet of Things on business models of
established manufacturing companies–A business level perspective. Technovation 68: 4–19. [CrossRef]

Kohpaiboon, Archanun. 2020. Industry 4.0 Policies in Thailand. Economics Working Paper No. 2020-02. Singapore: ISEAS Yusof
Ishak Institute.

Le, Vu, Tien Nguyen, and Khanh Pham. 2023. What drives Industry 4.0 technologies Adoption? Evidence from a SEM-neural network
approach in the context of Vietnamese firms. Sustainability 15: 5969. [CrossRef]

Li, Ling. 2022. Reskilling and upskilling the future-ready workforce for Industry 4.0 and beyond. Information Systems Frontiers 13: 1–16.
[CrossRef]

Li, Mei, Ellie Falcone, Nada Sanders, Thomas Y. Choi, and Xiangyu Chang. 2022. Buyer-supplier collaboration: A macro, micro, and
congruence perspective. Journal of Purchasing and Supply Management 28: 100723. [CrossRef]

Miah, Md Tota, Szilvia Erdei-Gally, Anita Dancs, and Mária Fekete-Farkas. 2024. A systematic review of Industry 4.0 technology on
workforce employability and skills: Driving Success factors and challenges in South Asia. Economies 12: 35. [CrossRef]

Miles, Matthew B., and A. Michael Huberman. 1984. Drawing valid meaning from qualitative data: Toward a shared craft. Educational
Researcher 13: 20–30. [CrossRef]

Mittal, Sameer, Muztoba Ahmad Khan, David Romero, and Thorsten Wuest. 2018. A critical review of smart manufacturing & Industry
4.0 maturity models: Implications for small and medium-sized enterprises (SMEs). Journal of Manufacturing Systems 49: 194–214.

https://doi.org/10.1016/j.worlddev.2021.105788
https://doi.org/10.1108/REGE-12-2021-0208
https://doi.org/10.3390/fi13060137
https://www.edb.gov.sg/en/business-insights/insights/singapore-smart-industry-readiness-Index.html
https://www.edb.gov.sg/en/business-insights/insights/singapore-smart-industry-readiness-Index.html
https://doi.org/10.2478/eb-2018-0019
https://doi.org/10.1080/21681015.2018.1462863
https://www.nectec.or.th/ace2021/wp-content/uploads/2021/12/ss2-FTI.pdf
https://www.nectec.or.th/ace2021/wp-content/uploads/2021/12/ss2-FTI.pdf
https://doi.org/10.1016/j.jclepro.2019.119869
https://www.diva-portal.org/smash/get/diva2:1064378/FULLTEXT01.pdf
https://www.diva-portal.org/smash/get/diva2:1064378/FULLTEXT01.pdf
https://doi.org/10.2478/emj-2020-0010
https://doi.org/10.1016/j.techfore.2019.05.021
https://doi.org/10.1108/EBR-04-2023-0109
https://doi.org/10.1080/19761597.2017.1385976
https://doi.org/10.4018/jcit.2014010105
https://doi.org/10.1108/JMTM-03-2021-0111
https://doi.org/10.1016/j.technovation.2017.09.003
https://doi.org/10.3390/su15075969
https://doi.org/10.1007/s10796-022-10308-y
https://doi.org/10.1016/j.pursup.2021.100723
https://doi.org/10.3390/economies12020035
https://doi.org/10.2307/1174243


Economies 2024, 12, 210 21 of 22

Moeuf, Alexandre, Robert Pellerin, Samir Lamouri, Simon Tamayo-Giraldo, and Rodolphe Barbaray. 2018. The industrial management
of SMEs in the era of Industry 4.0. International Journal of Production Research 56: 1118–36. [CrossRef]

Moktadir, Md Abdul, Syed Mithun Ali, Simonov Kusi-Sarpong, and Md Aftab Ali Shaikh. 2018. Assessing challenges for implementing
Industry 4.0: Implications for process safety and environmental protection. Process Safety and Environmental Protection 117: 730–41.
[CrossRef]

Mourtzis, Dimitris, Ekaterini Vlachou, and N. Milas. 2016. Industrial big data as a result of IoT adoption in manufacturing. Procedia
CIRP 55: 290–95. [CrossRef]

Mourtzis, Dimitris, Nikolaos Milas, Katerina Vlachou, and Ioannis Liaromatis. 2018. Digital transformation of structural steel
manufacturing enabled by IoT-based monitoring and knowledge reuse. Paper Presented at the 5th International Conference on
Control, Decision and Information Technologies (CoDIT), Thessaloniki, Greece, April 10–13. Piscataway: IEEE, pp. 295–301.

Müller, Julian M., Johannes W. Veile, and Kai-Ingo Voigt. 2020. Prerequisites and incentives for digital information sharing in Industry
4.0–An international comparison across data types. Computers & Industrial Engineering 148: 106733.

Müller, Julian Marius, Daniel Kiel, and Kai-Ingo Voigt. 2018. What drives the implementation of Industry 4.0? The role of opportunities
and challenges in the context of sustainability. Sustainability 10: 247. [CrossRef]

Nambisan, Satish, Kalle Lyytinen, Ann Majchrzak, and Michael Song. 2017. Digital innovation management. MIS Quarterly 41: 223–38.
[CrossRef]

Nowell, Lorelli S., Jill M. Norris, Deborah E. White, and Nancy J. Moules. 2017. Thematic analysis: Striving to meet the trustworthiness
criteria. International Journal of Qualitative Methods 16: 1609406917733847. [CrossRef]

OIE. 2015. Industrial Economic Conditions in 2015 and Outlook for 2016. Available online: https://www.oie.go.th/assets/portals/1/
files/monthly_report/anualreport2015_2016.pdf (accessed on 12 November 2023).

Onwuegbuzie, Anthony J., and Kathleen M. T. Collins. 2007. A typology of mixed methods sampling designs in social science research.
Qualitative Report 12: 281–316. [CrossRef]

Parhi, Shreyanshu, Kanchan Joshi, Thorsten Wuest, and Milind Akarte. 2022. Factors affecting Industry 4.0 adoption—A hybrid
SEM-ANN approach. Computers & Industrial Engineering 168: 108062. [CrossRef]

Phillips, Lynn W. 1981. Assessing measurement error in key informant reports: A methodological note on organizational analysis in
marketing. Journal of Marketing Research 18: 395–415. [CrossRef]

Prause, Martin. 2019. Challenges of Industry 4.0 technology adoption for SMEs: The case of Japan. Sustainability 11: 5807. [CrossRef]
Rauch, Erwin, Matteo De Marchi, Prajaks Jitngernmadan, and Felipe M. Martin. 2021. A descriptive analysis for education and training

on Automation 4.0 in Thailand. Paper Presented at the 11th Annual International Conference on Industrial Engineering and
Operations Management, Singapore, March 7–11, pp. 7–11.

Safar, Leos, Jakub Sopko, Darya Dancakova, and Manuel Woschank. 2020. Industry 4.0—Awareness in South India. Sustainability
12: 3207. [CrossRef]

Sarı, T, HK Güleş, and B Yiğitol. 2020. Awareness and readiness of Industry 4.0: The case of Turkish manufacturing industry. Advances in
Production Engineering & Management 15: 57–68.

Saunders, Benjamin, Julius Sim, Tom Kingstone, Shula Baker, Jackie Waterfield, Bernadette Bartlam, Heather Burroughs, and Clare
Jinks. 2018. Saturation in qualitative research: Exploring its conceptualization and operationalization. Quality & Quantity
52: 1893–907.

Seidler, John. 1974. On using informants: A technique for collecting quantitative data and controlling measurement error in organization
analysis. American Sociological Review 39: 816–31. [CrossRef]

Srivastava, Deepak Kumar, Vikas Kumar, Banu Yetkin Ekren, Arvind Upadhyay, Mrinal Tyagi, and Archana Kumari. 2022. Adopting
Industry 4.0 by leveraging organisational factors. Technological Forecasting and Social Change 176: 121439. [CrossRef]

Stake, Robert E. 2013. Multiple Case Study Analysis. New York: Guilford Press.
Stentoft, Jan, Kent Adsbøll Wickstrøm, Kristian Philipsen, and Anders Haug. 2021. Drivers and barriers for Industry 4.0 readiness and

practice: Empirical evidence from small and medium-sized manufacturers. Production Planning & Control 32: 811–28.
Strauss, Anselm, and Juliet Corbin. 1994. Grounded Theory Methodology: An Overview. In Handbook of Qualitative Research. Edited by

N. K. Denzin and Y. S. Lincoln. Thousand Oaks: Sage Publications, Inc., pp. 273–85.
Sureeyatanapas, Panitas, Danai Pancharoen, and Khwantri Saengprachatanarug. 2023. Finding the sweet spot in Industry 4.0

transformation: An exploration of the drivers, challenges and readiness of the Thai sugar industry. Benchmarking: An International
Journal, ahead-of-print. [CrossRef]

ul zia, Najam, Ladislav Burita, and Yumei Yang. 2023. Inter-organizational social capital of firms in developing economies and industry
4.0 readiness: The role of innovative capability and absorptive capacity. Review of Managerial Science 17: 661–82. [CrossRef]

Veile, Johannes W., Daniel Kiel, Julian Marius Müller, and Kai-Ingo Voigt. 2020. Lessons learned from Industry 4.0 implementation in
the German manufacturing industry. Journal of Manufacturing Technology Management 31: 977–97. [CrossRef]

Veile, Johannes W., Marie-Christin Schmidt, Julian M Müller, and Kai-Ingo Voigt. 2024. The transformation of supply chain collaboration
and design through Industry 4.0. International Journal of Logistics Research and Applications 27: 986–1014. [CrossRef]
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