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1O N AL

Digital transformation has become a defining strategic priority for manufacturing
enterprises seeking to remain competitive in an increasingly volatile, data-
intensive, and customer-driven global economy. This paper examines the
drivers, adoption patterns, barriers, and operational outcomes associated with the
implementation of Industry 4.0 technologies—including the Internet of Things
(IoT), cloud computing, artificial intelligence (Al), robotics, and digital twins—
within manufacturing organizations. Drawing on a systematic review of recent
academic and industry literature together with a primary survey of 150
manufacturing firms, the study employs a mixed-methods research design
combining descriptive statistics, correlation analysis, and thematic synthesis.
Findings indicate that cloud computing and IoT-enabled connectivity are the
most widely adopted technologies, while artificial intelligence, digital twins, and
blockchain remain comparatively nascent. High initial investment cost,
workforce skill gaps, and legacy system integration emerge as the most
significant barriers to adoption. Firms that have implemented digital
transformation initiatives report measurable improvements in overall equipment
effectiveness, defect reduction, on-time delivery, and energy efficiency. The
paper concludes with a conceptual framework linking enabling technologies,
organizational readiness, and performance outcomes, and outlines directions for
future research, including the roles of generative Al, sustainability-linked
digitalization, and small and medium enterprise (SME) readiness.

© 2026 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information,

see https://creativecommons.org/licenses/by/4.0/

1. INTRODUCTION

1.1 Background of the Study

manufacturing companies design, plan, produce and
interface with customers. Data can be created and captured
in real time on the shop floor, and analyzed and acted on

There have been three previous industrial revolutions:
mechanisation by steam, mass production by electricity,
and automation using electronics and information
technology. The ongoing era is called the Fourth Industrial
Revolution (also known as “Industry 4.0”) and is defined
by the merging of physical manufacturing systems with
digitalization, that includes such things as the Internet of
Things (IoT), cloud and edge computing, big data analytics,
artificial intelligence (Al), robotics, and cyber-physical
systems. Digital Transformation for the manufacturing
sector denotes the strategic and organizing effort to
integrate these technologies into production, supply chains,
and business processes, and build these smart, connected,
and data-driven factories.

Digital transformation is different from earlier automation
campaign waves, which were limited to improving the
efficiency at the machine level, and is a systemic
phenomenon that completely changes the way
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almost instantaneously, giving rise to ‘on-demand' style
production rather than mass production, to predictive
maintenance, and to adaptive production scheduling.

1.2 Rationale and Significance

Furthermore, these figures reveal that the world market for
smart factory is worth around USD 154.9 billion in 2024
and is expected to more than double by 2030, highlighting
the magnitude of investment and attention that is being
devoted to smart manufacturing technologies around the
world. Notwithstanding this progress, there is still a
disparity between the efforts of large enterprises with more
budgets and capital and those of small and medium
enterprises (SMEs), and many are still encountering issues
with legacy system integration, cybersecurity risks, and
workforce readiness. Knowing what makes digital
transformation a success and/or failure in business is
important academically and in practice.
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1.3 Problem Statement

Although the value of digital transformation is widely
reported (increased efficiency, quality, flexibility,
sustainability etc.), there is always a difference between
potential and performance in the organization. Many
manufacturers invest in digital technologies without seeing
a proportionate return, mostly because they have a
disjointed  strategy, failed to implement change
management across the board, or the technology solution
didn't align with the maturity of their teams. This paper
seeks to explore that implementation gap, including level of
adoption, obstacles, and report of implementation
outcomes, in a sample of manufacturing organizations.

1.4 Objectives of the Study

e To review the current academic and industry
literature on digital transformation and Industry
4.0 in the manufacturing sector.

e To assess the extent of adoption of key digital
technologies among manufacturing firms.

e To identify and rank the principal barriers that
inhibit digital transformation initiatives.

e To evaluate the operational performance outcomes
associated with digital transformation.

e To propose a conceptual framework linking
enabling technologies, organizational factors, and
performance outcomes.

1.5 Research Questions

e RQI1: Which digital technologies have achieved
the highest levels of adoption in manufacturing
firms?

e RQ2: What are the most significant barriers to
digital transformation in manufacturing?

e RQ3: What measurable operational improvements
result from digital transformation initiatives?

e RQ4: How do enabling technologies and
organizational  readiness  jointly  influence
transformation outcomes?

1.6 Scope and Structure of the Paper

The rest of this paper is structured as follows. The review
of the relevant literature is discussed in Section 2. The
research methodology as defined in section 3 involves
research design, sampling and data collection instruments.
The results of the data analysis are presented in Section 4.
The Results and Finding is discussed in Section 5, which is
backed up with graphs and diagrams. The paper ends in
section 6 and directions for future work are given in section
7.

2. LITERATURE REVIEW
2.1 Conceptualizing Digital Transformation in
Manufacturing

In the manufacturing industry circles, digital transformation
is often used with the terms "smart manufacturing” and
"Industry 4.0. A systematic review by Zheng, Ardolino,
Bacchetti and Perona (2023) outlines the development of
these concepts and identifies that despite the increased
focus on this topic across academia, it remains fragmented
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and has largely varied definitions and measurement
approaches within the different studies. Likewise, the
systematic literature review on digital transformation in
manufacturing SMEs in Europe concluded that while the
digital and green ("twin") transitions are now often
mentioned in the same context, the assessment frameworks
and readiness models in the context of digital
transformation in small manufacturers are still limited..

2.2 Enabling Technologies

The literature suggests a common set of foundational
technologies that enable digital transformation, such as
IIoT, CPS, cloud and Edge Computing, Big Data Analytics,
Artificial Intelligence, and Collaborative Robots. In the
study of the evolution of industrial revolutions, it has been
emphasized that the goal of leveraging smart manufacturing
with IIoT and CPS is to improve aspects of production that
include its efficiency, quality and responsiveness to market
demands.

2.3 Drivers and Organizational Enablers

On the other side, Li, Ye, Lowry, and Kumar (2023)
discuss evidence from the companies as to how they derive
successful outcomes of digitalization processes, and find
that organizational capability and strategic alignment play a
significant role in addition to the adoption of technology.
Prior research on critical success factors in the field of
digital transformation in manufacturing firms has
highlighted that a lot is already published regarding the
implementation of individual technologies, but very few of
these works focused on building an integrated model
focused specifically on manufacturing settings. Therefore,
this paper aims to fill this void of research at least to some
level.

2.4 Barriers to Adoption

However, a common thread throughout the literature is that
while there are beneficial aspects to digital transformation,
a number of persistent obstacles keep it moving slower than
hoped for. Key reasons for slow adoption include the
required capital investment, workforce adaptation
difficulties, demand for new business models, and deficits
in the organizational agility (all of them related to firm size,
product innovation and production types). Several
researchers have suggested that to satisfy the difference
between the current capability and the requirements of
Industry 4.0, some intermediate approaches such as
“Industry 3.5”, which is a hybrid system between advanced
digital tools and the current production systems, should be
taken.

2.5 Performance and Innovation Outcomes

Various analyses of the links between digital transformation
and innovation output of manufacturing business
companies indicate that digitalization impacts through
internal and external transaction cost effects, and not only
directly as a technology-output effect. More general studies
on digital innovation also report on the convergence of
technologies like Al, Blockchain, Cloud Computing, Data
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Analytics, etc., in business process and outcome changes in
various industries such as manufacturing.

2.6 Resilience and Contextual Factors

Research post-Covid has explored how digital technologies
could help manufacturing resilience during supply chain
disruptions and found that manufacturing companies with
more advanced digitization were better equipped to deal
with such times of high wuncertainty. Furthermore,
comparative studies around a group of successful and
unsuccessful digital transformation cases in Brazil as well
as the case studies of the manufacturing industry in Italy
reveal how national and regional industry-specific
ecosystems, government policies, and inter-firm
cooperation can decisively influence the adoption of digital
transformation and the resulting outcomes.

2.7 Research Gap

While numerous studies focus on one dimension of digital
transformation — technology, organizational readiness,
barriers or operational performance change — few studies
attempt to combine these dimensions into a single
framework supported by empirical data that not only
measures the level of adoption but also rates barriers
according to importance and quantifies the amount a
company's operational performance has improved. This
paper fills that void by mixing a structured synthesis of the
literature with primary survey evidence from manufacturing
businesses.

3. RESEARCH METHODOLOGY

3.1 Research Design

This is a mixed methods study research design using a
systematic secondary literature review, and a quantitative
cross section survey of manufacturing firms. The design
enables the study to validate conceptual inputs based on
existing literature and provide empirical results with
regards to adoption rates and barriers, and performance
effects.

3.2 Population and Sampling

The customer base targeted was manufacturing companies
in these sectors: automotive, electronics, industrial
machinery, food & beverage, chemicals. In order to obtain
representation of firms within the different firm size (small,
medium and large) and sub-industry categories, a stratified
random sampling technique was used. There was a response
rate for plant managers, operations directors and digital
transformation leads (DTRL) totaling 150 usable responses,
appropriate for descriptive and correlational analysis.

3.3 Data Collection Instruments

Primary data were gathered by a structured questionnaire
consisting of four sections: (i) firm demographic and
background information, (ii) adoption level of eight
different types of DTC, (iii) five-point Likert scale of the
severity of 10 potential barriers to DT and (iv) operational
measures, including on-time delivery (OTD), energy usage
per output unit (EUPO), downtime, and overall equipment
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effectiveness (OEE), before and after DT implementation.
Peer-reviewed journal publications, institutional
publications and industry market research reports were
identified through a systematic literature search and these
sources constituted the secondary data used.

3.4 Variables and Measures

Table 1: Summary of Study Variables and Measurement

Approach
Variable Description Measurement
Category
Technology Extent of use of eight Binary adoption
Adoption digital technology (Yes/No) aggregated
categories to % of sample
Perceived Severity of S-point Likert scale (1
Barriers implementation barriers = Not a barrier, 5 =
Severe barrier)
Operational Pre- and post- Indexed values
Performance transformation (baseline = 100) self-
performance indices reported by
respondents
Organizational Leadership support, S-point Likert scale
Readiness digital strategy clarity composite index

Sayeed et al.,

3.5 Data Analysis Techniques

Descriptive statistics (frequencies, percentages, means)
were employed in quantitative analysis of data to determine
the organizational readiness and post-transformation
performance improvement, while Pearson correlation
analysis was employed to determine the relationship
between organizational readiness and post-transformation
performance improvement. A literature make-up was
applied for qualitative themes to be synthesized narratively
for context to the quantitative results. Data processing was
done through the use of conventional spreadsheet and
conventional statistical software.

3.6 Reliability and Validity

The questionnaire was submitted to the panel of three
subject-matter experts for content validation before it was
distributed and pre-tested with 15 respondents for
improving the wording of items. > Cronbach's Alpha was
used to calculate Internal consistency of the barrier-severity
scale and the result indicates the coefficient as 0.84 which
is good level of reliability of the constructs measured.

3.7 Limitations of the Methodology

The research is based on self-report, which could present
bias of social desirability and/or recall bias, especially for
pre-transformation performance baselines. A lack of causal
relationship between technology adoption and performance
outcome is the major limitation of the cross sectional
design. Results should consequently be viewed as
suggestive, or possible associations and not as definitive, or
causal effects.

4. DATA ANALYSIS

4.1 Sample Characteristics

The companies that responded numbered 150, of which
34% were small enterprises (< 100 employees), 41%
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medium enterprises (100-500 employees) and 25% large
enterprises (> 500 employees). Automotive products and
industrial machinery were the top two respondents,
followed by electronics and food and beverage
manufacturing.

4.2 Technology Adoption Analysis

Respondents were asked to respond to 8 digital technology
categories for which they had activated, in part or in full,
their processes. The highest adoption rates were cloud
(78%), IoT and sensor-based connectivity (71%) and
ERP/MES systems (69%). By comparison, blockchain
(12%) and digital twins (27%) are still in an early stage of
the diffusion of a technology, given that the former is more
technologically complex and the latter is more
organizationally complex.

Figure 1: Adoption Levels of Digital Technologies
Among Surveyed Manufacturing Firms (n = 150)

Cloud
Computing

IoT &
Sensors

ERP/MES
Systems
Data
Analytics/Bl
Robotics &
Automation

Al / Machine |

—

] 20 40 60 80
Percentage of Surveyed Firms Reporting Adoption (%)

Figure 1: Adoption Levels of Digital Technologies Among
Surveyed Manufacturing Firms (n = 150)
4.3 Barrier Severity Analysis

Seven frequently mentioned barriers were placed on a 5-
point scale to be rated with regards to their severity. The
top three challenges were: high initial investment cost
(mean = 4.32), Workforce Skill Gaps (mean = 4.11), and
Legacy System Integration Challenges (mean = 3.94). Less
important, but not unimportant, were being unclear about
the return on investment and lack of a clear digital strategy.

Figure 2: Perceived Barriers to Digital Transformation

in Manufacturing Firms (n = 150)

High Initial
Investment Cost

Workforce Skill
Legacy System
Integration

Organizational
Resistance to Change

Data Security &
Cybersecurity Concerns

Lack of Clear
Digital Strategy

Unclear ROI /
Business Case

3 a4
Mean Severity Score (1 = Not a Barrier, 5 = Severe Barrier)

this study, 2026

Figure 2: Perceived Barriers to Digital Transformation in
Manufacturing Firms (n = 150)

4.4 Operational Performance Analysis

Surveyed companies stated that the overall equipment
effectiveness (OEE) pre- and post-transformation mean
values were 68 and 81, respectively, the mean value of the
production downtime index before and after transformation
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are 100 and 71, respectively, and the mean values of the
defect/rework rate index before and after transformation is
100 and 58, respectively. There was also a positive
development in on time delivery performance (OTDP)
which jumped from 74 to 89, and a corresponding
improvement on energy efficiency (output/unit energy) as
measured by index 100 vs 84.

Figure 3: Operational Performance Before and After
Digital Transformation Initiatives (n = 150!
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Figure 3: Operational Performance Before and After Digital
Transformation Initiatives (n = 150)

4.5 Correlation Analysis

Pearson correlation analysis was performed between
organizational readiness composite index (ORCI) and
overall post-transformation performance improvement
index (OTPPI). The analysis showed a positive and
statistically significant correlation (r = 0.61, p < 0.01); that
is, companies with more compelling leadership and digital
strategy have more positive operational gains from their
investments in digital transformation.

Table 2: Indexed Operational Performance Metrics, Pre- and
Post-Digital Transformation

Pre- Post- %
Metric Transformation | Transformation °
Change
Index Index
Overall Equipment
+ 0,
Effectiveness (OEE) 68 81 19.1%
Production 100 71 -29.0%
Downtime
Defect / Rework Rate 100 58 -42.0%
On-time Delivery 74 89 420.3%
Performance
Energy' Consumption 100 84 -16.0%
per Unit

5. Results and Findings

5.1 Market Context

At the macro level, industry data suggests the magnitude of
on-going investments in digital manufacturing capability.
Driven by consistent efforts on automation, IoT platforms,
and Al-based process controls, the smart factory market
was worth around USD 154.9 billion back in 2024 and is
now expected to hit USD 272.6 billion by 2030 at a CAGR
of about 10.0%.
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Figure 4: Global Smart Factory Market Size,»2024-2030 (USD Billion)
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Figure 4: Global Smart Factory Market Size, 2024-2030 (USD
Billion), Projected at a 10.0% CAGR

5.2 Key Finding 1: Connectivity and Cloud
Technologies Lead Adoption

As the base to build more advanced application capabilities
such as predictive analytics and Al, cloud computing and
IoT connectivity come in at the highest level of maturity.
The discovery supports business stories about software
options such as cloud-based analytics and manufacturing
execution solutions (MES) accounting for the most
significant portion of the global smart manufacturing
market.

5.3 Key Finding 2: Financial and Human-Capital
Barriers Dominate

The top three obstacles to adoption are cost, gap in skills
with people, and cyber security. Rather than more strategic
guidance, this indicates that manufacturing companies,
especially SMEs, need more access to financing than in-
depth reskilling of their workforce.

5.4 Key Finding 3: Measurable, Multi-Dimensional
Performance Gains

Firms that have undertaken a digital transformation effort
see benefits in efficiency (OEE, downtime), quality (defect
rates), customer service (on-time delivery) and
sustainability (energy use) aspects at once; they don't see a
trade-off between those aspects. This multi-dimensional
gain pattern reinforces the perspective that digital
transformation is not just a series of technology
implementations, but a system's capability.

5.5 Key Finding 4: Organizational Readiness Moderates
Outcomes

The strong positive relationship between organizational
readiness and self-reported improvement also highlights
that technology investments are not enough; leadership,
digital strategy clarity, and change management capability
have a meaningful impact on how technology translates
into the organization's results.

5.6 Conceptual Framework

Proposition: Conceptual Framework (Based on literature
and empirical findings): Enabling Technologies (IoT,
cloud, AI and robotics) will lead to an organizational digital

www.ijarst.com

Sayeed et al.,

transformation process, constrained by organizational
readiness and organizational structural barriers that will
generate operational, quality, and competitive outcomes.

Figure 5: Conceptual Framework of Digital Transformation in Manufacturing

1oT / Sensors & Al / Machine

Learning

Robotics &
Automation

Cloud Computing

Connectivity & Big Data

DIGITAL TRANSFORMATION PROCESS
(Strategy - Integration - Data-Driven Decision-Making)

Barriers: Cost,
Skill Gaps,
Cybersecurity Risk

Operational Product Quality & Competitive
Efficiency Gains Customization Advantage & Growth

Figure 5: Conceptual Framework of Digital Transformation in
Manufacturing

Leadership Support

5.7 Discussion

The results of the present study align with previous research
that has suggested digital transformation is a multi-
technology, multi-stakeholder issue in manufacturing and
not simply a technology purchasing decision issue. Cost
and skills are the two biggest reasons, underpinning
literature recommendations for “hybrid” paths to transition
such as the “Industry 3.5” strategy that allows companies to
introduce digital continuously rather than wholesale system
change. The correlation between the hohere Bereitschaft
und die Steigerung der Leistunggeber weiter durch die sich
in der letzten Zeit in der Literatur zunehmend verankerende
Erkenntnis, dass zum technologiezentrierten Industrie 4.0-
Ansatz die Bereiche Maturity Models und readiness
frameworks zwingende Ergénzungen sind.

6. CONCLUSION

This paper considered the understanding of the challenges
of digital transformation in manufacturing with a combined
review of academic and industry literature and primary
survey evidence from 150 manufacturing companies. The
results highlight that basic technologies like cloud and
connectivity are well adopted, while still highly advanced
technologies like Al, digital-twins, and blockchain are less
adopted. higher capital investment needs and lack of skilled
workforce are the most serious factors to limit the
widespread adoption before cybersecurity issues and
strategic uncertainty. Companies that have undertaken a
journey of digital transformation report improvements that
are tangible across the different dimensions measured:
improvements in equipment effectiveness, improvements in
quality, improvements in delivery performance, and
improvements in energy efficiency; and the improvements
are more marked in companies where the degree of
commitment of top management and the clarity of the
digital strategy are greater. Combining these findings, the
results confirm that success in digital transformation for
manufacturing is partly about the technologies and partly
about getting an organization ready for change and ensuring
that change management is implemented effectively. A
conceptual framework was developed to better understand
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among enabling technologies,

organisational factors and performance outcomes and can
be used as a basis for future academic studies or road-maps
for translation in manufacturing enterprises.

7. FUTURE SCOPE

Several directions for future research emerge from this

study:
Y

2)

3)

4)

5)

6)

Future research is needed to overcome the cross-
sectional limitation of the present study and
determine the causal relationship between
technology adoption, organizational readiness and
performance outcomes through the wuse of
longitudinal research.

Future research could focus on how generative Al
and autonomous agentic systems can specifically
be used in manufacturing planning, quality
inspection and predictive maintenance, which are
not yet part of the AI/ML categories feature in this
work.

SME-Focused Frameworks: Future research effort
could then be directed toward the development and
validation of frameworks and financing models for
SME  digital transformation as  smaller
manufacturers find the largest shortage of
resources.

Sustainability and the Twin Transition Further
research is needed to understand how digital and
green are converging (the "twin transition") and
how digital can help to address new carbon
disclosure and energy-efficiency regulations.

Cybersecurity in Converged IT/OT Environments:
Future research should examine strategies and best
practices for ensuring the security of connected
manufacturing environments in the face of
changing cyber threats due to the convergence
between OT and IT systems.

Cross-Country  Comparative  Studies:  Cross-
country comparative studies of industrial policy
and infrastructures and their role in the digital
transformation process would help tell how much
firms' results can be attributed to national policies,
infrastructure and incentive structures.
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