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ABSTRACT

Industrial robotics is one of the key drivers of the transformation of production processes in modern industry
and represents a crucial component of the Fourth Industrial Revolution (Industry 4.0). This article aims to
analyze the dynamics of industrial robot implementation in two strategically important sectors — the
automotive and the electrical/electronic industries — at the global level. Special attention is given to five
leading countries in terms of robot density over the past decade: Japan, South Korea, Germany, China, and
the United States. Through a comparative analysis based on statistical data from relevant sources (such as
the International Federation of Robotics, industry reports, and papers indexed in WoS and Scopus databases),
the study explores key trends, strategies, and technologies that have enabled these countries to become global
leaders in industrial robotics. The results indicate that the automotive industry remains the most significant
sector for robot deployment, with a high concentration of robots in welding, assembly, and painting operations.
In contrast, the electrical/electronic industry has recorded the fastest growth in robot installations, particularly
in the assembly of small components and precision handling tasks. The analysis highlights significant
regional differences in the drivers of robotization: while countries such as Germany and Japan primarily aim
to enhance productivity and quality, China and South Korea use robotics not only to achieve these goals but
also as a means of reducing dependence on labor and strengthening global competitiveness. This article provides
recommendations for the further development of industrial robotics in other sectors and in developing
countries, emphasizing the need for integrating robots with advanced digital technologies of Industry 4.0.
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INTRODUCTION
INDUSTRY 4.0 AND THE SIGNIFICANCE OF INDUSTRIAL ROBOTICS

The advent of Industry 4.0 has fundamentally transformed the landscape of manufacturing
worldwide. This fourth industrial revolution builds upon the digitalization of production
systems and the integration of advanced technologies such as cyber-physical systems, big data
analytics, artificial intelligence (AI), the Internet of Things (IoT), cloud computing, and
advanced robotics [1]. At the core of this transformation lies the concept of smart factories —
highly automated and interconnected production environments capable of real-time data
exchange, autonomous decision-making, and self-optimization. Among these enabling
technologies, industrial robotics plays a pivotal role. Industrial robots, as reprogrammable and
versatile manipulators, have long been recognized for their ability to improve productivity,
ensure precision, and enhance workplace safety [2-4]. However, in the era of Industry 4.0, the
function of robots has evolved far beyond traditional applications. Modern industrial robots,
including collaborative robots (cobots) and autonomous mobile robots (AMRs), are designed to
seamlessly interact with human operators and adapt to dynamic production requirements [5, 6].
The increasing deployment of robots globally reflects these trends. According to the
International Federation of Robotics (IFR), the worldwide operational stock of industrial robots
surpassed 4 million units in 2023, with Asia remaining the largest market, followed by Europe
and the Americas [7]. The integration of robotics within the broader framework of Industry 4.0
represents not only a technological advancement but also a strategic imperative for companies
seeking to enhance their competitiveness in rapidly evolving global markets [8-10].

THE AUTOMOTIVE AND ELECTRICAL/ELECTRONIC INDUSTRIES AS
ROBOTICS LEADERS

Among all industrial sectors, the automotive industry has historically been the primary adopter
and driver of industrial robotization. The sector was an early pioneer in utilizing robots for
tasks such as spot welding, painting, and final assembly — operations characterized by their
repetitive nature and demand for high precision and consistency. Over time, automotive
manufacturers in countries like Japan, Germany, and South Korea have integrated robotics to
address challenges related to productivity, cost efficiency, and product quality. The electrical
and electronic industry, on the other hand, has emerged as the fastest-growing sector in terms
of robot deployment. The miniaturization of products, coupled with the complexity of
component assembly, has necessitated the use of robots for delicate and high-speed tasks [11].
This includes precision soldering, micro-assembly, and the handling of fragile parts in devices
such as smartphones, computers, and other consumer electronics. In particular, East Asian
economies such as China, South Korea, and Japan have capitalized on robotics to sustain high-
volume production while mitigating the challenges posed by shrinking labor pools and
increasing wage costs [12]. Importantly, the two sectors exhibit distinct but complementary
trajectories of robot adoption. The automotive industry remains the largest single user of
industrial robots, accounting for approximately 30% of new robot installations globally. The
focus is largely on maintaining high levels of automation in established processes and
integrating collaborative systems for complex assembly operations. Conversely, the
electrical/electronic sector is characterized by the fastest pace of robotization, driven by
technological innovation and rapidly changing consumer demand.

GLOBAL LEADERS IN ROBOTIZATION

The global landscape of industrial robotization is marked by significant regional disparities
shaped by national policies, economic strategies, and industrial structures. Five countries stand
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out as the leaders in robotics adoption: Japan, South Korea, Germany, China, and the United
States. Each of these nations has pursued distinct strategies to leverage robotics for industrial
development. Japan has long been a pioneer in robotics, combining technological excellence
with a sustained commitment to automation as a means of offsetting demographic
challenges [13]. South Korea, with its export-oriented industrial base, has achieved one of the
highest robot densities in the world, particularly in electronics and automotive manufacturing.
Germany’s Industrie 4.0 initiative has positioned robotics at the heart of its advanced
manufacturing strategy, focusing on productivity, flexibility, and quality enhancement. China
presents a unique case: it has emerged as both the world’s largest market for industrial robots
and a growing producer of robotic technologies. The government’s policies, such as Made in
China 2025, emphasize the critical role of automation in upgrading domestic manufacturing
capabilities and reducing dependence on imported high-tech components [14]. Meanwhile, the
United States maintains a strong focus on robotics in sectors where productivity gains,
customization, and precision are vital, while also investing heavily in research and
development related to Al-integrated robotics.

RESEARCH OBJECTIVES

Despite widespread recognition of the benefits of robotics, significant differences persist in
how various countries and sectors adopt and integrate these technologies. Understanding these
differences is crucial for formulating effective industrial policies and business strategies that
can maximize the potential of robotics within the Industry 4.0 framework [15, 16]. This study
aims to provide a comparative analysis of the implementation of industrial robots in the
automotive and electrical/electronic industries across the five leading nations in robotization.
The analysis focuses on the period of the last ten years, offering insights into trends, strategies,
and outcomes.

Objectives are:

e To map the deployment of industrial robots in the automotive and electrical/electronic
industries of Japan, South Korea, Germany, China, and the United States over the past decade.

e To identify key technological innovations and policy frameworks that have facilitated the
adoption of robotics in these countries.

e To analyze sector-specific strategies and their impact on productivity, quality, and
competitiveness.

e To draw lessons and recommendations for emerging economies and other industries seeking
to accelerate robotization.

By addressing these objectives, this research contributes to the broader discourse on
technological transformation and industrial policy in the context of Industry 4.0.

METHODOLOGY AND METHODS
OVERVIEW OF DATA SOURCES

This study relies on a wide range of data sources to ensure the reliability and
comprehensiveness of the analysis. The primary source of quantitative data is the IFR, which
publishes annual reports on the global state of industrial robotics. These reports provide
detailed information on the number of installed robots, their sectoral distribution, regional
trends, and technological developments. IFR is globally recognized as a standard reference for
scientific and industrial analyses of robotics [14]. In addition to IFR statistics, this research
draws on scholarly literature indexed in the Web of Science (WoS) and Scopus databases.
These sources provide access to peer-reviewed studies covering various aspects of Industry 4.0
and industrial robotics, including applications in the automotive and electrical/electronics
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industries, national robotics strategies, and the economic and social impacts of automation [12].
Industry reports from leading corporations and market analysis institutes were also reviewed.
These include publications by national automation associations, technical journals such as
Journal of Advanced Manufacturing Science and Technology and International Journal of
Engineering and Management Sciences, and policy documents on industrial strategies [11, 14].
These sources helped contextualize the findings and provided insights into the factors shaping
robotics deployment in different countries and sectors. By combining various data types, the
study offers a multidimensional view of industrial robot implementation, essential for a robust
comparative analysis.

METHODOLOGY OF COMPARATIVE ANALYSIS

The methodological approach adopted in this study combines quantitative and qualitative
methods. This hybrid approach enables the integration of objective statistical indicators with
an in-depth understanding of the context and specific characteristics of robotics development
in the selected countries and industries.

Quantitative approach

The quantitative analysis is based on IFR data covering industrial robot installations in the
automotive and electrical/electronics industries between 2013 and 2023. The analysis focused
on identifying growth trends, structural changes in robot use, and regional differences. Specific
indicators include:

o annual installations of new robots,

e robot density (number of robots per 10 000 employees in manufacturing),

o sectoral share of installed robots,

« distribution of robot types (traditional industrial robots, collaborative robots, mobile robots).

Descriptive statistical methods were applied, and data were visualized through graphs and
tables generated from IFR reports and secondary sources.

Qualitative approach

The qualitative part of the study involved:

e content analysis of national automation and Industry 4.0 strategies in the five selected
countries,

o review of scholarly and technical literature explaining the drivers and consequences of
robotics adoption in different sectors [5, 12],

o comparison of Industry 4.0 implementation models, focusing on the integration of robotics
with other advanced technologies such as [oT and Al [8].

The qualitative analysis helped identify key success factors, challenges, and limitations in the
robotics strategies of the studied countries and provided the basis for recommendations relevant
to developing countries.

CRITERIA FOR SELECTING THE FIVE LEADING COUNTRIES

The selection of countries for comparative analysis was based on clearly defined criteria. The
study included countries that:

¢ have the highest robot densities or are recognized global leaders in industrial robotics,
¢ have developed and publicly available strategies for Industry 4.0 and production automation,
¢ contribute significantly to global automotive and electrical/electronics manufacturing.

Accordingly, the following countries were selected:
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e Japan — a pioneer in industrial robotics with a long tradition of developing and applying
robotic technologies.

e South Korea — the country with the highest robot density worldwide (robots per 10 000
manufacturing employees).

e Germany — a leader in Industry 4.0 and the automation of the automotive sector.

e China — the fastest-growing robotics market, combining domestic production and imports
of industrial robots.

e United States — a leader in advanced robotics, Al integration, and collaborative robot
development.

These countries represent different economic models, strategic approaches, and levels of
robotics development, offering a comprehensive basis for comparative analysis.

RESULTS

GLOBAL TRENDS IN THE IMPLEMENTATION OF ROBOTS IN THE AUTOMOTIVE
INDUSTRY

This study explores global trends in the application of industrial robots based on reliable
statistical indicators published by leading international organizations, including the IFR, the
United Nations Economic Commission for Europe (UNECE), and the Organisation for
Economic Co-operation and Development (OECD) [17]. These organizations provide relevant
and credible data on the use of industrial robots at both global and regional levels, thereby
enabling a detailed analysis of developments and transformations in the Chinese market over
the past decade. The analysis is based on two key aspects: changes in the annual number of
newly installed industrial robots and the total number of robots operating in industrial facilities
during the observed period [18-24].

These indicators offer insights not only into the pace at which modern technologies are adopted
in industry but also into the level of technological capacity of production systems that
incorporate robotics into their daily operations. The collected data are presented through
graphical illustrations that clearly depict both the development phase of first-generation
industrial robots and the gradual introduction of more advanced and technologically
sophisticated second-generation solutions over the past ten years.
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Figure 1. Trend of annual installations and total application of industrial robots worldwide,
2012-2023.

The diagram in Figure 1a) illustrates the number of newly installed industrial robots worldwide
over a ten-year period. The data reveal a continuous increase in annual deployment, with a
particularly notable rise after 2015, attributed to the accelerated development of Industry 4.0
technologies. The growth is most pronounced in Asian countries, led by China, which dominates
global statistics in terms of new installations. This trend reflects the growing need for automation
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in industry to meet market demands and reduce reliance on human labor. The diagram in
Figure 1b) presents the cumulative number of active industrial robots in global manufacturing.
A steady year-over-year increase in the total number of robots is evident, indicating the ongoing
integration of robotics into production processes across the world. The automotive and
electrical / electronics industries account for the largest share of total robot usage, particularly
in countries with advanced industrial infrastructures. This indicator clearly demonstrates the
expansion of robotics from traditional sectors to a broader range of industrial branches.

An analysis of both the annual and total trends in the installation of industrial robots in the
global automotive industry between 2012 and 2023 is shown in Figure 2 [18-24].
a) b)

Number of robot units x 1000

Number of robot units x 1000

Annual number of newly installed Cumulative number of active industrial
industrial robots robots in global manufacturing
Figure 2. Trends in annual installations and total deployment of industrial robots in the global
automotive industry, 2012-2023.

The diagram in Figure 2a) shows the annual number of newly installed industrial robots in the
global automotive industry during the 2012-2023 period. A significant rise in installations can
be observed from 2012 to around 2017, associated with the intensification of automation and
modernization of manufacturing. After 2017, a period of stabilization with minor fluctuations
followed, including a slight decline during years affected by global disruptions (e.g., the
COVID-19 pandemic in 2020). From 2021 onwards, a market recovery and renewed growth in
annual installations are evident, reflecting the continued trend of digitalization in the
automotive sector. The diagram in Figure 2b) illustrates the cumulative number of industrial
robots in use in the global automotive industry from 2012 to 2023. The graph displays a
pronounced upward trend, confirming a steady increase in the total number of robots in the
automotive sector. The rising curve indicates a deepening integration of industrial robotics into
manufacturing processes, with minimal slowdowns even during crisis years (such as the
COVID-19 pandemic in 2020). The highest growth in total deployment occurred during the
years with peak annual installations, while subsequent years experienced steady increases due
to the accumulation of previous installations. The automotive industry has been a global leader
in the use of industrial robots for decades, particularly in operations requiring a high degree of
precision, reliability, and productivity. Between 2013 and 2023, the number of installed robots
in this sector increased consistently, with the average annual growth rate ranging between 5%
and 8%, depending on the region [20, 23]. The highest concentration of robots remains in body
welding departments, where robots are indispensable for ensuring consistent weld quality and
reducing cycle times. In addition, robots are increasingly used in painting, engine and
powertrain assembly, as well as in internal logistics within production facilities.

A notable trend over the past decade has been the rise in the use of collaborative robots (cobots)
in the automotive industry. These robots enable safe collaboration with human workers on
shared tasks, particularly in final assembly segments where flexibility and adaptability to
different product configurations are required. The deployment of cobots has led to improved
workplace ergonomics and reduced physical strain on workers [15, 16]. It is also important to
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highlight that the automotive sector is increasingly moving toward the integration of robotics
with digital solutions characteristic of Industry 4.0, including real-time monitoring systems,
the [oT, and Al. This integration enables intelligent production process management, predictive
maintenance, and optimization of energy efficiency.

GLOBAL TRENDS IN THE ELECTRICAL/ELECTRONICS INDUSTRY

This study analyzes the global development of industrial robot implementation in the
electrical/electronics industry based on reliable statistical data published by renowned
international institutions, including the IFR, the UNECE, and the OECD. These institutions
enable the monitoring of key indicators at both global and regional levels, providing a realistic
view of growth dynamics and changes in markets with a highly developed electrical and electronics
sector.The research focuses on two main dimensions: the number of newly installed robots on
an annual basis and the total number of active units in production facilities during the analyzed
period. This approach allows for an assessment of the intensity of digital transformation in the
sector, as well as the ability of production systems to integrate advanced automated solutions
into their processes. Statistical data are presented through graphical illustrations that clearly
depict the evolution from the initial stages of robotization to today’s highly automated and
sophisticated production systems in the electrical/electronics industry [18-24].

a) b)
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Figure 3. Trends in annual installations and total deployment of industrial robots in the
electrical/electronics industry worldwide, 2012-2023.

The diagram in Figure 3a) shows the annual number of newly installed robots in the global
electrical/electronics industry from 2012 to 2023. A significant increase in installations is
observed in the middle of the analyzed period, especially during years of rapid growth in the
production of electronic components and consumer electronics, closely linked to global
digitalization and the expansion of Asian markets. The year 2020 shows a temporary slowdown
due to the effects of the pandemic, but from 2021 onwards, there is a renewed and strong surge
in installations. The trend clearly highlights the pivotal role of the electrical/electronics industry
as a driver of global robotization. The diagram in Figure 3b) illustrates the cumulative number
of robots in operation in the global electrical/electronics industry during the same period. The
curve shows a constant upward trajectory, indicating a steady increase in the total number of
robots in this industrial sector. Periods of dynamic growth are especially prominent, marked
by accelerated automation in electronics manufacturing, particularly in Asia. This trend
confirms the growing dependence of the electrical industry on automated processes to enhance
efficiency and competitiveness in global markets. Unlike the automotive sector, the
electrical/electronics industry exhibits an even more dynamic growth in robot adoption. During
the period analyzed in this study, the number of newly installed robots in this sector more than
doubled, with particular emphasis on small component assembly, precise handling, and
inspection tasks [20-23]. The main driver behind this trend is the increasing demand for product
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miniaturization, especially in the production of mobile phones, computer components, sensors,
and other electronic devices. These products require high accuracy and repeatability, which
can only be achieved through robotic automation. Moreover, robots enable operations in
cleanroom environments, which is critical for the microelectronics and semiconductor
manufacturing industries. The electrical/electronics industry is also a leader in the deployment
of mobile robots and robots for automated optical inspection, contributing to enhanced quality
control efficiency and reduced material waste. An additional observable trend is the broader
adoption of autonomous intralogistics systems within production halls, where mobile robots
are employed to transport raw materials and semi-finished products between workstations. The
comparative trend of industrial robot implementation in these two industries — the automotive
and the electrical/electronics sectors — in the years 2012 and 2023 is presented in Figure 4.

a) | b)
Number of robot units x 1000 Number of robot units x 1000

2012 Year 2023 Year
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Figure 4. Implementation of industrial robots in the automotive and electrical/electronics
industries worldwide in 2012 and 2023.

The diagram in Figure 4 illustrates the changes in the implementation of industrial robots in
the global automotive and electrical/electronics industries in 2012 and 2023, clearly reflecting
the influence of Industry 4.0 technologies on both sectors [18, 24]. In 2012, the automotive
industry accounted for 40% of new robot installations, dominating with traditional automation
models based on classic robotic cells and assembly line production. Over the course of eleven
years, the development of key Industry 4.0 technologies — such as the [oT, cyber-physical systems,
Al, big data analytics, and collaborative robots (cobots) — enabled the electrical/electronics
industry to significantly increase its level of robotization, reaching 23% of new installations by
2023. This trend clearly indicates a shift toward smart factories, where robots operate as part
of networked, intelligent systems capable of autonomous decision-making and adaptation to
changing production conditions. Furthermore, the diagram highlights how Industry 4.0 is
transforming manufacturing processes in both sectors through the integration of flexible, highly
adaptable, and interconnected technological solutions.

REGIONAL SPECIFICITIES: JAPAN, SOUTH KOREA, GERMANY, THE UNITED
STATES, AND CHINA

Trends in the Implementation of Industrial Robots in Japan

Japan remains one of the global leaders in the deployment of industrial robots, both in terms of
the total number of installed units and the level of technological sophistication. Japanese
companies are pioneers in the development of robots for welding, painting, and precision
assembly. A distinct feature of Japan’s approach lies in its long-term planning and the
integration of robots into production systems as fundamental components of the lean
manufacturing philosophy. The overall trend of industrial robot implementation in Japan is
shown in Figure 5 [18-24].
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The diagram in Figure 5a) illustrates the annual trend of industrial robot installations in Japan
from 2012 to 2023. It can be observed that from 2012 to 2016, the number of installed robots
remained relatively stable, with a slight decline (from 311 000 to 287 000 units). Beginning in
2017, a gradual increase is recorded, which significantly accelerates after 2018, reaching
423 000 installations in 2023. This trend reflects the growing orientation of Japanese industry
toward automation and smart manufacturing in line with the principles of Industry 4.0. Data in
Figure 5b) show that the total number of industrial robots in Japan steadily increased from 2012
to 2023. Starting with 311 000 robots in 2012, the number gradually rose, reaching 423 000
robots by 2023. The growth was somewhat slower between 2012 and 2016, with the number
fluctuating between 287 000 and 297 000 units, which may indicate economic challenges or
saturation in certain sectors.

a) Number of robot units x 1000 b)

[Number of robot units x 1000
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Annual number of newly installed (b) Cumulative number of active industrial
industrial robots robots in global manufacturing

Figure 5. Trend in annual installations and total deployment of industrial robots in Japan, 2012-2023.

After 2017, a more rapid growth phase begins, coinciding with the strengthening of smart
industry and Industry 4.0 initiatives. This trend confirms Japan’s crucial role as one of the
global leaders in industrial robotics implementation.The diagrams in Figure 6 illustrate the
implementation of industrial robots in Japan in 2012 and 2023, showing a significant increase
in total installations — from 28 000 to 52 000 units [18, 24]. In both years, the automotive
industry remains the leading sector in terms of robot deployment; however, its share of total
installations declines from 49% in 2021 to 39% in 2023, indicating a diversification of
applications. Similarly, the electrical and electronics sector increases its number of installations
(from 6 000 to 11 000 robots), although its share remains relatively stable (around 21-22%).
This trend reflects the expansion of robotics applications into other industrial sectors, in line
with smart manufacturing strategies. The growth in the total number of robots clearly confirms
the intensification of automation processes in the Japanese economy.

a) Number of rob: its x 1000 b) Number of robot units x 1000
umber of robot units x G
2012 Year 2023 Year
= 49% —
= , o - 39%
2 22%
TOTAL IMP, AUTOMOTIVE IND. ELECTICAL/ELECTRONICS IND, TOTAL IMP. AUTOMOTIVE IND. ELECTICAL/ELECTRONICS IND.

Figure 6. Implementation of industrial robots in the automotive and electrical/electronics
industries in Japan, 2012 and 2023.
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Trends in the Implementation of Industrial Robots in South Korea

South Korea stands out as the country with the highest robot density in the world, with more
than 900 robots per 10 000 employees in the manufacturing industry [20, 23]. Particular
emphasis is placed on the use of robots in electronics and automotive manufacturing, supported
by substantial government investments in the digitalization of production. The Korean model
is characterized by a high level of synergy between the private sector, academic institutions,
and government in promoting robotics. The trend of industrial robot implementation in South
Korea is presented in Figure 7 [18-24].

a) b)
‘Number of robot units x 1000 ‘Number of robot units x 1000
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industrial robots robots in global manufacturing

Figure 7. Trend in annual installations and total deployment of industrial robots in South
Korea, 2012-2023.

The diagram in Figure 7a) shows the annual installation of industrial robots in South Korea
from 2012 to 2023, expressed in thousands of units. It can be observed that installations
increased steadily from 20 000 units in 2012 to a peak of 41 000 units in 2016. After that, a
gradual decline and stabilization followed, with annual installation figures ranging between
31 000 and 32 000 units from 2020 to 2023. This trend indicates that South Korea has reached
a high level of robotization saturation in key industries while maintaining a consistently high
degree of automation in production. The diagram in Figure 7b) depicts the trend in the total
(cumulative) number of installed industrial robots in South Korea from 2012 to 2023. The total
number of robots increased from 128 000 in 2012 to 375 000 in 2023, clearly confirming an
intense and sustained process of industrial automation. The most dynamic growth occurred
between 2015 and 2018, during which the number of robots rose from 177 000 to 273 000,
reflecting significant investments in industrial robotization. In subsequent years, growth
stabilized but remained substantial, indicating the maintenance of a high level of automation
in South Korea’s key industrial sectors. This trend positions South Korea among the world’s
leading countries in terms of industrial robot density in manufacturing.

a) b)

Number of robot units x 1000

Number of robot units x 1000

2012 Year 2023 Year

59%
31% 4 21% 22%
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Figure 8. Implementation of industrial robots in the automotive and electrical/electronics
industries in South Korea in 2012 and 2023.
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The diagrams in Figure 8 demonstrate that South Korea underwent significant changes in the
sectoral distribution of industrial robot implementation between 2012 and 2023 [18, 24]. While
in 2012 the automotive industry dominated with a 59% share, by 2023 that share had declined
to 21%, reaching near parity with the electrical/electronics industry, which accounted for 22%.
These figures indicate a diversification in the application of robotics and an increasingly
important role for other industrial sectors in the automation process.

Trends in the Implementation of Industrial Robots in Germany

Germany is a pioneer in the development of the Industry 4.0 concept, with the automotive
industry serving as the primary user of industrial robots. German companies are investing in advanced
solutions that integrate robotics with Al, sensor systems, and predictive analytics. The German
model is characterized by a strong focus on the flexibility and adaptability of production lines
in response to changing market demands. The trends in annual installations and total deployment
of industrial robots in Germany from 2012 to 2023 are presented in Figure 9 [18-24].

a) b)

‘Number of robot units x 1000
Number of robot units x 1000
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Figure 9. Trends in annual installations and total deployment of industrial robots in Germany,
2012-2023.

The diagram in Figure 9a) shows that the annual installation of industrial robots in Germany
between 2012 and 2023 experienced moderate but steady growth, with some fluctuations across
individual years. The initial number of 17 000 units in 2012 gradually increased, reaching a
peak of 28 000 units in 2023. A more pronounced rise is evident from 2017 onward, particularly
in 2018 and after the COVID-19 pandemic in 2020, indicating an acceleration of automation
efforts in recent years. The diagram in Figure 9b) displays the trend in the cumulative (total)
number of robot installations, revealing a consistent upward trajectory without significant
oscillations — from 162 000 units in 2012 to 290 000 units in 2023. This growth reflects the
German industry’s sustained investment in automation and its transition toward Industry 4.0.
Together, both charts confirm that Germany has maintained a consistent strategy for increasing
the degree of industrial robotization, with marked acceleration over the past five years.

The diagrams in Figure 10 clearly show the structural change in the application of industrial
robots in Germany between 2012 and 2023 [18, 24]. Although the total number of installed
robots rose from 17 000 to 28 300 units, the share of the automotive industry in new
installations declined significantly — from 66% in 2012 to 32% in 2023. Similarly, the
electrical/electronics industry maintained nearly the same absolute number of installations, but
its relative share dropped from 10% to 6%. These data indicate a diversification in the
application of robotics across other industrial sectors and a shift in the priorities of Germany’s
industrial robotization strategy.
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Figure 10. Implementation of industrial robots in the automotive and electrical/electronics
industries in Germany in 2012 and 2023.

Trends in the Implementation of Industrial Robots in the United States

The United States is a global leader in the development of next-generation robots, particularly
in the fields of collaborative and mobile robotics, as well as in the integration of robotics with
advanced software solutions. The American model is characterized by a high level of
investment in research and development and a focus on adaptable solutions that facilitate rapid
reindustrialization and reshoring of manufacturing. The trend of annual installations and total
deployment of industrial robots in the U.S. from 2012 to 2023 is presented in Figure 11 [18-24].

a) b)
Number of robot units x 1000 Number of robot units x 1000
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Figure 11. Trend in annual installations and total deployment of industrial robots in the United
States, 2012-2023.

The trend of industrial robot installations in the U.S. between 2012 and 2023 shows a general
increase up to 2018, when a peak of 55 000 units was reached. This was followed by a slight
decline, particularly in 2020 due to the impact of the COVID-19 pandemic. A renewed increase
occurred in 2021 and 2022, with a new peak of 56 000 units. In 2023, however, the number of
installations dropped to 44 000 units, suggesting a potential slowdown in investment or market
stabilization. This trend clearly reflects the close connection between installation rates,
economic cycles, and industrial demand. The cumulative trend of industrial robot installations
in the U.S. from 2012 to 2023 shows stable and continuous growth. From 207 000 units in
2012, the total number increased to approximately 530 000 units by 2023 — representing nearly
a 2,5-fold increase over eleven years. Growth was particularly pronounced after 2016, driven
by the acceleration of digitalization and automation across industry sectors. This trend confirms
the strong and long-term orientation of U.S. industry toward robotization and modernization of
manufacturing processes.
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Figure 12. Implementation of industrial robots in the automotive and electrical/electronics
industries in the United States in 2012 and 2023.

The data from both diagrams in Figure 12 shows that, from 2012 to 2023, the total annual
implementation of industrial robots in the U.S. increased from 28 000 to 44 000 units [18, 24].
During this period, the automotive industry increased its share of new installations from 40% to
49%, indicating continued intensive automation in this sector. In contrast, the electrical/electronics
industry recorded a slight decline in relative share — from 13% to 11% — despite a modest
increase in the absolute number of installations. This trend reflects a strategic focus on
robotization within the automotive sector and a stable yet slower growth in the use of robots in
the electrical/electronics sector.

Trends in the Implementation of Industrial Robots in China

China has experienced the fastest growth in industrial robot adoption over the past decade. This
growth has been driven by the country’s strategic goals to reduce labor dependency and
enhance the quality of domestic products. Chinese companies are increasingly investing in
domestic robot production while importing advanced technologies for high-end applications.
China extensively utilizes robots in the automotive and electronics industries but is rapidly
expanding robotization to other sectors as well. The trend of annual installations and total
deployment of industrial robots in China from 2012 to 2023 is presented in Figure 13 [18-24].
The trend of industrial robot installations in China between 2012 and 2023 demonstrates strong
and continuous growth, with remarkable acceleration after 2016. The number of installed
robots rose from 23 000 units in 2012 to a peak of 290 000 units in 2022, reflecting strategic
investments in automation and industrial modernization. The years 2020-2022 stand out, as
China intensified robotization efforts despite global challenges.
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Figure 13. Trend in annual installations and total deployment of industrial robots in China,
2012-2023.
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In 2023, a slight decline to 276 000 units was recorded, possibly indicating market stabilization
or a short-term correction following a period of record growth. The cumulative trend of
industrial robot installations in China from 2012 to 2023 shows exceptionally strong and nearly
exponential growth [18, 24].

The total number of robots increased from 97 000 in 2012 to an impressive 1788 000 in 2023,
firmly establishing China’s leadership position in global industrial robotization. The most
pronounced acceleration occurred after 2016, linked to national initiatives such as Made in
China 2025. This trend clearly reflects China’s ongoing efforts to modernize its industry and
increase productivity through a high degree of automation. Data from Figure 14 show that
China achieved enormous growth in the implementation of industrial robots from 2012 to 2023,
increasing from 23 000 to 273 000 units annually. The share of the automotive industry grew
from 19% to 24%, indicating strengthening robotization in this sector alongside the
development of domestic automotive manufacturing. The electrical/electronics industry
retained a leading position, increasing its share from 23% to 28%, thereby confirming its key
role in driving automation. These trends reflect China’s strategic focus on technological
advancement and competitiveness enhancement through the widespread adoption of robotics
in major industrial sectors.

4
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Figure 14. Implementation of industrial robots in the automotive and electrical/electronics
industries in China in 2012 and 2023.

Trends in the Implementation of Industrial Robots per 10 000 Employees in
Japan, South Korea, Germany, the United States, and China

Over the past decade, a strong global trend has been observed in the increasing number of
industrial robots relative to the number of employed workers, especially in technologically
advanced countries. The key players in this process are Japan, South Korea, Germany, the
United States, and China, which invest substantial resources into automating their
manufacturing processes. The number of installed robots per 10 000 employees has become
one of the primary indicators of the degree of industrial robotization. These countries use
robotization as a strategic tool to enhance productivity, efficiency, and competitiveness in the
global economy. Analyzing the movement of this indicator provides insight into the dynamics
of technological transformation in industry and differences in automation approaches among
leading industrial nations. The trend of industrial robot implementation per 10 000 employees
in Japan, South Korea, Germany, the United States, and China during the period 2012—-2023 is
illustrated in the diagrams in Figure 15 [18-24].

From the analysis of these diagrams, the following conclusions can be drawn:

e China recorded the most dynamic growth — from only 24 robots per 10 000 employees in
2012 to 470 in 2023, representing nearly a 20-fold increase. This rapid growth indicates a
strong strategic shift toward automation.

733



I. Karabegovi¢, E. Husak, Gy. Mester and P. Dasi¢

A

Robots installed per 10,000 employees

1.000 1.012 1.012

932

864 868
830

631
600 620 622 628

397 =
285 295
2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 Year
=@==China Germany === America Japan Rep.Korea

Figure 15. trend of industrial robot implementation per 10 000 employees in Japan, South
Korea, Germany, the United States, and China, 2012-2023.

e South Korea has remained the leading country in robot density throughout the entire period,
maintaining over 1000 robots per 10 000 workers since 2021. This position reflects a high
level of technological maturity in its industry.

o Germany demonstrated stable and gradual growth — from 251 robots in 2012 to 429 in 2023,
an increase of about 70%, maintaining a consistently high level of robotization.

e Japan also maintained a high level, though with more moderate growth — from 286 robots in
2012t04191n2023. Its development is stable but slower compared to China and South Korea.

e The United States showed a somewhat slower pace — from 204 robots in 2012 to 295 in
2023, with noticeable acceleration after 2019, indicating intensified automation in recent years.

While countries like South Korea and Japan maintain a consistently high level of robotization,
China stands out as the fastest-growing force in this field. Germany and the United States show
steady but more moderate growth, reflecting their different strategic approaches and industrial
structures.

COMPARATIVE OVERVIEW OF TECHNOLOGICAL SOLUTIONS AND
STRATEGIES

A comparative analysis of technological solutions and strategies among the five leading
countries reveals significant similarities, as well as distinct differences arising from specific
economic and social conditions [5, 16].

All analyzed countries invest in advanced solutions including:

o integration of robots with IoT and Al technologies,
o development of collaborative and mobile robots,

o application of advanced sensor and control systems,
o digital transformation of manufacturing processes.
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However, key differences exist. Germany and Japan prioritize increasing productivity and
product quality through robotization of high-precision processes. South Korea and China
utilize robots also as tools to reduce labor dependency and enhance industrial resilience to
global disruptions. The United States, on the other hand, emphasizes innovation and the
development of flexible manufacturing systems capable of rapid product range changes.

Regarding strategies, common features include:

o adoption of national policies that stimulate robotization,
e development of educational and research programs to support industrial robotics,
e creation of ecosystems fostering collaboration among industry, academia, and government.

These findings confirm that the implementation of robotics and Industry 4.0 is not universal
but must be adapted to the specific needs, priorities, and resources of each country.

THE ROLE OF ARTIFICIAL INTELLIGENCE IN ADVANCED INDUSTRIAL AUTOMATION

Integration of Artificial Intelligence into Industrial Robotic Systems

In recent years, Al has become one of the key technologies that elevates the implementation of
robots in manufacturing systems to a higher level, so that it can be said to transform
traditionally programmed automated units into adaptive, autonomous, and self-learning
production elements. The implementation of Al as a technology of Industry 4.0 enables robots
to analyze large volumes of data in real time, optimize performance, and autonomously make
decisions in complex manufacturing environments. Contemporary robotic systems
increasingly employ advanced machine learning algorithms, computer vision, and predictive
analytics to improve production quality, reduce downtime, and increase the flexibility of
manufacturing processes [16]. One of the most significant applications of Al relates to
perception systems based on computer vision, which enable robots to detect errors, identify
objects, and adaptively handle products of different dimensions and shapes. Such systems are
particularly present in the automotive and electronics industries, where robotic operations
include maintenance, welding, assembly, and quality control. AI also enables the
implementation of adaptive robot control through trajectory optimization and dynamic
adjustment to production conditions. It is also necessary to highlight the importance of Al in
predictive maintenance, where sensor data are analyzed using machine learning algorithms to
identify potential failures before they occur. Such an approach reduces unplanned downtime
and maintenance costs while increasing the reliability of manufacturing systems. The integration
of Al with digital twins enables the simulation and optimization of manufacturing processes in
a virtual environment, thereby achieving greater efficiency and flexibility in production [25].

Implementation of Artificial Intelligence across Sectors in Leading Industries

The implementation of Al varies significantly across industrial sectors, but its impact is
particularly pronounced in the leading industries analyzed in this study. In the automotive
industry, Al is used for optimizing assembly processes, automated quality control, and flexible
production planning. Al algorithms enable robots to adapt to different product models without
the need for extensive reconfiguration of production lines, thereby increasing productivity and
reducing manufacturing costs. Al is also applied in the electronics industry for the visual
inspection of microscopic components, anomaly detection, and the automation of micro-assembly
processes, where precision and speed are critical factors. Al enables both traditional and
collaborative robots to operate in controlled environments such as cleanrooms, where high
accuracy and process stability are required. Likewise, in logistics and warehousing, Al plays a
key role in optimizing the operation of AMRs, path planning, and material flow management.
Predictive models based on Al enable accurate demand forecasting and the optimization of
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warehousing operations, resulting in increased efficiency and reduced operational costs. In
industries such as chemical, pharmaceutical, and food processing, Al algorithms are used for
process optimization, quality control, and enhancing production safety. The integration of Al
with the IoT systems enables continuous monitoring of key production parameters and
automatic process adjustment in real time. The authors in their paper [26] emphasize that the
integration of Al with advanced manufacturing systems enables greater autonomy, efficiency,
and sustainability of production. In this context, Al is increasingly emerging as a key
differentiator among leading industrial economies. While the United States leads in the
development of software-driven manufacturing systems based on Al algorithms, Germany and
Japan focus on precision, reliability, and the integration of Al into high-tech manufacturing
processes. At the same time, China and South Korea utilize Al as a strategic tool to increase
production scale, optimize resources, and strengthen industrial resilience to global disruptions.
These differences confirm that Al does not act merely as a technological upgrade to existing
systems, but as a key factor in transforming industrial strategies in the era of advanced automation.

Comparative Approaches and Challenges in the Implementation of Artificial
Intelligence in Industrial Automation

A comparative analysis of leading industrial countries shows that Al is increasingly used as a
strategic tool for enhancing the competitiveness and resilience of manufacturing systems.
Although all analyzed countries invest in the development of Al-integrated automation,
significant differences exist in their approaches. The United States emphasizes the
development of software solutions and flexible manufacturing systems, while Germany and
Japan focus on precision, quality, and the integration of Al into high-tech production processes.
China and South Korea primarily use Al to increase production volume, reduce dependence on
labor, and strengthen industrial autonomy. Despite its numerous advantages, the implementation
of Al in industrial automation faces several challenges. The most important among them
include high initial implementation costs, the need for a highly skilled workforce, and the
complexity of integrating Al with existing manufacturing systems. In addition, the growing
importance of digitalization increases the exposure of industrial systems to cybersecurity risks.
Beyond technical challenges, Al-driven automation has significant socioeconomic implications,
including transformations in labor markets and changes in workforce skill requirements. Therefore,
the successful implementation of Al cannot be viewed solely as a technological issue, but also
requires appropriate educational, institutional, and regulatory strategies.

The results of this study indicate that Al is becoming a central driver of the next generation of
industrial automation, enabling higher levels of autonomy, flexibility, and efficiency in
manufacturing systems. The integration of Al with industrial robots, IoT platforms, and digital
twins opens new opportunities for process optimization, cost reduction, and increased
competitiveness in global markets. In this regard, the future development of industrial
robotization will largely depend on the ability of countries and companies to strategically
integrate Al into their manufacturing ecosystems.

LEADING INDUSTRIES IN AUTOMATION

The previous section examined global trends in the deployment of industrial robots, with a
focus on the automotive and electrical/electronics sectors, where industrial robots are most
widely used. In this chapter, we expand the analysis to identify additional leading industries
and the primary applications of industrial robots. Industry 4.0 represents a transformation of
manufacturing systems through the integration of robotics, the IoT, digital twin technology,
Al, and big data analytics. These technologies collectively enhance productivity, quality,
flexibility, and sustainability. Based on studies indexed in Scopus and Web of Science, we
analyze five key industries at the forefront of adopting these innovations: the automotive,
electronics, chemical/pharmaceutical, logistics and warehousing, and food processing industries.
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AUTOMATION IN THE AUTOMOTIVE INDUSTRY - CASE STUDIES: TOYOTA,
TESLA, AND VOLKSWAGEN

Robotic Assembly and Cobots

In the automotive sector, Toyota employs collaborative robots (cobots) for precision assembly
tasks, integrating lean manufacturing principles to minimize cycle time and reduce ergonomic
strain on workers [27]. Cobots operate safely alongside humans, allowing seamless model
switching without the need for extensive reconfiguration of production lines. This human—
machine synergy minimizes errors and enhances overall productivity. Equipped with advanced
environmental sensors and adaptive algorithms, cobots dynamically adjust to real-time
production conditions, further increasing operational safety and efficiency. Toyota also utilizes
these robots for complex processes such as welding and adhesive application, where high
precision is essential. The flexibility of cobots facilitates rapid responses to design changes and
reduces the costs associated with launching new vehicle models. This approach exemplifies a
successful integration of human-centered automation in modern manufacturing.

Autonomous Vehicles and the Software Paradigm

Tesla has redefined the automotive industry by not only pioneering autonomous driving but
also implementing hyper-automation in manufacturing. Its Autopilot-enabled models receive
over-the-air software updates, demonstrating a seamless integration of physical manufacturing
systems with digital technologies [27, 28]. Through the lens of Industry 4.0, Tesla embodies a
“software-first” paradigm within a traditionally hardware-dominated sector. Advanced Al
algorithms are embedded throughout Tesla’s production and vehicle control systems, enabling
continuous performance optimization even post-delivery. The company’s smart factories are
interconnected via IoT systems that monitor production parameters in real time and optimize
operations accordingly. This digital connectivity allows Tesla to rapidly respond to market
demand fluctuations, reduce material waste, and maximize production efficiency. Furthermore,
Tesla promotes a sustainable development model through the integration of hardware and
software, setting new industry standards centered on agility, innovation, and user experience.

Digital Twin Technology

Volkswagen leverages digital twin technology to create virtual replicas of its physical
production lines, enabling real-time testing, monitoring, and optimization. This practice
significantly reduces production downtime, operational costs, and enhances manufacturing
flexibility [27, 28]. Empirical results indicate up to a 20% reduction in new model adaptation
time and a 15% decrease in production halts. Digital twins also support continuous machine
performance analysis, facilitating predictive maintenance and failure prevention. Beyond
process optimization, Volkswagen uses digital twin environments to train employees in
simulated conditions, thereby improving workplace safety and efficiency. Moreover, this
technology enables the swift integration of new technologies and components into existing
production systems without major disruptions. By simulating various production scenarios, the
company achieves greater adaptability and responsiveness to changing market demands. This
approach reduces development costs and strengthens Volkswagen’s competitive advantage on
the global stage.

ELECTRICAL AND ELECTRONICS INDUSTRY — CASE STUDIES: SAMSUNG
AND FOXCONN
Smart Factories and loT Integration

Samsung has implemented sensor networks and real-time Al analytics to detect anomalies in
temperature, voltage, and vibration parameters, automatically adjusting production settings to
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optimize performance [29]. This system significantly reduces unplanned downtime and
improves the precision of microcomponent assembly by up to 30%. By interconnecting
production equipment within a unified IoT infrastructure, continuous machine monitoring is
enabled, enhancing preventive maintenance. The sensor data are also used to train predictive
models that anticipate potential failures, thereby extending equipment lifespan and reducing
maintenance costs. Moreover, smart factory systems allow rapid adaptation to fluctuations in
demand, as production processes can be dynamically reconfigured without manual intervention
or production halts. This high level of automation and adaptability positions Samsung as a
global leader in the implementation of Industry 4.0 principles.

Foxconn’s “Foxbots” and 5G+ Edge Computing

Foxconn operates tens of thousands of industrial robots known as “Foxbots”, integrated with
5G and edge computing technologies for localized data processing. This architecture enables
near-instantaneous responses to errors while minimizing latency and reducing the need for
human intervention [30]. Response times are improved by up to 40%, which is crucial for
maintaining operational stability within global supply chains. By processing data on-site rather
than transmitting it to centralized cloud servers, Foxconn decreases latency and enhances
system responsiveness. This setup is used for real-time supervision of precision assembly
operations, including automated product inspection and defect classification. Through machine
learning, robots continuously improve their performance, contributing to higher process quality
and efficiency. Additionally, the modular infrastructure supports rapid scalability — production
lines can be reconfigured to meet client demands or adapt to market shifts. This allows Foxconn
to maintain high manufacturing agility, even amidst global supply chain disruptions.

CHEMICAL AND PHARMACEUTICAL INDUSTRY — CASE STUDIES: BASF AND
PFIZER

Process Automation with Digital Twins

BASF applies digital twin technology to simulate and optimize complex chemical refining
processes. Real-system models are used to improve energy efficiency and fine-tune operational
parameters, resulting in up to 12% reductions in energy consumption and faster scalability from
pilot to full-scale production [31]. These digital replicas allow precise real-time monitoring of
chemical reactions, including changes in temperature, pressure, and reactant composition,
enabling rapid adjustments to process fluctuations. Furthermore, the integration of historical
and real-time data enhances decision-making algorithms and identifies optimal production
strategies. This approach improves process stability and enables predictive maintenance,
minimizing unplanned downtimes. In R&D divisions, digital models are used to virtually test
new formulations, significantly shortening development cycles and reducing the need for
extensive physical experimentation. Through such innovations, BASF gains a competitive
advantage by increasing operational agility, sustainability, and cost-efficiency.

Big Data Analytics in Research and Development

Pfizer leverages genomic and clinical data combined with Al models to predict the efficacy of
new drug compounds, significantly reducing the time required for vaccine development [31].
This integration lowers clinical trial costs, enables advanced simulations of drug responses,
and supports the creation of personalized therapies. Using digital patient twins — virtual models
that replicate biological responses to treatment — Pfizer can test drug efficacy across various
simulated scenarios without conducting early-phase clinical trials. These tools facilitate
biomarker identification and predict adverse effects, enhancing therapeutic safety and
effectiveness. Additionally, Pfizer employs big data platforms to merge diverse data sources
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(genomic profiles, electronic health records, and real-world evidence), accelerating decision-
making across all stages of drug development. When combined with automated laboratories,
this infrastructure allows high-throughput screening of numerous molecules simultaneously,
which was particularly evident during the rapid development of COVID-19 vaccines. Through
this integration of Industry 4.0 principles into biomedical research and manufacturing, Pfizer
sets new benchmarks in pharmaceutical innovation.

LOGISTICS AND WAREHOUSING — CASE STUDIES: AMAZON AND DHL

Autonomous Mobile Robots

Amazon’s Robotic System, originally based on Kiva technology, currently employs over
750 000 robots of various generations (Hercules, Proteus, Sequoia), covering approximately
75% of its global warehousing operations [32, 33]. The deployment of these robots has reduced
order processing times by up to 60% and significantly improved inventory rotation accuracy.
Robots autonomously transport shelves to workstations, greatly reducing the need for
employee movement within warehouses and improving overall workplace ergonomics.
Advanced models like Proteus use LiDAR sensors for autonomous navigation around human
workers, representing a leap forward in safety protocols and layout flexibility. Beyond logistics
efficiency, automation contributes to energy savings by optimizing robotic travel paths to the
shortest possible routes. New fulfillment centers, such as the one in Shreveport, utilize almost
fully automated systems, lowering operational costs by up to 25%. The robotic infrastructure
also supports scalability during peak demand periods, as the number of active robots
automatically adjusts to workload fluctuations without requiring additional human resources.

Predictive Analytics and Artificial Intelligence

Predictive systems analyze demand patterns and internal inventory dynamics, enabling
automated replenishment and container (bin) planning. Bank of America projects potential
annual savings of up to USD 7,1 billion by 2032 through such systems [34]. These Al-driven
algorithms utilize historical sales data, seasonal variations, weather forecasts, and external
market indicators to accurately predict when and where specific products will be in highest
demand. Based on these forecasts, the system automatically optimizes warehouse layouts,
packing sequences, and delivery flows, reducing unnecessary handling and improving
operational throughput. This results in faster delivery times, reduced inventory levels, and
better utilization of storage space. Moreover, predictive analytics allow for proactive responses
to unplanned supply chain disruptions, such as shortages, delays, or sudden changes in
consumer behavior. When integrated with robotic systems, predictions are translated into
autonomous operational decisions without human intervention, ensuring a high degree of
autonomy and efficiency across logistics networks.

Social and Economic Impacts

While automation leads to a reduction in physical labor roles (with approximately a 10%
decline in automated centers), Amazon has simultaneously created over 270 000 new positions
in fields such as mechatronics, robotics, data analytics, and systems maintenance [34, 35].
These roles require advanced technical skills and have driven increased demand for continuous
education and workforce reskilling. Employees are increasingly shifting toward supervisory
functions, real-time data monitoring, and the development and maintenance of automated
systems. Amazon is also investing in internal training programs and partnerships with
educational institutions to build a future-ready workforce. In parallel, automation reduces the
physical demands of warehouse jobs, improving both safety and ergonomics. However, it
introduces new challenges related to managing complex systems and ensuring cybersecurity.
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These developments illustrate a broader shift from traditional labor roles to highly specialized
technological occupations, reflecting a global trend toward digital industrial transformation.

FOOD AND BEVERAGE INDUSTRY — CASE STUDIES: NESTLE AND COCA-COLA

loT Monitoring of Raw Materials and Environmental Conditions

Nestlé has integrated advanced IoT sensors into its production processes to monitor critical
parameters such as temperature, humidity, and hygiene during raw material intake and
throughout manufacturing. This real-time monitoring ensures strict quality control and
significantly reduces risks related to spoilage or improper storage conditions. As a result, the
company has managed to reduce overall operational risk by approximately 30%, while the
volume of waste and rejected raw materials has dropped by about 25%. The system also enables
the rapid identification and correction of process deviations, ensuring product consistency and
enhancing production efficiency. In addition to supporting quality assurance, this technology
promotes sustainability by optimizing resource consumption and minimizing waste. Such
integration of [oT solutions positions Nestl¢é as a leader in the digital transformation of the food
industry, driving both operational excellence and environmental responsibility.

Robotic Packaging and Quality Control

Coca-Cola has implemented advanced robotic lines for automated filling and labeling, which
are integrated with digital twin systems for continuous monitoring of the production process.
This setup enables predictive maintenance, identifying potential failures and necessary
interventions up to 50% earlier than conventional methods [36]. Such proactive strategies
reduce unexpected downtimes and extend equipment lifespan. Moreover, sensor-equipped
cameras perform detailed inspections of each bottle, detecting issues such as damage, improper
filling, or misapplied labels. This greatly improves product quality and reduces the number of
customer complaints, while significantly increasing operational efficiency. The digital twin of
the production line also allows for simulations of various operational scenarios, which further
optimizes workflows and resource utilization. The implementation of these technologies marks
a significant step toward full digitalization and automation within the food and beverage
industry, establishing new benchmarks for quality, efficiency, and sustainability.

DISCUSSION

This study confirms that industrial robotization and the adoption of Industry 4.0 technologies
have become pivotal drivers of transformation across manufacturing sectors worldwide. The
most advanced countries — including Japan, South Korea, Germany, China, and the United
States — demonstrate diverse approaches shaped by their economic strategies, demographic
challenges, and industrial structures. While all these nations rely on high technology and
automation-supportive policies, their priorities vary: Germany and Japan emphasize precision
and quality, whereas China and South Korea also use robotization as a strategy to reduce labor
dependency. The automotive industry remains the most intensive user of industrial robots;
however, the electronics industry is experiencing the fastest growth in implementation. This
divergence reflects distinct production requirements — power and durability in automotive,
versus precision and cleanroom performance in electronics. A notable increase has also been
observed in the deployment of collaborative robots (cobots), especially in final assembly,
where flexibility and safe human—machine interaction are essential. An important finding is the
expansion of robotization into other sectors — food, pharmaceuticals, logistics, and chemicals.
Here, the integration of robotics with IoT, digital twins, and predictive analytics enhances
efficiency, reduces costs, and increases sustainability. For instance, [37] presented a
digital-twin approach that enables real-time human-robot interaction through mixed reality and

740



Artificial intelligence-enabled industrial automation: a comparative study of leading industries ...

Industry 4.0 frameworks [17, 38-42]. Similarly [40], introduced a lightweight equipment-level
digital twin system to improve robot spatial coordination and reliability. Despite rapid
adoption, challenges persist: the need for a skilled workforce, high upfront investment, and
cyber-security risks. Therefore, nations pursuing accelerated robotization must simultaneously
invest in education, R&D, and system resilience.

CONCLUSION

This comparative study demonstrates that robotization is a strategic tool for enhancing
industrial competitiveness in the Industry 4.0 era. Leading nations — Japan, South Korea,
Germany, China, and the USA — apply varied technological and institutional models, yet share
long-term planning, strong public policy support, and synergy among industry, academia, and
education. Automotive remains the leader in robot installations, while electronics shows the
fastest growth, reflecting the demand for high-precision and flexible automation. Integrating
robotics with IoT, Al, digital twins, and predictive analytics opens new pathways to improve
efficiency, sustainability, and resilience. Developing countries and digitally nascent industries
should embrace strategic planning, build local capacities, strengthen institutional frameworks,
and foster innovation for smart, robotics-driven industrial transformation.

LIMITATIONS AND DIRECTIONS FOR FUTURE RESEARCH

This study, while comprehensive, has limitations. First, it heavily relies on secondary data —
international statistics and industry reports — without access to internal company data, which
may bias integration assessments. Second, the focus on the five most robotized countries and
two industries excludes regional and sector-specific variations. Future research should expand
scope to sectors like construction, mining, and energy, as well as include emerging economies
beginning digital transformation.Third, although Al, IoT, and digital twins are mentioned,
deeper exploration of their micro- and macro-level interactions with robotics is needed.
Furthermore, the impact on workforce skill requirements and labor relations remains under-
explored. Future studies should include longitudinal and field-empirical research to investigate
the socioeconomic effects of robotization, worker acceptance, and the cost-benefit balance of
automation across varied industrial environments.
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