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Abstract

This paper presents a literature review and bibliometric synthesis of research on Industry
5.0 based exclusively on publications indexed in the Scopus database that include “Industry
5.0” among the authors’ keywords. Restricting the literature corpus to authors’ keywords
was considered an appropriate approach for reconstructing the Industry 5.0 framework
because keywords function as “academic hashtags,” reflecting how researchers intentionally
position and describe their work within a specific research domain. The analysis covers
the period 2013-2025. Unlike previous bibliometric studies that relied on full-text, title,
or abstract searches, the approach adopted in this study treats authors” keywords as an
explicit declaration of a publication’s alignment with Industry 5.0 research. This perspective
enables the reconstruction of the evolution, thematic structure, and cognitive boundaries
of the field from the researchers” own viewpoint. It also facilitates an examination of how
Industry 5.0 has emerged and evolved as a distinct area of scientific inquiry between 2013
and 2025. The novelty of the study lies not in the application of bibliometric methods per
se, but in the adoption of authors” keywords as a criterion for delimiting the literature
corpus. This methodological perspective allows for the development of an Industry 5.0
research landscape. In addition, the study provides a comprehensive overview of existing
bibliometric analyses of Industry 5.0 and compiles relevant electronic sources to facilitate
rapid access to the field’s principal research streams.

Keywords: Industry 5.0; Industry 4.0; enabling technologies; human-centered principles;
bibliometric analysis

1. Introduction

With the development of digital technologies and internet services, a new industrial
concept has emerged, Industry 4.0. The term “Industry 4.0” was first used in a high-tech
strategic program launched by the German government in 2011. However, it was not until
its adoption by the World Economic Forum in 2016 that the term began to be widely used.
The concept of Industry 4.0 gained widespread popularity thanks to the Fourth Industrial
Revolution, as described by Klaus Schwab [1,2]. Building on the principles of Industry
4.0, the concept of Industry 5.0 emerged somewhat later. An important document for
presenting the concept of Industry 5.0 was the EC document dated 5 January 2021, titled
Industry 5.0-Towards a sustainable, human-centric and resilient European industry [3]. The
principles outlined in this document form the basis of a new concept that scientists view as
the direction of change in the ongoing Fourth Industrial Revolution. Industry 5.0 is based on
Industry 4.0 technologies such as computer systems: ERP—Enterprise Resource Planning,
MES—Manufacturing Execution System, and Internet of Things—IoT or Industrial Internet
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of Things—IIoT, cloud computing, autonomous robots, Al and M2M (Machine to Machine
communication), computer simulation, augmented reality and digital twins, big data
and data analytics with real-time information preparing, additive manufacturing, Cyber-
Physical Systems—CPS, and cybersecurity [4-11]. Technological factors are linked to the
concept of sustainable industrial development and the tendency to put people at the center
of ongoing changes, as well as to the possibilities of building business resilience using
new technologies in the face of an increasingly demanding environment (unpredictable
events of recent years: the COVID-19 pandemic, the energy crisis, etc.) [12-19]. In the
Industry 4.0 concept, there is a strong emphasis on the automation of industrial processes.
In contrast, Industry 5.0 highlights the importance of humans in the ongoing technological
transformation, and the entire concept of industrial development is built upon features
(functions) designed to build business resilience and limit (or even eliminate) the negative
impact of technological processes on the environment (optimizing the use of raw materials,
electricity, etc.) [20]. Humans are at the center of the shift from Industry 4.0 to Industry
5.0 [21].

The concept of Industry 5.0 is constantly evolving, seeking solutions that adapt busi-
nesses to an increasingly fast-changing environment and emerging “black swan” business
disruptions [22]. Researchers and policymakers predict that by 2030, Industry 5.0 could
dominate global industry, offering fully personalized products, zero-emission factories, and
new professions such as cobot operators and Al analysts, as well as through technologies
for agile management and supply chain flexibility [23,24].

To summarize the current state of knowledge (in brief) regarding the concept of
Industry 5.0, an analysis of scientific publications in the Scopus database was conducted
using the search keyword (“KEY(Industry 5.0)”) (keywords used by authors). The time
scope of the analysis covered the period 2013-2025. The research questions (RQs) addressed
in this study can be formulated as follows:

RQ1: What are the trends in Industry 5.0?

RQ2: What are the key research areas of Industry 5.0?

RQ3: What are the clusters of keywords describing this concept?
RQ4: What is the scope of Industry 5.0 research?

RQ5. What is the framework for Industry 5.0?

The main part of the article includes a presentation of bibliometric analysis results,

including keyword association maps and bibliometric analysis lists for Industry 5.0; a
thematic synthesis of the literature based on the ten most influential publications, and
discussion. Finally, the last section summarizes the main conclusions and limitations of
the study.

2. Method of Analysis

This study employs bibliometric analysis. This analysis provides an objective (quanti-
tative) assessment of the work of researchers, research institutions (universities, institutes),
and countries. Its application to research enables the analysis of trends and the mapping of
science. It helps identify major research trends, thematic trends, and the most influential
authors. Bibliometrics allows us to track how publications contribute to the advancement of
knowledge [25]. Theory building is often viewed as a cumulative process that builds upon
existing knowledge and examines the limitations of existing theories [26]. Bibliometric
analyses of scientific papers utilize databases such as Web of Science (WoS), Scopus, and
Google Scholar. The results of the bibliometric analysis presented in this paper are based
on publications in the Scopus database. This database was selected for the analysis because
it covers more applied disciplines than WoS. However, the use of both databases was
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deemed unnecessary for the chosen topic (objective), which was the synthesis of Industry
5.0 framework (duplication of analysis results).

The method used in this study comprises two stages: (1) bibliometric analysis in the
Scopus database and (2) synthesis of the literature review. The complete methodology (step
by step) is presented in Figure 1.

e Scopus

‘ bibiometric ana|ysis e use of filters: KEY"Industry 5.0"

e from 2013 to 2025

BN

4 * mapping

literature review * citations: Top 10

B

synthesis J Indus'fry .5.0 framework
| compilation of e-sources of

bibliometric analyses on Industry 5.0

S

Figure 1. Research methodology in the indicated work (paper) topic.

The bibliometric analysis was performed using the following search criteria: KEY
(Industry 5.0) AND PUBYEAR > 2012 AND PUBYEAR < 2026. The time frame of the
analysis covered the years 2013-2025. During the search of the scientific database for the
keyword (“KEY(Industry 5.0)”). The choice of this search scope, although it may seem
too narrow, stemmed from the need to maintain the purity of the analysis to obtain a
framework for Industry 5.0. It was assumed that publications whose authors did not
include the keyword “Industry 5.0” might address a wide range of thematic areas without
focusing specifically on this concept. In contrast, the inclusion of the keyword “Industry
5.0” indicates that the study explicitly addresses and contributes to the development of
this concept. After defining the review objectives, establishing the research protocol, and
preparing the study, a bibliometric analysis was conducted on indexed publications using
the following parameters: number of publications, publication type, country, language,
subject areas, and keywords. Author-, affiliation-, publication source-, and funding sponsor-
level analyses were intentionally excluded, as these dimensions were considered to have
limited relevance to the study’s primary objective, namely the synthesis of an Industry 5.0
framework. To organize the bibliometric results, the VOSviewer (v1.6.20) software was used
in accordance with the requirements for scientific presentations [27]. Using this software,
keyword maps were created based on the most highly cited publications (top 10). Limiting
the mapping to the top 10 stemmed from the need to identify clusters for all keywords
without having to narrow the scope of the analysis. Based on bibliometric analysis, a review
of publications was undertaken. The research followed recommendations for literature
reviews [28,29]. The analysis concluded with a synthesis of Industry 5.0 framework.

3. Results of Bibliometric Analysis
3.1. Dynamics of Publications and Subject Areas

The first area of research was publication dynamics. A rapid increase in publications
has occurred in recent years, and two research areas (filter: subject area); engineering (Eng.)
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and computer science (CS) are the key areas for organizing papers in the Scopus database,
based on the number of publications. Between 2013 and 2025, 3299 documents were found
for “Industry 5.0” in the Scopus database using the keyword (Industry 5.0 AND PUBYEAR
> 2012 AND PUBYEAR < 2026), including “Engineering” with 1788 papers and “Computer
Science” with 1701 papers (Figure 2).

1307

—@—Total:3299
—0—CS:1701 1032
—@—Eng..1788

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

year

Figure 2. Dynamics of Research Output: Total Publications and Publications in Engineering and
Computer Science.

Based on the analysis of dynamics, it was determined that 2021 was a breakthrough
year for Industry 5.0, and it was in that year that the EU document on Industry 5.0 was
published [3]. This document presented the assumptions of a new concept based on
sustainable, resilient, and human-centered manufacturing. The last three years of scientific
publications on Industry 5.0 were significant for the growth of knowledge about Industry
5.0, with visible research progress. The number of Scopus-indexed publications using the
keyword “Industry 5.0” increased substantially, rising from 526 in 2023 to 1032 in 2024 and
reaching 1307 in 2025.

In percentage terms (share in total), two key subject areas, i.e., computer science
and engineering, have more than 20% each, and both areas together have more than 47%
(Figure 3). Note to Figure 3. The category “Others” comprises physics and astronomy,
materials science, chemical engineering, medicine, chemistry, biochemistry, genetics and
molecular biology, psychology, agricultural and biological sciences, arts and humanities,
pharmacology, toxicology and pharmaceutics, immunology and microbiology, nursing,
veterinary science, neuroscience, multidisciplinary studies, and earth and planetary sci-
ences. The share of each individual discipline included in the “Others” category ranges
from approximately 3% to 0.1% of the total publication output.
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Figure 3. Distribution of Industry 5.0 Publications Across Subject Areas [in %].
3.2. Type of Papers, Countries, and Languages

The next field of analysis was types of publications. In the analyzed segment of the
papers, two types of publications dominated: articles (1439) and conference papers (1168)
(Figure 4). The remaining types of publications were in the minority, with the important
segments after articles and conference papers being books and reviews (Figure 4).
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Figure 4. Distribution of Industry 5.0 Publications by Document Type.

In the next step of analysis by category “countries” obtained countries were sorted by
number of publications into three equal tertiles, yielding high levels (Top 1/3), medium
levels (Middle 1/3), and low levels (Bottom 1/3). The results of the sorting are presented
in Table 1. Note for Table 1: Country abbreviations (ISO-2) were used.

Table 1. Countries by number of papers grouped into three levels (tercile).

High Medium Low

IN (523), IT (453), CN (323), UK (247), US (208), DE  JP, ID, BD, SK, BE, CH, DK, TN, SG, OM, MT, MO, KZ, KW, BH, YE, PH,

(179), ES (171), FR (139), PT (120), SE (119), PL (113), HR, CO, VN, SI, LT, LB, EG, QA, KG, CR, GH, GE, ET, BN, AL, SY,
others: AU, TR, CA, SA, RU, BR, GR, MY, PK, TW, LU, BG, CL, NG, CZ, TH, EE, LK, MK, ME, MW, CU, BA, AM, AF,

MA, HU, IR, RO, IE, AT, NO, UA, NL, ZA, MX, HK, NZ,JO,1Q, AR, EC, CY,DZ, AZ, ZW, ZM, UG, TL, SO, PS, MU, MV,

FI, AE, KR, RS UZ, LV, IL, PE LY, KE, HN, BO
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Publications on Industry 5.0 are concentrated primarily in countries with a strong
industrial base and developed digital transformation programs. The leading countries are
India (IN) with 523 papers, Italy (IT) with 453, China (CN) with 323, the United Kingdom
(UK) with 247, the United States (US) with 208, Germany (DE) with 179, Spain (ES) with
171, France (FR) with 139, Portugal (PT) with 120, Sweden (SE) with 119, and Poland (PL)
with 113 (these countries are highlighted in bold in the “High” segment of Table 1).

India’s dominant position may be due to the dynamic development of the country’s
technology sector, the growing number of universities and research centers, and the intense
interest in digital transformation. An additional factor is the high publication productivity
of Indian scientists in the fields of technology management and industrial engineering.

Italy’s high ranking is particularly noteworthy, as the country is a European leader in
research on smart manufacturing and industrial transformation. The significant participa-
tion of Italian researchers can be attributed to its strong manufacturing sector, extensive
network of small and medium-sized enterprises, and active participation in European
Union research programs on digitalization and industrial sustainability.

The significant number of publications from China reflects the strategic importance of
industrial modernization within national technological development programs, such as
smart manufacturing, artificial intelligence, and advanced automation.

The high research activity of the United Kingdom, on the other hand, stems from the
strong position of its universities and the extensive research on sustainability, organizational
resilience, and the socio-technological aspects of industrial transformation.

The significant representation of European countries such as Germany, Spain, France,
Portugal, Sweden, and Poland is also noteworthy. This may indicate the strong influence
of European Union policy on the development of Industry 5.0 research. The European
Commission played a key role in popularizing this concept, defining it through three
fundamental pillars: anthropocentricity, sustainability, and resilience. As a result, Eu-
ropean research centers have become among the main centers for the development of
Industry 5.0 research.

The general distribution of publications suggests that Industry 5.0 research is devel-
oping primarily in countries with advanced industrial sectors, strong R&D infrastructure,
and digital transformation strategies. This confirms the close connection between scientific
activity and the practical needs of industrial modernization and the implementation of
next-generation technologies.

According to the “language” filter, all papers for the keyword “Industry 5.0” were
divided into two segments. The large segment consisted of papers in English, while the
remaining languages formed the small segment (Figure 5).

3500

3000

2500

2000

number

1500

1000

500

0

English Others
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Figure 5. Language of papers for Industry 5.0.
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3.3. Keywords of Publications

The next field of analysis was to use the keywords selected by the authors (filter by
keyword) of the papers. When this filter was applied to the analysis, a set of keywords was
obtained, which was then grouped into four frequency intervals (thematic quartiles) based
on frequency of occurrence to make the results more readable in the bibliometric analysis.
Using this classification, the following segments were obtained: very high frequency
(>300 occurrences), high frequency (from 150 to 299), medium frequency (from 80 to 149),
and low frequency (<80) (Table 2).

Table 2. Keywords of papers grouped into four segments according to frequencies (thematic quartiles).

Very high frequency (>300 occurrences) Total

Industry 5.0, Industry 4.0, Artificial Intelligence, Sustainable Development, Smart Manufacturing, 3
Human-centered, Sustainability, Internet of Things.

High frequency (150-299)

Decision Making, Digital Twin, Society 5.0, Digital Transformation, Industrial Research, Industrial 8
Revolutions, Machine Learning, Worker.

Medium frequency (80-149)

Engineering Education, Manufacturing, Machine-learning, Article, Man Machine Systems, Supply
Chains, Human, Embedded Systems, Collaborative Robots, Automation, Ergonomics, Blockchain,
Learning Systems, Cyber-physical Systems, Human-robot Collaboration, Human Centricities,
Resilience, Deep Learning, Block-chain, Cyber-physical Systems, Virtual Reality, Circular Economy, 4
Augmented Reality, Supply Chain Management, Cyber Physical System, Industrial Robots, Well Being,
Systematic Literature Review, Human-machine Collaboration, Competition, Intelligent Robots, 10T,
Innovation, Digitalization, Big Data, Network Security, Robotics, Predictive Maintenance, Digital
Technologies, Sustainable Manufacturing, Cybersecurity, Production System.

Low frequency (<80)

Al Information Management, Humans, Human Robot Interaction, Personnel, Industrial Economics,
Edge Computing, Economic And Social Effects, Digital Twins, Assembly, Accident Prevention,
Nonhuman, Optimizations, Human Computer Interaction, Behavioral Research, Advanced
Technology, Human Engineering, Decisions Makings, Controlled Study, Quality Control, Industry,
Efficiency, Performance, Human Resource Management, Energy Efficiency, Cyber Security,
Case-studies, Manufacturing Industries, Literature Reviews, Life Cycle, Human Factors, Risk
Assessment, Industry 4.0/5.0, Health Care, Data Privacy, Artificial Intelligence (AI), Technology,
Optimization, 5G Mobile, Communication Systems, Cobots, Production Efficiency, Internet of
Things(loT), Employment, Data Analytics, Cyber Physicals, Metaverses, Manufacturing Process,

Literature Review, Federated Learning, Sustainable Development Goals, Industrial Internet of Things, 101
Human Machine Interaction, Students, Industrial Development, Digital Storage, Humans-robot
Interactions, Ethical Technology, E-learning, Cognitive Systems, Production Process, Systematic

Review, Maintenance, Knowledge Management, Decision Support Systems, Security, Investments,
Human-centered Manufacturing, Food Industry, Automotive Industry, Technological Advancement,
Real- Time, Personnel Training, Energy Ultilization, Enabling Technologies, Emerging Technologies,
Machine Design, Real Time Systems, Information Systems, Energy, Commerce, Unclassified Drug,
Simulation, Predictive Analytics, Metaverse, Engineering Research, Technology Adoption, Supply
Chain, Robots, Product Design, Industrial Process, Human-machine Interaction, Chemistry, Risk
Management, Paradigm Shifts, Human-centered Design, Environmental Technology, Data Handling,
Additive Manufacturing, Digitization, Bibliometric Analysis

Source: Own analysis.

When the keywords from segments with very high and high frequencies of use in the
analyzed papers were imported into the VOSviewer software, several maps were generated
depending on the density of these words. This paper presents two maps (Figures 6 and 7).
The central words of the maps were “Industry 5.0” and “Industry 4.0.” These two words
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were associated with technological changes, such as the trend toward Al development,
but with a focus on the technological revolution aimed at the sustainable development
of companies building smart manufacturing and human-centered solutions (Figure 6).
The next map shown in Figure 7 illustrates the development environment of Industry 5.0,
situating the trends related to technological development, sustainable development, and
Society 5.0.

Industry 4.0

Sustainable Development
Smart Manufacturing

Industry 5.0

Human-centric Internet of Things

Figure 6. Map of keywords in bibliometrics—low density. Source: Own analysis by using the
VOSviewer software.

Sustainable Development
Internet of Things Digital Twin

IndLgcr}Erfel.tF;FuE].Lginanndust ry 4 . 0

Machine Learning

Industry 5.0

Decision Mak ing

Art1f1C1al Intelligence

Smart Manufacturing
Sustainability pigital Transformation

Workers

Figure 7. Map of keywords in bibliometrics—high density. Source: Own analysis by using the
VOSviewer software.

Presented keyword analysis (Table 2 and Figures 6 and 7) was performed on the entire
set of papers obtained from the Scopus database using the search criteria KEY (Industry
5.0) AND PUBYEAR > 2012 AND PUBYEAR < 2026. The next step in the analysis was
to identify the most frequently cited publications and create a top 10 list. This list was
compiled as of December 31, 2025 (Table 3), and its results were used to precisely map
keywords without having to limit the scope of the analysis using VOSviewer software. In
addition, the articles listed in Table 3 were used to analyze the Industry 5.0 framework
(Section 4 of this paper).
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Table 3. Top 10 papers with high citations in the analysis carried out.
Title of the Paper Author(s) Source Citation
Industry.4.0 and Indgstry Xu, X, Ly, Y, Journal of Manufacturing
5.0—Inception, conception and 1942

perception [30]

Vogel-Heuser, B., Wang, L.

Systems, 2021, 61, pp. 530-535.

Industry 5.0: A survey on enabling

Maddikunta, PK.R., Pham,

Journal of Industrial

technologies and potential Q.-V, B,P,...Ruby, R, Information Integration 2022, 1638
applications [31] Liyanage, M. 26, 100257
. Sustainability, 2019,
Industry 5.0-a human-centric Nahavandi, S. Switzerland, 11(16), 4371, 1266
solution [32]
2019.
Industry 5.0: Prospect and retrospect  Leng, J., Sha, W., Wang, B., Journal of Manufacturing 1012
[33] ... Mourtzis, D., Wang, L. Systems, 2022, 65, pp. 279-295,
Future of industry 5.0 in society: .
human-centric solutions, challenges Adel, A. Journal of Cloud Computing, 739
. 2022, 11(1), 40
and prospective research [34]
Industry 5.0 and Human-Robot Demir, K.A., Doven, G., Procedia Computer Science, 612
Co-working [35] Sezen, B. 2019, 158, pp. 688-695, 2019
Outlook on human-centric Lu, Y., Zheng, H., Chand, Journal of Manufacturin
manufacturing towards Industry 5.0 S., Xia, W,; Liu, Z., Xu, X,, Svstems. 2022, 62 612—%27 569
[36] Wang, L., Qin, Z., Bao,]., Y s £025, 02, PP
Value-oriented and ethical
technology engineenng m Industry Longo, F, Padovano, A.,  Applied Sciences Switzerland,
5.0: A human-centric perspective for Umbrello. S 2020, 10(12) 1-05 4182 563
the design of the factory of the future T ! ' PP !
[37]
The Industry 5.0 framework: .
viability-based integration of the International Journal of
ol et Ivanov, D. Production Research 2023, 558
resilience, sustainability, and 61(5) 1683-1695
human-centricity perspectives [38] /PP
5 O—é(r)liusegi};gﬁo :(r)fl S;)e Crlr?glta tion Huang, S., Wang, B., Li, X, Journal of Manufacturing 549
’ p ’ p ... Mourtzis, D., Wang, L.,  Systems 2022, 64, pp. 424-428.

and co-evolution [39]

The authors of the papers included in the top 10 list (Table 3) identified a total of
45 keywords. Based on these keywords, a keyword co-occurrence map was generated using
VOSviewer software (Figure 8). The 45 keywords were grouped into nine clusters according
to their thematic similarity and the strength of their associations with the keyword “Industry
5.0.” The resulting clusters, generated by VOSviewer from all keywords extracted from the
top 10 papers, are presented in Table 4.

Table 4. Main clusters in the top 10 highly cited papers.

No. Cluster Items Keywords
1 Ethics 8 Ethics, human factors, human-machine interaction, operator 4.0, smart
’ factory, smart operator, technology engineering, value sensitive design.
9. Cognitive systems 6 Cognitive systems, dlsastgr recovery, green manufacturmg., human
-machine collaboration, smart healthcare, supply chain.
3 Human-centered * 6 Human-centered manufacturing, sustainability, human-cyber-physical

systems, Industry 5.0, Society 5.0.
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Table 4. Cont.

No. Cluster Items Keywords
6G, edge computing, enabling technologies, Internet of Things (IoT),
4, 6G 5 .
Pervasive Al
- Human-centric, human-centric manufacturing, human-machine
5. Human-centric 5 . . . .9 .
relations, industrial human needs, self-organizing manufacturing.
6 Human-robot 5 Human-robot co-working, human-robot coordination, organizational
) co-working behaviors, organizational robotics, robots in organization.
7. Industr.lal 4 Industrial revolution, Industry 4.0, technology driven, value driven.
revolution
8 Digital supply 4 Digital supply chain, reconfigurable supply chain, supply chain
’ chain resilience, viable supply chain.
0. Advanceq 2 Advanced manufacturing, artificial intelligence (AI).
manufacturing

Source: Own elaboration. Note: * duplicate forms, but they appeared in the papers as keywords.

ﬁ ed=s=amputing
enabl hnologies

Figure 8. Map of keywords of the top 10 most cited publications (filtered by high citation count):
9 clusters. Source: Own analysis by using the VOSviewer software.

To sum up this part of the analysis, the following conclusions were drawn:

e  From year to year, the concept of Industry 5.0 is increasingly presented in scientific
publications, assuming that it could have appeared along with the growing importance
of this concept for the development of economies, which was indicated in the research
by the filter of the time from 2013 to 2025 for the bibliometric analysis performed;

e  The published scientific papers available (compiled) in the Scopus scientific database
are dominated by articles and scientific papers in English (the dominant language in
the presentation of Industry 5.0 concept);

e  The leading countries from which the authors of the papers come from are India (IN)
with 523 papers, Italy (IT) with 453, China (CN) with 323, United Kingdom (UK) 247,

https://doi.org/10.3390/industries1010005


https://doi.org/10.3390/industries1010005

Industries 2026, 1, 5

11 of 28

United States (US) 208, Germany (DE) 179, Spain (ES) 171, France (FR) 139, Portugal
(PT) 120, Sweden (SE) 119, and Poland (PL) 113;

e  The keywords used by the authors of the papers with high citations could be arranged
into nine clusters (Table 4), among which the clusters related to the following factors
(conditions for the development of Industry 5.0) are significant: ethics, cognitive sys-
tems, 6G, human-centered principles, human-robot co-working, industrial revolution,
digital supply chain, advanced manufacturing.

4. Thematic Landscape of Industry 5.0 Research

A thematic synthesis of the literature was conducted to reconstruct the conceptual land-
scape of Industry 5.0. The analysis was anchored in the ten most highly cited publications
identified in the dataset (Table 3), which were treated as the core intellectual foundations of
the field. These seminal works were examined through their principal thematic threads
and complemented with additional publications that expanded, refined, or challenged the
identified themes. This approach enabled the identification of the key concepts, research
streams, and relationships that collectively define Industry 5.0 research domain.

Many authors point to the connection between this new concept (Industry 5.0) and its
predecessor, Industry 4.0. According to Xu et al. [30], Industry 4.0, as a German initiative,
has become a globally adopted term in the past decade, and this concept is considered
technology-driven, whereas Industry 5.0 emerged ten years after Industry 4.0 was pre-
sented by the European Commission, and this concept is driven by values—putting people
at the center of change, focusing sustainable development, and building industrial re-
silience. According to Leng et al. [33], current research focuses mainly on interpreting the
concept of Industry 5.0 based on the EC document (many studies are limited primarily to
the definition of Industry 5.0 presented by the EU or to an extension of the paradigm of
mass customization in manufacturing). Industry 5.0 is considered a “sublation” of Industry
4.0 and is still in the early stages of research [33]. In the ongoing industrial revolution,
both concepts of transformation are present [36,40]. To understand the coexistence of the
concepts of Industry 4.0 and Industry 5.0 within a single industrial revolution [40], their
principles must be explained. Industry 4.0 is an industrial revolution, i.e., an improvement
in manufacturing techniques and technologies [30]. However, according to Xu et al. [30],
Industry 5.0 is not a pure industrial revolution but a techno-social revolution, or a revolu-
tion that combines technology with humans (human-robot co-working). Revolutions in
industry and society have profoundly influenced one another since the first industrial revo-
lution [31]. Industry 4.0, widely recognized as the fourth industrial revolution, represents
the adoption and integration of advanced digital technologies in manufacturing and indus-
trial environments [1,2] and Industry 5.0 is a combination of organizational principles and
technologies to design and manage operations and supply chains as resilient, sustainable,
and human-centered systems. Longo et al. [37] presented the main dimensions character-
izing Industry 5.0 as a technological and organizational framework. At the technological
level, the main principles of Industry 5.0 are collaboration, coordination, communication,
automation, data analytics processing, and identification. On the business side, the main
fields of Industry 5.0 are organization, management, technology, and performance assess-
ment. The scope of Industry 5.0 encompasses societies, networks, and the operational level
of enterprises (plants). Ultimately, Industry 5.0 is responsible for resilient value creation,
human well-being, and a sustainable society [37]. In this approach, defining Industry 5.0
refers to the EC document, which was announced by the European Commission [3] in 2021
with the aim of a sustainable, human-centric and resilient European industry. However,
there are authors, e.g., Huang et al. [39], who, when describing the genesis of Industry 5.0,
refer to Society 5.0. This concept was proposed by the Japanese government to balance
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economic development with solving social problems in Japanese society. The coexistence of
Industry 5.0 and Society 5.0 may raise the question of their intersection. As Huang et al. [39]
state, “human centricity is an important element in both Industry 5.0 and Society 5.0” [39].
In recent years, increasing attention has been devoted to the concepts of future-oriented
industry and society. Broadly speaking, industrial and societal revolutions are intrinsically
linked, with each shaping and influencing the development of the other [39].

Research has also examined the determinants of both concepts. Smart manufacturing
is considered a key driver of Industry 4.0 success [35], whereas Industry 5.0 is driven by
human-robot collaboration and resilience [33]. In the Industry 4.0 concept, there was a con-
cern that fast and highly efficient production would lead to overproduction [33,35], which
favored the emergence of Industry 5.0 concept [30]. Smart factories in Industry 4.0 have
their market limitations [34]. Industry 4.0 has been developed over the last 10 years, but the
time has come for Industry 5.0, with humans at the center of the industrial transformation.

Many authors examining Industry 5.0 highlight its human-centered principles [15,32,34],
especially in relation to human-robot collaboration. Through the application of advanced
technologies, robots enhance human capabilities, enabling workers to perform tasks more
efficiently and productively. Imoize et al. [32] argue that Industry 5.0 is a revolution in
which humans and machines find ways to improve industrial production methods and
efficiency. Industry 5.0 is considered the frontier of the smart factory, where it communi-
cates with robots and humans [31]. Industry 5.0 builds social networks for communication
between people and electronic components [34]. Industry 5.0, with its human-centered
approach, represents the future of industry within the production system [39]. This concept
aims to transform production systems, enabling employees to collaborate with robots
within the enterprise and across supply chains [34]. Regarding supply chains, Industry 5.0
is a combination of organizational principles and technologies used to design and manage
operations and supply chains so that they are resilient and sustainable [32,38,41]. Industry
5.0 can be considered a breakthrough in global industrial transformation, as it places hu-
man well-being at the center of production systems [32], thereby advancing societal goals
that extend beyond employment and economic growth to promote sustainable human
development and long-term well-being [33]. The literature review also highlighted the
current state of change along with key technological shifts [31,34,42]. Many companies
are implementing Industry 4.0, and their development paths should not be interrupted.
However, they may require reorientation and adaptation to the values of Industry 5.0,
namely sustainable development, human-centric principles, and resilience in business.
There is no single universal path to creating smart manufacturing [43]. Each company
selects projects to create its own smart manufacturing solutions based on its own vision
of development and capabilities (availability of resources) [43]. The concept of Industry
5.0 gains traction, new opportunities for applying Industry 4.0 technologies are emerging.
The key pillars of Industry 4.0 include Industrial Internet of Things (IloT), big data and
analytics, autonomous robots, simulation/digital twins, horizontal and vertical system
integration, cloud computing, additive manufacturing (3D printing), augmented reality
(AR), cybersecurity (Boston Consulting Group, https:/ / plex.rockwellautomation.com/en-
us/knowledge-articles/mes/what-is-industry-4-0.html, accessed on 10 April 2026) [42].
The pillars of Industry 4.0 enable more efficient production, predictive maintenance, sup-
ply chain optimization, and greater flexibility in responding to changing demand. By
leveraging data-driven analytics and automation, Industry 4.0 transforms traditional man-
ufacturing into a highly intelligent, adaptive, and efficient ecosystem. In contrast, the
enabling technologies of Industry 5.0 include edge computing (EC), digital twins (DTs),
collaborative robots, the Internet of Everything (IoE), blockchain, big data analytics, and
6G and beyond networks [33,34,41]. These technologies can help companies increase
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production and deliver customized products faster [44]. Industry 5.0 is moving toward
an advanced production model that will focus on the interaction between machines and
humans. Intelligent machines are designed to collaborate with humans, and this collabora-
tion facilitates the achievement of objectives [31]. Human-robot collaboration is possible
because rapidly developing and evolving digital technologies (robots are gaining promi-
nence) can now be combined with the human mind through brain-machine interfaces and
advances in artificial intelligence [34]. The strong need to increase productivity without
simultaneously removing workers from the manufacturing industry creates opportunities
for the global economy in many areas, such as smart healthcare and smart education [35].

In the context of Industry 5.0, Demir et al. [35] presented two versions of this concept.
Version 1 is based on human-robot co-working, with the driver of this relationship being
smart society and robotics with Al. Version 2 develops towards a bioeconomy with sustain-
ability as the driver. The second version is broader than the first because it goes beyond the
scope of the enterprise and encompasses economic sectors, creating smart healthcare, smart
agriculture, smart transportation (testing autonomous cars in street traffic is a promising
example of this upcoming trend), etc.

To address new challenges, an important topic of Industry 5.0 is the typology of human-
robot co-working and the organizational approach in the workplace (work environment).
This area was considered key in distinguishing the concept of Industry 5.0 from Industry 4.0.
In Industry 4.0, machine operators were called Operators 4.0 [45]. The work environment
in Industry 4.0 evolved towards cyber-physical production systems (CPPSs) [46]. With the
growing role of the human factor in these systems, they were called human—cyber-physical
production systems (H-CPPSs) [47]. In Industry 5.0, further evolution of systems towards
human-robot co-working [35]. In the Industry 5.0 concept, in which robots are linked to
the human brain and act as collaborators, Operator 5.0 is introduced [32,33]. Operator 5.0
differs from Operator 4.0 in that new operators will be better prepared to cooperate with
robotics technologies and will utilize the potential of technology [32].

At the decision-making level responsible for managing robots is the Chief Robotics
Officer (CRO). According to Nahavandi [32], a CRO is an individual with expertise in
understanding robots and their interactions with humans. The CRO makes decisions
regarding the addition or removal of robots from the work environment to achieve op-
timal productivity and efficiency. The CRO must have experience in robotics, artificial
intelligence, human factor modeling, and human-machine interaction. The development of
artificial intelligence means that the relationship between humans and robots will continue
to develop and evolve, ultimately leading to the creation of a robotic society in which
people will reap the maximum benefits of new technologies and strive to minimize their
negative effects.

An important research focus is the identification and examination of unresolved issues
that have become evident in the ongoing transition from Industry 4.0 to Industry 5.0. The
authors of the paper [35] point out that there is a lack of research focusing on organizational
issues arising from human-robot collaboration, including studies on forms of working
with robots, human preferences regarding robot types, educational programs in the field of
working with robots, descriptions of how humans compete with or collaborate with robots,
and discussions of human attitudes toward robots. Furthermore, generational differences
must also be considered in human-robot collaboration [35]. According to Lu et al. [36], there
is still debate over whether manufacturing should be human-centric—placing employee
well-being at the center of production processes—rather than system-centered—driven
solely by efficiency, quality improvement, and cost reduction. Lu et al. [47] emphasize
that human-centric manufacturing should ultimately address human needs as defined
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in Maslow’s Hierarchy of Human Needs—from basic needs for safety and health to the
highest level of self-esteem and self-actualization.

The growing implementation of Al in workplaces is expected to stimulate further
research on robot-human interactions, particularly through the development of case studies
and empirical analyses. Among the analyzed top 10 papers with the keyword “Industry
5.0” was Longo et al.’s paper [37], which presented three examples: (1) Use Case #1:
Augmenting the Workers’ Perception Capabilities -> Monitoring Workers’” Health and
Movements via Wearable Sensors; (2) Use Case #2: Augmenting the Workers” Cognitive
Capabilities -> Using Simulation-Based VR Training Solutions to Enhance Learning; (3) Use
Case #3: Augmenting the Workers’ Interaction Capabilities -> Using Intelligent Voice-
Enabled Digital Assistants at the Factory. These case studies confirm that, regardless of
whether we are presenting Industry 5.0 or Society 5.0, the combination of cyberspace and
physical space is one of the key technologies supporting humans. However, this person is
required to be creative, flexible and active [48], and the changes have served to develop
value- and ethics-oriented manufacturing engineering in Industry 5.0 from the aspect of
human-centric changes to the design of the factory of the future [37].

Longo et al. [37] present Value-Sensitive Design (VSD), a framework illustrating how
technologies enabling human-machine symbiosis in the factory of the future can be de-
signed to embody human values. Case studies in [37] based on real-world solutions and
prototypes demonstrate how a design-for-values approach helps explore and mitigate ethi-
cal issues arising during the implementation of technological solutions, thereby supporting
the migration to a symbiotic human-robot environment.

According to Lu et al. [36], human-machine interactions will evolve according to
the 5C evolutionary model (coexistence, cooperation and collaboration, compassion and
coevolution). The direction of this evolution is as follows: the current forms of coexis-
tence, cooperation, and collaboration will give rise to future compassion and coevolution.
Consequently, human-centric production systems require bidirectional empathy, proac-
tive communication, and cooperative intelligence to build trustworthy human-machine
coevolutionary relationships, thereby leading to the creation of high-performance human-—
machine teams. It is suggested that future research focuses on developing transparent,
reliable, and measurable technologies that will ensure a satisfying work environment
tailored to real-world needs [36].

Finally, it is important to highlight several outstanding issues that still need to be
addressed to realize the concept of Industry 5.0. Demir and Doven [35] express concerns
about human-robot collaboration due to legal, social, ethical, and psychological issues,
particularly at the lower levels of an organization. The authors of the paper [35] state that
standardization and legalization will help prevent serious problems between technology,
society, and businesses. Transparency in the implementation of new solutions should be
prioritized. Autonomous systems should include explainable solutions regarding ethical,
social, and legal behavior. Autonomous systems (autonomous robots) must undergo
verification and validation. According to Demir and Déven [35], collaboration between
humans and robots will be a major change for organizations. In fact, robots in organizations
and in everyday life are likely to be a significant change for humanity. Attitudes toward
robots are likely to evolve as people experience interaction with them. Today’s children
may react differently than older generations. Since they will grow up with this or similar
technologies, their children will live in a society with robots. Furthermore, Adel [34]
identifies the key challenges of Industry 5.0, which are security, privacy, a shortage of
skilled workers, time-consuming processes, and high budget requirements.

Analysis of the most highly cited publications reveals three dominant intellectual
streams within Industry 5.0 literature: (i) human-centric manufacturing and human-robot
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collaboration, (ii) conceptual and theoretical frameworks of Industry 5.0, and (iii) enabling
digital technologies (Table 5).

Table 5. Network analysis based on 10 highly cited papers.

No. Cluster Papers Keywords Description
These publications define
Industry 5.0 as the next stage
Xu et al. (2021) [30] Industry 5.0 of industrial development and
- ‘ ¢ framework develop a theoretical
Conceptualization Leng et al. (2022) [33], resilience framework integrating:
L and Frla mework Ivanov (20%3) [38], sustainability human-centricity, resilience,
Development Huang ?961 - (2022) Society 5.0 sustainability. In this cluster,
[39]. industrial evolution. Ivanov’s (2023) work bridges
all three pillars of the European
Commission.
The cluster focuses on
technologies enabling the
Al implementation of the Industry
- Digital Twin 5.0 concept. Industry 5.0 r.ehes
Maddikunta et al. IoT largely on the technological
’ Enabling (2022) [31], Bic Data infrastructure developed
Technologies Lu et al. (2022) [36], C ber-Phgsical Systems within Industry 4.0. However,
Leng et al. (2022) [33]. y Rc}:botics y Industry 5.0 expands their use
6G beyond automation and
efficiency, emphasizing
human-centricity,
sustainability and resilience.
Human-centricity, This cluster provides the
. human-centered intellectual foundation for
FHuman-centricity Naia;ealrzczié)g())l[zzu[ﬁ], manufacturing, Industry 5.0. The authors
3 dH “Robot  Demir et al . human-robot emphasize the shift from the
. and Human-Robo emir et al. (2019) [35]

Collaboration

Longo et al. (2020) [37],
Lu et al. (2022) [36].

collaboration, worker
wellbeing
ethics, human
augmentation.

automation characteristic of
Industry 4.0 to a model that
places humans at the center of
production processes.

Source: Own analysis.

The clusters presented in Table 5 can be sorted according to the similarities of themes

into (i) a segment concerning the framework of the Industry 5.0 concept, (ii) a segment
concerning the industrial revolution and the specificity of industrial technologies (Al,
advanced manufacturing, IoT, 6G, digital supply chain and cognitive systems), (iii) a
segment concerning the human-centered principles with human-robot co-working and
ethics as a link between the changes taking place for both segments.

Current research on Industry 5.0 is still ongoing and is necessary to identify future
directions of Industry 5.0 development, including cognitive computing and new human-—
machine interactions [34,35]. The Industry 5.0 framework is based on the one hand on
the determinants included in the EC document [3], i.e., sustainability, human centrism
and resilience, and on the other hand on the assumptions of Society 5.0 [39], but Industry
5.0 does not exist without Industry 4.0 technologies, which create a smart environment
and are the basis for the ongoing changes that create a new image of the industry called
Industry 5.0. The key field of research of authors is human-centric trends with human-robot
co-working [32,34,35]. Based on keywords (Figures 6-8) used by the authors of analyzed
papers, the framework of Industry 5.0 was created (Figure 9).
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Figure 9. Thematic Landscape of Industry 5.0. Source: Own analysis based on bibliometrics.

Literature analysis explores the existence of two solutions that constitute the concep-
tual framework for Industry 5.0.

The first is based on the relationship between Industry 4.0, Society 5.0, and sustainable
development. Industry 4.0 provides the technological foundations for a new industrial
model using cyber-physical production systems, the Internet of Things, artificial intelli-
gence, and data analytics. Society 5.0 expands this perspective, necessitating the application
of technology to address social and quality-of-life issues. As a result, sustainability be-
comes the common denominator of both concepts, integrating economic, performance,
and social goals. Industry 5.0 emerges as a response to the technological solution of a
connected Industry 4.0, combining advanced technologies with a connection to false and
appropriate development.

The second area covers the relationship between resilience, a human-centric approach,
and the evolution of successive industrial revolutions. In this context, Industry 5.0 repre-
sents the next stage of industrial development, which is not limited to increasing production
efficiency but focuses on the ability of systems to adapt in the face of disruptions and on
strengthening the role of humans. Resilience refers to the ability of companies and supply
chains to anticipate, absorb, and overcome crises, while the human-centered dimension
emphasizes the importance of employee well-being, their competencies, and collaboration
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with smart technologies. Industry 5.0 thus redefines the relationship between humans and
technology, shifting the focus from automation to co-creation of value.

Both areas form a coherent framework for Industry 5.0. The first defines the strategic
goal of industrial transformation—sustainable development supported by digital tech-
nologies and oriented toward the needs of society. The second defines how this goal can
be achieved by building resilient organizations and placing people at the center of trans-
formation processes. Industry 5.0 can therefore be interpreted as a paradigm integrating
advanced Industry 4.0 technologies, the social vision of Society 5.0, the principles of sustain-
able development, systemic resilience, and a human-centric approach to work organization.
In this perspective, it represents not only the next stage of industrial development but also
a comprehensive vision for the future of industry, addressing the economic, social, and
environmental challenges of the 21st century.

The final stage of Industry 5.0 discussion presents an overview of papers indexed in
the Scopus database that were identified using the search query TITLE-KEY (“Industry
5.0”) AND (“Bibliometric Analysis”). To capture the most recent developments in the field,
the analysis was limited to publications from the last five years (2021-2025). This search
yielded 28 papers.

The papers listed in Table 6 are ranked according to their citation counts, from the
most highly cited to the least cited, including recently published studies that have not yet
received citations. This compilation provides readers with an expanded overview of the
existing bibliometric research on Industry 5.0 and serves as a valuable source of additional
knowledge on the topic.

The most frequently cited publication in the analyzed collection is the paper by Mad-
sen and Berg (2021) [49], which presents the origins and early development of Industry 5.0
concept. Although the term began appearing in international scientific databases, such as
Scopus and Web of Science, as early as the mid-2010s, its rapid growth occurred between
2020 and 2021. A significant catalyst for the growing interest among researchers were Euro-
pean Commission documents defining Industry 5.0 as an approach focused on sustainable
development, people, and the resilience of economic systems and supply chains. In their
bibliometric analysis covering the years 2015-2021, Madsen and Berg [49] presented the
structure of the evolving scientific literature, highlighting the most frequently cited publi-
cations by Sachsenmeier [50], Demir et al. [35], Ozdemir and Hekim [51], Nahavandi [32],
and Abdel-Basset et al. [52].

In subsequent bibliometric studies, the focus shifted from analyzing publication
trends to identifying thematic connections and the intellectual structure of the field. Ben
Youssef and Mejri (2023) [53] demonstrated that the key research areas of Industry 5.0
center on sustainable development, anthropocentrism, smart manufacturing, and next-
generation communication technologies. The authors also highlighted strong links between
Industry 4.0 and 5.0 with technologies, such as artificial intelligence, blockchain, and the
Industrial Internet of Things, while broadening the perspective to include environmental
and social goals.

Similar conclusions were presented by Lewandowska and co-authors (2023) [54],
focusing on the opportunities and challenges facing small and medium-sized enterprises
(SMEs) in the context of industrial transformation. The importance of the SME sector as
a key player in the transition from Industry 4.0 to Industry 5.0 was also confirmed in the
analyses by Ben Youssef and Mejri (2023) [53].

The emergence of two consecutive industrial revolutions in such a short period of
time is an unprecedented phenomenon in the history of economic development. As Ciucu-
Durnoi and co-authors note (2024) [55], while Industry 4.0 focused on digitization and the
integration of humans with cyber-physical systems, Industry 5.0 expands on this concept
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by placing a stronger emphasis on sustainable development, human well-being, and the
social responsibility of technology. As a result, the focus is shifting from process automation
to creating value for people, the environment, and the economy:.

The results of bibliometric analyses clearly indicate that the development of In-
dustry 5.0 is based on three interrelated pillars: anthropocentrism, sustainable devel-
opment, and organizational resilience [56]. Anthropocentrism refers to collaboration
between humans and machines rather than the replacement of humans by technology.
Sustainable development encompasses the environmental and social responsibility of busi-
nesses, while resilience refers to an organization’s ability to adapt in the face of crises and
market disruptions.

Technologies supporting the implementation of Industry 5.0 objectives also constitute
a significant area of research. Ciucu-Durnoi et al. (2024) [55] highlighted technologies
enabling the integration of Industry 4.0 and 5.0 concepts, while Dehghan et al. (2025) [57]
emphasized the importance of additive manufacturing (AM). Their bibliometric anal-
ysis showed that the integration of AM with Industry 4.0 and 5.0 solutions leads to
the development of hyper-personalized, decentralized, and human-centered production.
At the same time, additive manufacturing is becoming an important element of digital
value chains, combining cyber-physical automation with the principles of eco-design and
sustainable production.

Similar trends are observed in supply chain management [58]. Matha et al. (2025) [59],
analyzing the literature on supply chains in the healthcare sector, showed that Industry 5.0 is
shifting the focus from technological automation to human-centric solutions, organizational
resilience, and sustainability.

Although technologies characteristic of Industry 4.0, such as the Internet of Things
(IoT), big data, cyber-physical systems (CPSs), advanced data analytics, and intelligent
machines, remain the foundation of industrial transformation, the need to use them in a
way that supports human—technology cooperation and social good is increasingly empha-
sized [60,61]. In this perspective, Industry 5.0 does not replace Industry 4.0, but constitutes
its development by integrating technological innovations with social, ethical, and environ-
mental goals [62-64].

The literature also pays particular attention to the role of digital twins, which enables
the optimization of industrial processes and increase the efficiency of human collaboration
with digital systems. Walas Mateo and De Giusti (2025) [65] indicated that this technology
is one of the key elements in achieving the assumptions of Industry 5.0. In turn, Bispo
et al. (2025) [66], analyzing the socio-technical aspects of modern production, emphasized
the importance of employee well-being, human-artificial intelligence collaboration, and
value-oriented design as the basic directions for further development of this concept.

Industrial transformation is moving toward the creation of new industrial ecosys-
tems based on collaboration, decentralization, and value creation for people. Extensive
bibliometric analyses of industrial ecosystems show that decentralized enterprise net-
works strengthen relationships between market participants and foster the development of
human-centric business models [67]. This trend is visible in many economic sectors. For
example, in healthcare, a shift from traditional financing models focused on cost reduc-
tion to advanced, technologically supported financial operations is observed [68]. Similar
processes are taking place in the hotel sector, where research focuses on the importance
of digital technologies and Industry 5.0 assumptions for the development of a sustainable
hotel industry [69].

The emerging ecosystems emphasize the need to design adaptive solutions for human—
robot collaboration that consider occupational safety, the complexity of tasks, and the
integration of technology with employee competencies. Therefore, improving employee
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skills to enable the effective use of robotics and artificial intelligence is particularly impor-
tant. Al-based solutions should support project management, integrate data in real time,
and improve sustainability indicators [70].

In the context of value creation, the importance of lean management is also increas-
ingly emphasized. As emphasized by Colombo et al. (2025) [71], the principles of lean
management, aimed at maximizing customer value while simultaneously placing humans
at the center of production processes, constitute one of the foundations of Industry 5.0.

Industry 5.0 does not represent a departure from technologies developed within
Industry 4.0, but rather their expansion to include social and environmental dimensions.
Technologies such as the Internet of Things (IoT), artificial intelligence (Al), big data, and
cyber-physical systems remain the foundation of the digital transformation of enterprises.
They enable the creation of intelligent products and processes, increased productivity,
and data-driven decision-making. At the same time, the use of these technologies to
achieve goals related to sustainability, organizational resilience, and employee well-being
is becoming increasingly important [72].

The integration of the ESG concept with Industry 5.0 assumptions is also an important
research direction. Gaur and Sharma [73] demonstrated that human-centric technologies
can support the achievement of environmental, social, and corporate governance goals
while improving companies’ economic performance. Integrating Al and the Internet of
Things with ESG practices promotes long-term value creation and increases organizations’
compliance with regulatory requirements. The development of advanced technologies
is also linked to the concept of green production, which is one of the pillars of achieving
sustainable development goals. As Fatima et al. (2025) [16] point out, responsible resource
management and the implementation of ecological production processes are becoming a
significant source of competitive advantage for enterprises operating in resource-intensive
industrial sectors.

Production planning and scheduling processes are also undergoing changes. In
Industry 5.0, scheduling evolves from the rigid, algorithmic optimization characteristic of
Industry 4.0 toward flexible, human-centric planning. The human-in-the-loop concept is
crucial here, according to which artificial intelligence systems support the decision-making
process by analyzing data and simulating action options, while the final decision remains
with the human. This approach allows for better utilization of expert experience, intuition,
and knowledge while maintaining the benefits of automated data analysis [72,74].

Cybersecurity remains a significant challenge related to the development of Industry
5.0. Komosar, Slavi¢, Raki¢, and Stefanovi¢ (2024) [75] point out that the development of
human-centric industrial environments requires concurrent strengthening of digital security.
The literature emphasizes the role of blockchain technology, cryptographic solutions, and
future applications of quantum computers in data protection and transaction security [76].
At the same time, it is necessary to develop new security standards and organizational
protocols tailored to the specifics of Industry 5.0.

Bibliometric analyses consistently indicate that the development of Industry 5.0 is
based on three interconnected pillars: anthropocentricity, sustainable development, and or-
ganizational resilience [61,77]. Anthropocentricity places employee well-being and human-—
machine collaboration at the center of production processes [66,78]. Sustainable devel-
opment encompasses environmental responsibility, a circular economy, and the pursuit
of climate neutrality. Resilience, on the other hand, refers to an organization’s ability to
effectively respond to crises and disruptions in the economic environment.
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Table 6. List of publications on Industry 5.0 with bibliometric analysis from 2021 to 2025 in Scopus
data base for TITLE- KEY (“Industry 5.0”) AND (“Bibliometric Analysis”) (data of analysis 2 March 2026).

Authors

Title

Source

Citation

Madsen, D.J., Berg, T. [49]

An exploratory bibliometric analysis
of the birth and emergence of
Industry 5.0

Applied System Innovation,
4(4), 87,2021

104

Ben Youssef, A., Mejri, L. [53]

Linking Digital Technologies to
Sustainability through Industry 5.0:
A bibliometric Analysis

Sustainability Switzerland,
15(9), 7465, 2023

50

Lewandowska, A.,
Berniak-WozZny, J., Ahmad, N.
[54]

Competitiveness and innovation of
small and medium enterprises under
Industry 4.0 and 5.0 challenges: A
comprehensive bibliometric analysis

Equilibrium Quarterly
Journal of Economics and
Economic Policy, 18(4), pp.
1045-1074, 2023

45

Ciucu-Durnoi, A.N., Delcea,
C., Stanescu, A., Teodorescu,
C.A., Vargas, V.M. [55]

Beyond Industry 4.0: Tracing the
Path to Industry 5.0 through
Bibliometric Analysis

Sustainability Switzerland,
16(12), 5251, 2024

30

Dehghan, S., Sattarpanah
Karganroudj, S., Echchakoui,
S., Barka, N. [57]

The Integration of Additive
Manufacturing into Industry 4.0 and
Industry 5.0: A Bibliometric Analysis

(Trends, Opportunities, and

Challenges)

Machines, 13(1), 62, 2025

28

Slavic, D. [56]

The main concepts of Industry 5.0: A
Bibliometric Analysis Approach

22nd International
Symposium Infoteh
Jahorina Infoteh 2023

17

Matha, R., Mukherjee, S.,
Panigrahi, R.R., Shrivastava,
A K. [59]

A bibliometric analysis of industry
5.0 and healthcare supply chain
research: Emerging opportunities
and future challenges

Supply Chain Analytics, 10,
100125, 2025

Martins, Y.S., Domingues,
J.P.T., Poltronieri, C.E., Leite,
L.R. [63]

The emergence of Industry 5.0: a
bibliometric analysis

International Conference
on Quality Engineering
and Management, pp.
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About the previously conducted bibliometric analyses (Table 6), the review synthesis
presented in this paper—which was developed based on a narrowed-down bibliometric
approach, using “author keywords” as an “academic hashtag” to delimit the literature
corpus for the period from 2013 to 2025—may constitute an original contribution to scientific
research. The use of authors” keywords containing the term “Industry 5.0” as the primary
criterion for selecting publications enabled the identification of the core body of literature
produced by researchers who consciously situate their work within the paradigm, as well as
the development of a synthetic overview of its evolution and main research directions. The
bibliometric methodology adopted—in which the corpus of literature was delimited using
author keywords as “academic hashtags”—represents a novel and original methodological
approach, resulting in a synthesis of research topics that outline (and shape) the landscape
of Industry 5.0.

5. Discussion

Sustainable development remains a dominant research topic in the research areas of
Industry 5.0. Research on industries that make intensive use of natural resources points to
the growing importance of circular economy practices, green production, secure industrial
data management, and human-centered technological solutions [15,16,18].

Recent studies [79] highlight the role of Industry 5.0 technologies in achieving net-
zero emissions targets, supporting the principles of the circular economy, and increasing
supply chain resilience [67,80,81]. The integration of digital twins, smart analytics, and
collaboration technologies is increasingly seen as a key mechanism for balancing economic
performance with environmental and social goals [66].

Many scientific publications emphasize the integration of sustainable development
frameworks with human-centered production paradigms, noting a shift in researchers’
focus from Industry 4.0 technologies (IoT, CPS, automation) toward human-centered
Al, ESG, sustainability, resilience, the circular economy, and human-machine collabo-
ration [61,66,70,82-84]. The research focuses on the interaction between advanced digital
technologies and human capabilities, rather than solely on automation [82-84]. The tech-
nological and social challenges for Industry 5.0 lie in Al solutions, particularly regarding
human use of Al and its impact on humans, which currently constitutes the mainstream of
Industry 5.0 research. An important area of research is human trust in Al and, conversely,
human collaboration with trustworthy artificial intelligence [85]. Trustworthy and human-
centered artificial intelligence is a growing area of research. Researchers emphasize the need
for understandable, transparent, and ethically managed Al systems that support human
decision-making rather than replace it. This trend may reflect growing concerns regarding
trust, accountability, and employee acceptance of Al-based industrial solutions. Researchers
are increasingly combining human creativity, contextual knowledge, and ethical judgment
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with machine intelligence. Finally, new research highlights the importance of workforce
transformation and new organizational opportunities. Human resources management, em-
ployee well-being, digital skills development, and Al readiness are increasingly recognized
as key success factors for the implementation of Industry 5.0 [82].

An important area of research is the design of intelligent manufacturing systems.
When discussing manufacturing in Industry 5.0, it is advisable to adopt a proactive in-
tegration framework that combines machine intelligence with human factors, aiming to
improve adaptability, usability, and operational efficiency in real-world manufacturing
environments [66,86]. According to Zhang et al. (2025) [86], intelligent manufacturing sys-
tems (IMSs) based on computer vision are increasingly prioritizing both human-centered
principles and proactive, integrated design. However, existing systems often face difficul-
ties in effectively balancing technical performance with the integration of human factors.
Al technologies and others, such as blockchain and IoT, can advance the integration of
manufacturing systems [15,41,67].

The literature reveals a growing interest in human-machine collaboration, supported
by cognitive digital twins, human-in-the-loop architectures, and advanced decision support
systems [72,74,86,87]. Artificial intelligence (Al) technologies have significant potential to
support this transformation; therefore, tools for measuring maturity models for enterprises
should be developed [83]. Key areas of the model include the adaptability of Al tools, their
ability to address business challenges, and the degree to which Al technologies align with
human-centered principles (collaboration in line with human values) [83]. The transition
from Industry 4.0 to Industry 5.0 requires a redefinition of the relationship between people
and technological systems in manufacturing. As manufacturing environments become
increasingly complex and data-driven, there is an urgent need to incorporate human-
centered principles into the management and implementation of production management
systems (PSMs) [87]. Modern production environments should integrate explainable
artificial intelligence (XAI), cognitive digital twins (CDTs), and trustworthy human-in-
the-loop (HitL) mechanisms. Only such environments can support strategic, tactical, and
operational decision-making in sustainable production networks [72,74,87].

Another important area of research involves lean concepts, which can be integrated
into an Industry 5.0 environment [71]. For example, Benjelloun et al. (2025) [88] demonstrate
how Industry 5.0 principles can be combined with Lean Six Sigma methodologies to support
sustainable production and the sustainable development goals (SDGs), highlighting a shift
away from purely technological innovation toward organizational and environmental
efficiency. Furthermore, at the organizational level, researchers focus on, among other
things, ESG, social responsibility, and governance mechanisms, suggesting that Industry
5.0 should be viewed not only as a technological transformation but also as a framework
for sustainable organizational development [73,84,87,89].

In summary, the latest research on Industry 5.0 brings together many interrelated
topics: artificial intelligence, human-centered design, sustainability and resilience of pro-
duction systems, advanced human—machine collaboration, and responsibility and ethics in
the design of autonomous manufacturing systems. Research on Industry 5.0 goes beyond
the technological approach characteristic of Industry 4.0, moving toward a more holistic
paradigm that integrates anthropocentrism, sustainability, resilience, and ethical manage-
ment. These topics will shape the next stage of theoretical development and practical
implementation of Industry 5.0 in manufacturing ecosystems and supply chains [80,81,89].
Keywords that may appear with increasing frequency in the results of bibliometric analyses
include trustworthy Al, human-centered Al, digital twins, human-in-the-loop, sustainabil-
ity, circular economy, resilient supply chains, and workforce transformation. Considering
these keywords, future research should focus on a more in-depth analysis of socio-technical
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integration mechanisms and the development of practical frameworks for measuring the
human-centered approach and organizational maturity in Industry 5.0 environments.

6. Limitation of Analysis

This study has several limitations that should be considered when interpreting the re-
sults. First, the bibliometric analysis was conducted exclusively using the Scopus database.
Although Scopus is one of the largest and most recognized scientific databases, it does not
index all publications available in other sources. However, combining results from multiple
databases would not have allowed for a synthesis of the topic, and this was the core of
the methodology. Bibliometric analyses are inherently dependent on the selected search
criteria, database coverage, and citation-based indicators. Therefore, the findings should
be interpreted as a representation of the analyzed dataset rather than a comprehensive
overview of all Industry 5.0 research.

Second, the search methodology was limited to publications that included the term
“Industry 5.0” in the author’s keywords. Although this approach ensured a high degree of
relevance and consistency in the retrieved records, it may have excluded other studies. To
avoid narrowing the scope of the topic, a compilation of previously conducted bibliometric
analyses on “Industry 5.0” was prepared so that the reader could explore various thematic
areas based on different methodological assumptions for bibliometric analysis.

Third, the analysis focused on the ten most frequently cited publications identified in
the dataset. The number of citations is commonly used as an indicator of scientific impact;
however, it may not reflect the full spectrum of research (older publications have had more
time to accumulate citations, while newer ones have had less). Focusing exclusively on the
most frequently cited works may underrepresent new research trends covered in the most
recent publications. Therefore, Section 5 addresses the latest publications and the latest
trends in the evolution of Industry 5.0.

7. Conclusions

The concept of Industry 5.0 remains an evolving area of research due to its develop-
mental nature within the ongoing industrial revolution. This bibliometric review aimed to
develop a framework for Industry 5.0 based on the key determinants identified in the Euro-
pean Commission (EC) document [3]—sustainability, human-centricity, and resilience—as
well as the principles of Society 5.0 [39]. However, Industry 5.0 cannot be considered
independently of Industry 4.0, whose enabling technologies have shaped the primary
direction of transformation, particularly through human-robot collaboration [35].

In addressing the research questions, the findings indicate that the key distinguishing
feature between Industry 4.0 and Industry 5.0 (RQ1) is the role of humans within ongoing
technological transformations, especially regarding the nature and potential of human—
Al collaboration. The development of frameworks for human-robot collaboration in
smart environments emerged as a major research area (RQ2). Numerous studies [32,34,35]
have explored this topic, highlighting new research directions that are expected to gain
importance as human-robot interaction expands, particularly with the increasing adoption
of humanoid robots.

Sustainable and green manufacturing also represents a significant area of Industry
5.0 research. In the bibliometric analysis, sustainable development emerged as one of
the key thematic clusters (RQ3). Based on the analyzed papers selected for detailed
analysis (RQ4), major research clusters were identified that define the proposed Industry 5.0
framework (RQ5), encompassing the following themes: industrial transformation, digital
supply chains, advanced manufacturing, 6G technologies, cognitive systems, human-
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centric approaches, human-robot collaboration, and the ethical challenges associated with
technological progress and the expanding application of artificial intelligence.
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