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Abstract

PURPOSE: The goal of this study is to map the current state of academic knowledge on Industry 5.0 by identifying key technologies,
required competencies, and emerging thematic areas through a systematic literature review. Based on this analysis, the study
proposes a conceptual framework that synthesizes these findings to support future research and enhance understanding of this
evolving industrial paradigm—particularly by identifying critical capabilities for implementing human-centric, sustainable, and
resilient strategies aligned with the Sustainable Development Goals (SDGs). METHODOLOGY: A systematic literature review
was conducted by querying the Scopus and Web of Science databases. This comprised eight steps designed to comprehensively
understand existing literature on I5.0. In total, 470 papers were assessed, 112 of which qualified for subsequent data extraction
and analysis. FINDINGS: The study organizes existing literature into five key thematic domains that structure current academic
knowledge and guide future research on Industry 5.0: (1) Technologies and Digital Development; (2) Education, Skills, and
Knowledge, alongside People, Ethics, Health, and Safety; (3) Society, Laws, and Government; (4) Benefits, Challenges, and
General Factors, in conjunction with Organizational Strategy and Management; and (5) Sustainability. These domains offer
a comprehensive perspective on the core components and interdependencies that characterize the Industry 5.0 paradigm. The
findings also indicate that future research should prioritize empirical studies that examine how human-centricity, resilience, and
sustainability are being operationalized within real-world industrial contexts. IMPLICATIONS: This study highlights specific
gaps for future research, particularly the need to explore how human-centricity, sustainability, and resilience are integrated
in practice. For organizations, the findings provide clarity on key technologies, competencies, and strategic priorities, helping
guide transitions aligned with the SDGs. ORIGINALITY: While grounded in a systematic literature review, this study offers
originality by structuring dispersed academic knowledge into five thematic domains that reflect the evolving nature of Industry
5.0. The resulting framework does not claim to be a new theoretical model but adds value by connecting concepts, technologies,
competencies, and implementation challenges in a coherent and actionable structure. This contribution helps scholars frame
future research and offers organizations a clearer path to navigating the Industry 5.0 landscape.
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INTRODUCTION

Industry 5.0 (I5.0) refers to the use of technology not only to drive economic growth and job creation but also to support
sustainability and place a strong emphasis on worker well-being (Breque et al., 2021). In line with this vision, the World
Economic Forum introduced a new multidimensional framework in 2024 to evaluate national progress beyond GDP. This
framework is built on four pillars: Innovation, Inclusion, Sustainability, and Resilience (WEE, 2024). The topic is gaining
increasing attention in both academic and industrial circles (Madsen & Berg, 2021; Ghobakhloo et al., 2023). Indeed, several
authors, including Xu et al. (2021), Cillo et al. (2022), and Madsen and Slétten (2023), argue that the COVID-19 pandemic
underscored the fragility of global supply chains and highlighted the need to rethink business models and work practices.
The aim is to build industries that are better equipped for the future: more resilient, human-centric, and sustainable.

Most Industry 5.0 (I5.0) technologies have evolved from the advancements made during Industry 4.0 (14.0), which
primarily focused on digital transformation and the use of Al-driven technologies to enhance production flexibility and
efficiency (Atif, 2023). While 14.0 emphasized process optimization, it often overlooked the human costs associated with
these improvements. In this context, Nahavandi (2019) notes that 4.0 may encounter challenges and resistance, particularly
due to concerns over job displacement and environmental impact. Joseph Schumpeter’s theory of technological change
helps explain how paradigms such as Industry 4.0 and Industry 5.0 emerge through innovation and “creative destruction,”
replacing old technologies and redefining production, work, and consumption models.

Although many Industry 4.0 (I4.0) technologies can also be applied within Industry 5.0 (I5.0), their implementation
must now prioritize essential social needs, values, and responsibilities as core objectives. Several studies (Xu et al., 2021;
Saniuk et al., 2022; Grabowska et al., 2022; Narkehede et al., 2024) suggest the emergence of a new techno-social revolution,
in which technology serves as an enabler and social needs become the primary focus. This shift represents a fusion of two
paradigms: the technology-driven approach of 4.0 and the value-driven perspective of I5.0 (Xu et al., 2021).

Nahavandi (2019) argues that I5.0 may offer a solution to the limitations of 14.0 by fostering a collaboration between
humans and machines, allowing for greater use of human creativity and intellect to enhance both process efficiency and
sustainability through the integration of intelligent systems into workflows. Similarly, Daoud et al. (2025) contend that
15.0 has the potential to drive innovation aligned with the Sustainable Development Goals (SDGs), promoting a more
sustainable and human-centered model of development.

One key distinction between Industry 4.0 (14.0) and Industry 5.0 (I5.0) lies in their core focus: while 14.0 emphasizes
digitization and customization, I5.0 shifts toward personalization (Javaid & Haleem, 2020). The advancements made under
14.0 provide a foundation for the I5.0 framework, which is built on three main pillars: human-centricity, sustainability,
and resilience (Nahavandi, 2019; Jafari et al., 2022; Ghobakhloo et al., 2022; Atif, 2023). The human-centric approach
prioritizes individuals’ interests, needs, and expectations, placing them at the heart of the production process. Rather
than asking what can be done with new technologies, the guiding question becomes: what can these technologies do for
humans? Furthermore, an exclusive focus on profit has proven to be unsustainable. It is now crucial—and increasingly
urgent—to integrate social and environmental concerns in order to maximize not only efficiency and profit, but also
long-term prosperity for all stakeholders, including shareholders, employees, customers, and society as a whole. This
perspective also resonates with the Society 5.0 (Fukuyama, 2018), which emphasizes a human-centered technological
evolution aimed at addressing societal challenges and enhancing overall well-being. In terms of resilience, Industry 5.0
emphasizes building greater robustness in industrial production, aiming to prevent disruptions and enable faster recovery
from crises—specifically, events that could lead to process underperformance (Fonda & Meneghetti, 2022; Lu et al., 2022a;
Atif, 2023; Madsen & Slatten, 2023).

The European Commission has taken proactive steps to promote this vision through initiatives such as the Industry
5.0 Community of Practice (CoP 5.0), which supports the implementation of the New European Innovation Agenda
(NEIA). This community brings together stakeholders to exchange ideas and advance innovation efforts aligned with
15.0 principles (European Commission, 2023a). However, Madsen and Berg (2021) and Ben Youssef and Mejri (2023)
highlight the ongoing need for clearer and more consistent definitions of I5.0. To date, much of the existing literature offers
only a broad overview, focusing on publication trends and identifying key documents, authors, sources, and countries—
without delving deeply into the conceptual and practical dimensions of Industry 5.0.
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Given the significance of the issues at stake—for academia, the business sector, and society at large—this paper aims
to address the following research question (RQ):

RQ: What are the key issues that must be addressed in future research on Industry 5.0?

The main goal of this study is to map the current state of academic knowledge on Industry 5.0 by identifying key
technologies, required competencies, and emerging thematic areas through a systematic literature review. Therefore,
we propose a framework that organizes the core concepts and thematic trends found in the I5.0 literature, while also
highlighting the central challenges that may shape future research directions.

To support this goal, a Systematic Literature Review (SLR) was conducted based on the methodology proposed
by Tranfield et al. (2003). This structured approach allows researchers to “locate existing studies, select and evaluate
contributions, analyze and synthesize data, and report the evidence in such a way which allows reasonably clear conclusions
to be reached about what is already known” on a particular subject (Denyer & Tranfield, 2009, p. 671).

This article is organized into five sections. The first introduces and contextualizes the research problem, followed by
a statement of the study’s purpose. The second provides the theoretical background necessary to understand the central
topic of Industry 5.0 (I5.0). The third outlines the entire Systematic Literature Review (SLR) process and highlights the
study’s main contributions and originality. The fourth section presents the key definitions, tools, skills, and capabilities
associated with 15.0 identified in the literature, which are then analyzed within a theoretical framework and used to
propose a research agenda. Finally, the fifth section summarizes the main findings and discusses the study’s limitations
and opportunities for future research.

LITERATURE REVIEW

It is important to raise certain questions and clarify key concepts related to Industry 4.0 (14.0), Industry 5.0 (I5.0), the Fifth
Industrial Revolution, and Society 5.0, as these terms are often sources of confusion and are sometimes used interchangeably
or even merged. Pessoa and Becker (2020) draw a distinction between 14.0 and the Fourth Industrial Revolution, noting that
14.0 is specifically focused on the industrial environment, while the Fourth Industrial Revolution extends the 14.0 concept
beyond the factory floor to encompass broader societal impacts. The authors also emphasize that the term “Industry 4.0”
was introduced and formally defined at the Hannover Fair in 2011, whereas the Fourth Industrial Revolution—Ilike its
predecessors—does not have a fixed starting point and is typically viewed as a gradual and evolving process.

Breque et al. (2021) explain that the concept of Industry 5.0 (I5.0) originated from a 2020 meeting that brought
together European research institutions, technology organizations, and funding agencies. This meeting resulted in
a European Commission document titled “Industry 5.0: Towards a sustainable, human-centric and resilient European
industry” However, the exact timing of when the concept first emerged is still debated. Breque et al. (2021) also note that
the idea of Society 5.0 was introduced earlier, in 2016, by an industrial federation in Japan. Furthermore, the way people
secure their livelihoods is closely tied to how they shape society, with the numbering of societies (such as Society 5.0)
following a different timeline than that of Industry 5.0. The first two societies correspond to pre-industrial eras. Society
3.0 roughly overlaps with the first, second, and part of the third industrial revolutions. Society 4.0 represents a highly
digitized stage that spans the third industrial revolution up to the present day. According to this model, the upcoming
Society 5.0 aims to balance solutions to environmental and social challenges alongside economic growth.

Although the European Commission has played a significant role in advancing Industry 5.0, research on the topic
is clearly spreading well beyond Europe. Martins et al. (2022) identify India, Italy, and the USA as the three leading
countries in conducting and publishing research on I5.0. Similarly, Slavic (2023) points to China, India, and Italy as
the most productive countries in terms of publication volume. Rejeb et al. (2025) also highlight China, India, and Italy
as the top contributors to the literature. While Italy consistently appears as a key player in all three studies, the other
leading countries are outside Europe. This demonstrates that, from a scientific standpoint, knowledge about Industry 5.0
is increasingly expanding across regions worldwide.

Kraaijenbrink (2022) argues that the core of Industry 5.0 (I5.0) marks a shift in focus from economic value to social
value. Integrating social and environmental concerns into industry is not entirely new—it echoes concepts like Corporate
Social Responsibility, ESG, and the Triple Bottom Line. Ghobakhloo et al. (2023b) also emphasize that many sustainable
manufacturing practices discussed are not unique to I5.0. In fact, Piccarozzi et al. (2023) note that Industry 4.0 (14.0)

105



= Camila Fabricio Poltronieri, Luciana Rosa Leite, Yasmin Silva Martins Xavier,
J E M | José Pedro Teixeira Domingues, José Carlos de Toledo, Otéavio José de Oliveira

offers technologies that can advance sustainability but require a systemic perspective combined with innovative business
models. Kraaijenbrink (2022) points out that while many ideas within I5.0 have been explored before, the proposal to
prioritize the planet and people over profits and growth as the defining goals of industry is unprecedented. This represents
a fundamental rethinking of the industry’s core objectives. This paradigm shift also aligns with broader policy efforts, such
as those supported by the European Structural and Investment Funds (ESIF), which seek to foster economic, social, and
territorial cohesion through inclusive and sustainable growth initiatives (Veiga, 2025).

Along these lines, Nahavandi (2019) suggests that, unlike Industry 4.0 (14.0), which focuses on improving process
efficiency through automation often without considering the human cost, Industry 5.0 (I5.0) aims to use automation
to enhance the work experience for employees. Its goal is to bring people back into the workplace and improve process
efficiency by supporting collaboration. In fact, while Industry 5.0 emphasizes human-centricity, ethics, and societal well-
being, the ethical foundations of its implementation remain insufficiently developed. There is a notable gap between the
aspirational discourse on ethical industrial transformation and the concrete mechanisms by which ethical principles are
operationalized in practice.

Moreover, Potoczek (2021) points out that the digitalization driven primarily by Industry 4.0 has been influenced
not only by technological innovation but also by customer demands and various social, environmental, political, and
health factors that have contributed to the rise of Industry 5.0. According to Vacchi, Siligardi, and Settembre-Blundo
(2024), the shift from Industry 4.0 to Industry 5.0 represents a paradigm change—from automation and data collection to
smart manufacturing and human-centered automation. Nahavandi (2019) argues that I5.0 offers a solution by integrating
humans and machines, harnessing human creativity and intellectual capacity to boost process efficiency through the
combination of workflows and intelligent systems.

According to Pathak et al. (2019), the core principles of Industry 5.0 (I5.0) include mass customization (tailoring
products or services to individual needs), cultural collaboration (breaking down borders between countries and regions to
foster new ideas that improve products), customer centricity (placing customer aspirations at the center), cyber-physical
systems (developing intelligent systems that help meet customer needs), and green computing (emphasizing the use of
renewable energy sources). Bettiol et al. (2023) further explain that knowledge creation and innovation rely not only on
technology but also on the relationships a company builds both within and beyond its organizational boundaries. Therefore,
since 15.0 emphasizes human-centricity, prioritizing the quality of relationships inside and between organizations is
crucial for effective knowledge and innovation management.

METHODOLOGY

This article presents a systematic literature review (SLR), which is defined as a method for searching and analyzing
scientific articles in a specific area of interest to ensure greater rigor and more reliable results (Denyer & Tranfield, 2009).
Following the approach outlined by Tranfield et al. (2003), the SLR was carried out in eight steps, organized into three
phases: planning, conducting, and reporting (see Figure 1).

By examining the current research landscape on Industry 5.0 (I5.0) and reviewing the existing literature (step 1), the
main gap identified was the lack of in-depth investigation into this emerging topic. Therefore, this systematic literature
review (SLR) aims to establish a foundation for identifying and organizing key concepts and themes related to I15.0, and
proposes a framework to guide future research efforts.

To explore this literature, four review questions were formulated, derived from the overall research question:

RQ1: What are the definitions and foundational concepts surrounding Industry 5.0?
RQ2: What are the most relevant technologies and tools for implementing Industry 5.0?
RQ3: What skills and capabilities are required for implementing Industry 5.0?

RQ4: What gaps and research opportunities exist within Industry 5.0?
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1 - Identify the gap and formulate the research questions

Planning the

SLR
2 - Develop the protocol and establish the search criteria

3 - Search the literature (keywords and databases)

4 - Screen results (inclusion and exclusion criteria)

Conducting
the SLR

5 - Rate the quality (classify papers according to scales)

6 - Extract data (full-text reading)

7 - Analyze and synthesize data

8 - Report findings

Figure 1. SLR process.
Source: Adapted from Tranfield et al. (2003).

The following criteria were established to develop the research protocol (step 2). Scopus and Web of Science were
chosen as the primary databases due to their extensive coverage and accessibility of relevant articles. Initially, the authors
considered other databases, such as ScienceDirect, EBSCO, and PubMed. However, most of the relevant articles were
already identified through searches in Scopus and Web of Science. Since both are well-established and comprehensive
databases (Mongeon & Paul-Hus, 2016; Li et al., 2016), the search was focused on these two. In research areas that are
relatively new or specialized, broader database coverage is especially important for capturing a wider range of relevant
studies (Balstad & Berg, 2020; Zupic & Cater, 2014).

After testing various terms, “Industry 5.0” was selected as the search string for the title, keywords, and abstract
fields, as the goal of this review is to gather broad and up-to-date information on this emerging topic (step 3). The
authors decided not to include specific keywords directly related to I5.0, since existing systematic literature reviews
already cover those aspects. For example, Alves et al. (2023) focused on the human-centricity of 15.0, Ghobakhloo et al.
(2023) discussed I5.0 in relation to sustainability, and Borchardt et al. (2022) examined resilience from the perspective
of education and training.

No time frame was applied to capture the earliest appearance of this topic in academic literature. After the initial
search results, duplicate papers were removed. Two inclusion criteria were then applied in the first screening: language—
excluding any articles not written in English, Spanish, or Portuguese—and accessibility—excluding articles lacking access
information such as a DOI (step 4). These criteria were set to ensure that the selected articles are in languages familiar to
the researchers and are readily accessible, thereby supporting the replicability of the study.

The results presented here were obtained by following the research protocol outlined in Figure 1 and detailed in
Figure 2. The initial database search was conducted in December 2021, yielding 105 papers that were analyzed and
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categorized according to the established criteria (step 5). The search was then updated twice: first in August 2022, covering
papers published between December 2021 and August 2022, which added 169 new articles; and again in May 2023,
covering August 2022 to May 2023, which added 196 more articles. Out of a total of 1,419 documents identified, 470 were
screened, and 112 were selected for data extraction.

Web of Science and Scopus
Search string: “Industry 5.0” on the Topic (Title. Abstract. Keywords)
Inclusion criteria: no time window, access and language (English)
Exclusion criteria: duplicated

Until December 2021 December 2021 - August 2022 August 2022 - May 2023
Scopus Web of Science Scopus Web of Science Scopus Web of Science Total
119 50 2099 191 561 199 .,_ Step 3
169 490 760 1419
~ Step 4
105 169 19 470 P
Norelation (0) 12 Norelation (0) 10 Norelation (0) 21 Norelation 43
Very Poor (1) 22 Very Poor (1) 48 Very Poor (1) 68 Very Poor 138
Poor (2) 17 Poor (2) 36 Poor (2) 47 Poor 100
Fair (3) 15 Fair (3) 34 Fair (3) 28 Fair 77 ~ Step 5
Strong (4) 28 Strong (4) 31 Strong (4) 23 Strong 82
Very Strong (5) 11 Very Strong (5) 10 Very Strong (5) 9 Very Strong 30
Total 427
39 41 32 112 ~Step 6

Scale: scale 0 for papers that do not mention I5.0 or mention it out of context (no relation), secale 1 for papers that mention I15.0
with focus on another concept (very poorrelation). scale 2 for papers that relate the concept of15.0 to some kind of tool or method
(poorrelation), scale 3 for papers that use the conceptofI5.0 presenting some practical application (fair relation). scale 4 for
papers where the focusis on I5.0 and/or adjacent concepts (strong relation), and scale 5 for papers where the focusis clearly 15.0
(very strong relation)

Figure 2. Overview of the SLR

Before analysis, the papers were classified according to their relevance to Industry 5.0 (I5.0) using the scale proposed
by Martins et al. (2022) (step 5). Only those rated as “strong” or “very strong” were included for data extraction and
analysis, as they were considered most relevant to addressing the review questions (steps 6 and 7). The results of the
systematic literature review (SLR) are presented in the results and discussion section (step 8).

Out of the 470 papers assessed during the quality rating process (step 5), 82 were rated as strong (4) and 30 as very
strong (5) in their relation to I5.0, and were thus selected for full-text data extraction (see Figure 2). The SLR team
consisted of four researchers working in pairs to conduct the classification rounds, with each pair reviewing the other’s
work to ensure consistency and quality.

The 82 papers rated as strong (4) and the 30 rated as very strong (5)—a total of 112 documents—were selected for
data extraction through full-text reading. Their content formed the basis for reporting the results. Figure 3 illustrates the
publication trends over the years: out of 427 selected papers (excluding those rated 0, meaning no relation to 15.0), 222
were published in 2022 and 88 in 2023 (up to May), representing over 70 percent of the total.
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Figure 3. Number of publications by year

Finally, Figure 4 provides a summary of the research steps. The data extraction process involved a thorough reading
of each of the 112 selected articles, followed by systematic recording of information using spreadsheet software. Basic
bibliographic details were collected, including authorship, publication source, research method, and keywords. Additionally,
the following elements were manually coded: the definition of Industry 5.0 used, references to Society 5.0, cited technologies
and applications, the main contributions of each study, as well as identified research gaps and emerging trends.

Research Questions:

RQ1 - What are the definitions and foundational concepts swrounding Industry 5.0?7
RQ2 - What are the most relevant technologies and tools for implementing Industry 5.0?
RQ3 - What skills and capabilities are required for implementing Industry 5.0?

RQ4 - What gaps and research opportunities exist within Industry 5.0?

Database: Web of Science and Scopus
Search string: “Industry 5.0 on the Topic (Title, Abstract, Keywords)
Inclusion criteria: no time window, access and language (English)
Exclusion criteria: duplicated

Database: Web of
Science and Scopus

Search string: “Industry 1419
5.0” on the Topic (Title,
Abstract, Keywords) Inclusion criteria: no
time window, access and
470 language (English)
Exclusion criteria:
duplicated

Article rating:
scale of 0 to 5
Article selection
on scales 4 and 5

112

Full reading of each article
Extraction of information to answer the RQ’s

Figure 4. Research stages
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While this approach (Figure 4) helped maintain clarity in the scope of the review, it may not have captured studies that
address related ideas using alternative terminology—such as “fifth industrial revolution,” “human-centric manufacturing,”
or “Society 5.0”. Additionally, the review was limited to two databases (Scopus and Web of Science), publications in
English, Spanish, or Portuguese, and access was restricted to institutional affiliations in Brazil and Portugal.

RESULTS AND DISCUSSION

The findings (step 8 of the SLR process) are presented in the following sections, organized around this article’s four
research questions. The analysis includes articles selected across the three data collection stages (Figure 2) and covers
publications up to May 2023. Notably, among the 112 articles identified, the three countries with the highest number
of publications are India (17), Italy (11), and the USA (7). This finding aligns with those from other studies, such as
Martins et al. (2022), Slavic (2023), and Rejeb et al. (2025). Beyond these leading countries, the research also incorporates
publications from a diverse range of regions worldwide. The top 12 countries by number of publications are: Ireland (5),
the United Kingdom (5), Russia (5), Greece (4), Germany (3), China (3), Indonesia (3), Norway (3), and Poland (3).

The research methods identified during data extraction are summarized in Table 1, with the studies grouped as follows:
The “reviews” category includes various literature review methods classified differently by authors, such as bibliometric
analysis (BA), literature review (LR), constructive research methodology (CRM), integrative literature review (ILR),
and systematic literature review (SLR). The “theoretical” group comprises papers that are neither reviews nor applied
studies but offer discussions or descriptive approaches—sometimes labeled as theoretical studies—or editorial articles.
The “qualitative” group includes case studies, action research, grounded theory, and interviews. The “quantitative” group
encompasses studies that utilize statistical, modeling, or experimental analyses, as well as decision-making methods such
as the Analytic Hierarchy Process (AHP), simulations, and surveys. Finally, the “mixed” group refers to articles combining
qualitative or review methods with quantitative approaches, often considered applied studies related to I5.0. While some
papers in the mixed methods group address applications related to digital technologies in I5.0, none report actual cases of
15.0 implementation. This highlights the need for more empirical research on this emerging topic.

Table 1. Distribution of publications by research methods

Research method Total publications (n)
Theoretical 49
Reviews 30
Mixed 12
Quantitative 12
Qualitative 9
Total 112

Given the novelty of the concept, the authors anticipated that many papers from the SLR would be theoretical or
focus on various types of literature reviews. This was taken into account during data analysis and synthesis (step 7) to
identify the objectives of each review paper and to compare their goals with those of this study. Among the 30 review
papers identified, 9 used bibliometric analysis, 12 were literature reviews, 1 applied constructive research methodology,
1 conducted an integrative literature review, and 7 performed systematic literature reviews.

Theoretical data were examined using content analysis, focusing on the keywords and research questions addressed in
each review, which helped clarify the aims of each study. This approach revealed which aspects of each article were relevant
to the present study. Notably, most authors (16 out of 30) conducted reviews on topics related to, but not directly focused
on, Industry 5.0, often linking it to related concepts such as Society 5.0 and Employment 5.0, as summarized in Table 2.
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Table 2. Review papers from SLR with no focus on Industry 5.0

Subjects only related to Industry 5.0 Review papers
Circular economy Atif (2023)
Construction industry Marinelli (2023)

Industry 4.0

Innovation management

Lean manufacturing

Maritime industry

Supply chain and smart logistics
Technological competitiveness

Trauma and orthopaedics

Grabowska et al. (2022), Roblek et al. (2021), Mourtiz et al. (2022a),
Kolade and Owoseni (2022), Dhirani et al. (2023), Marinelli (2022),
Madhavan et al. (2022)

Aslam et al. (2020)

Mladineo et al. (2021)

Shahbakhsh et al. (2021)

Frederico (2021), Jafari et al. (2022)
Alvarez-Aros and Bernal-Torres (2021)
Iyengar et al. (2022)

The remaining 14 articles are more focused on I5.0 itself and, consequently, show more similarities to this SLR as
described in Table 3 and discussed as follows. Same database: Agarwal and Chauhan (2022), Borchardt et al. (2022), and
Pizon and Gola (2023) also conducted their searches using the Scopus and Web of Science databases. However, their
reviews were more targeted in scope, focusing respectively on: e-commerce and cobots; Industry 5.0 in the context of
business and management operations; and human-machine interaction. Same keyword: Akundi et al. (2022) and Madsen
and Berg (2021) chose to use “Industry 5.0” as their sole search term. Despite this similarity, their research methods and
selected databases differ from those used in this SLR. Additionally, Akundi et al. (2022) limit their discussion to five major
themes related to Industry 5.0 found in the literature, while Madsen and Berg (2021) explore the main differences between
Industries 4.0 and 5.0, with a focus on bibliometric data. Same research method: Alves et al. (2023), Borchardt et al.
(2022), Ghobakhloo et al. (2023), Hein-Pensel et al. (2023), and Tavares et al. (2022) also conducted systematic literature
reviews (SLRs). However, as shown in Table 3, their approaches were more narrowly focused on specific aspects related to

Industry 5.0, rather than the concept as a whole.

Table 3. Description of review papers from this SLR

Author (year) Method Search criteria Main goals and discussions
Agarwal and Chauhan Literature Review ~ Database: Scopus and Web of  This study focuses on the essential employability skills needed
(2022) Science to work with cobots in the e-commerce industry, emphasizing

Keywords: ,,E-commerce

industry” + ,,cobots” (and

related terms)
Database: IEEE, Science
Direct and MDPI

Akundi et al. (2022) Literature Review

Keywords: ,,Industry 5.0”

Alves et al. (2023) Systematic

Literature Review

Database: Science Direct,
Scopus, and Web of Science

that effective collaboration between cobots and humans relies
on three key drivers: Human Resources acting as change
agents, employees’ skills, and organizational support.

The authors analyze the current state of Industry 5.0 and identify
five major themes: supply chain, enterprise innovation, smart
and sustainable manufacturing, transformation driven by
Industry 4.0 technologies, and human-machine coexistence.

Given the novelty of Industry 5.0, the authors center their
discussion on its human-centric nature after presenting

Keywords: “Industry 5.0” + bibliometric data, raising the question: “If Industry 5.0 is
“Human-centricity” human-oriented, will Industry 6.0 focus on environmental
concerns?”
Ben Youssef and Mejri  Bibliometric Database: Scopus The authors provide a general bibliometric analysis on Industry
(2023) Analysis Keywords: “Industry 5.0” + 5.0, highlighting that while the results cover a broad spectrum,

terms of 14.0 technologies +  there is still a need for more literature on the topic.
“smart sustainability”

Borchardt et al. (2022)  Systematic Database: Scopus and Web of ~ The primary goal of the study is to analyze and understand

Literature Review Science

Keywords: “Industry 5.0”

+ filter of subject area

“business and management

operations”

Industry 5.0 from the perspective of business and operations
management, identifying four main themes: technological
applications, human resources and workers, education, and
business and operations management.
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Author (year) Method Search criteria Main goals and discussions
Espina- Romero etal.  Bibliometric Database: Scopus The study aims to assess the current state of Industry 5.0 through
(2023) Analysis Keywords: ,,Industry 5.0” + bibliometrics, discussing the most influential industries and
»~human-centered Industry key topics for future research, such as sustainability, cobots,
4.0” bioeconomy, smart cities, and sentiment analysis.
Ghobakhloo et al. Systematic Database: Scopus, Web of This paper explains how Industry 5.0 transformation supports
(2023) Literature Review  Science, and Google Scholar  sustainable development. After reviewing previous research

Hein-Pensel et al.
(2023)

Humayun (2021)

Madsen and Berg
(2021)

Pizon and Gola (2023)

Proia et al. (2022)

Raja Santhi and

Muthuswamy (2023)

Tavares et al. (2022)

Systematic
Literature Review

Literature Review

Bibliometric

Analysis

Literature Review

Literature Review

Literature Review

Systematic
Literature Review

Keywords: ,,Industry 5.0” +
»Society 5.0”

Database: SpringerLink,
ScienceDirect, and
ResearchGate

Keywords: terms related to
manufacturing, Industry
4.0, human-centricity, and
maturity models

No search criteria were
provided in the paper

Database: Scopus
Keyword: “Industry 5.0”

Database: Scopus and Web of
Science

Keywords: terms related to
human-machine + Industry
5.0

Database: IEEE

Keyword: “cobots” (and
related terms)

Database: Google Scholar,
Scopus, and Web of Science

Keywords: combinations of
“Industry 4.0” + “Industry
5.0” + various technologies

Database: Scopus and Google
Scholar

Keywords: “Industry 4.0” +
“Industry 5.0” + “Society
5.0” + “Education 5.0”

and outlining its main characteristics, the authors propose
aroadmap of 11 critical enablers for sustainable industrial
growth and recommend extending this work in future studies.

This study investigates whether existing maturity models for
Industry 4.0 are suitable for evaluating digital transformation
processes in the context of Industry 5.0, particularly
emphasizing the human-centered perspective in small and
medium-sized enterprises (SMEs).

Another author discusses general aspects of Industry 5.0,
including concepts, applications, enabling technologies,
opportunities, and challenges within the Fifth Industrial
Revolution.

Through exploratory bibliometric analysis, authors compare
Industry 4.0 and 5.0, examining publication trends in citations,
countries, authors, and sources, while suggesting future
research should include more in-depth review studies.

The authors explore the human-machine relationship within
Industry 5.0, asking: “How is the perspective on human-
machine relationships changing, and what developmental path
accompanies these changes?”

This study focuses on critical aspects of human-robot
collaboration (HRC), identifying safety, ergonomics, and
efficiency as the main priorities, alongside control techniques
used in collaborative robotics.

The authors identify and describe enabling technologies of
Industry 4.0, their application across manufacturing functions,
and discuss Industry 5.0’ sustainability aspects, suggesting it
might be called “Industry 4.0S”

The authors highlight the paradigm of a new era they term “Era
5.0, encompassing Society, Education, and Industry 5.0. They
present discussions on each topic and on Industry 4.0, pointing
out the most promising applications to develop a more
humanistic and sustainable society.

None of the reviewed articles adopts the same methodological procedures and research criteria as those used in

the present study. While some papers share a similar structure, the authors emphasize the following limitations and
suggestions for future research: the need for more in-depth review studies that extend beyond bibliometric analysis and
cover different timeframes, particularly using both Scopus and Web of Science databases, given the rapid emergence of the
15.0 topic (Madsen & Berg, 2021); and the necessity of expanding the literature on the definition and conceptual framing
of Industry 5.0 (Ben Youssef & Mejri, 2023; Ghobakhloo et al., 2023).

To achieve the main goal of this study, which is to map the current state of academic knowledge on Industry 5.0 by
identifying key technologies, required competencies, and emerging thematic areas through a systematic literature review,
this SLR is guided by the four research questions outlined in the previous section. Addressing these questions is essential
not only to understand the current state of the literature but also to consolidate existing knowledge and provide clear,
precise definitions of Industry 5.0. In doing so, the study aims to identify and highlight real gaps in the field, which are
subsequently incorporated into a proposed research agenda.
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RQ1 - What are the definitions and foundational concepts surrounding Industry 5.0?

Although Industry 5.0 has gained increasing attention in academic and industrial discourse, the concept remains poorly
defined. The absence of a unified and operationalized definition contributes to theoretical fragmentation and impedes
the consolidation of a coherent research agenda. This ambiguity hinders the clear differentiation of Industry 5.0 from its
predecessor, Industry 4.0, and impedes the development of robust frameworks for analysis and implementation.

According to Demir et al. (2019), the industrial revolutions were driven by the aim of separating “human work” from
“machine work” The term refers to technological advancements that have transformed society (Taj & Jhanjhi, 2022).
Since 1784, it is evident that technological innovations have disrupted traditional production models, subsequently
influencing societal development. Industry 1.0 harnessed the power of water and steam to perform mechanical work.
Industry 2.0 introduced electricity as the key enabler of new production methods. The emergence of information
technology in production processes led to the era of Industry 3.0, characterized by the automation of systems. Industry
4.0 (I4.0) emphasizes productivity enhancement through cutting-edge technologies, including the Internet of Things
(IoT), robotics, artificial intelligence (AI), big data, and cloud computing (Javaid & Haleem, 2020; Mourtzis et al., 2022a).

According to Madsen and Slatten (2023), unlike the well-documented onset of Industry 4.0 (14.0), it is challenging
to determine when Industry 5.0 (I5.0) began precisely. These authors suggest that the concept was first introduced by
Michael Rada in 2015 via social media platforms. Since then, discussions surrounding I5.0 have grown steadily in both
academic literature and on social media. In contrast, Breque et al. (2021) argue that I5.0 originated from a 2020 meeting
involving European research institutions, technology organizations, and funding agencies.

Some of the earliest academic publications to reference 15.0 include works by Sachsenmeier (2016), Ozdemir and
Hekim (2018), Nahavandi (2019), and Alvarez-Aros and Bernal-Torres (2021). These studies began to address the
challenges and societal impacts of 14.0 technologies, marking a shift toward the human-centric perspective now associated
with I5.0. These early contributions can be considered seminal, as they highlight the need for a paradigm shift in the
direction of industrial development. Figure 5 shows how frequently these foundational papers are cited across the 112
articles analyzed in this study, along with their key contributions to the conceptualization of Industry 5.0.

Ozdemir & Hekim (2018) Demir et al. (2019)

Rada (2015) Cited by 26 Cited by 29
Cited by 15 “Industry 5.0 —as an evolutionary. “We can be sure that
“Due to this issue I have incremental (but critically human-robot coworking
decided myself that necessary) advancement that builds will be a significant

Industry 4.0 has to be

outrun by Industry 5.0 and
because there is none. I
have to build it from
scratch. I name it
Industrial Upcycling and
the tools and environment
of this industry is not
virtual but Physical.” pp.1

on the concept and practices of
Industry 4.0.” pp. 71... “Industry
5.0 is about building complex and
hyper-connected digital networks
without compromising long term
safety and sustainability of an
mnovation ecosystem and its
constituents.” pp.74

imnovation for society and
it will significantly affect
the way we conduct
businesses.” pp. 689 ...
“The Industry 5.0 may be
about both human-robot
co-working and
bioeconomy.” pp. 690

Sachsenmeier (2016)
Cited by 9
“Industry 5.0
discussions touch on the
very essence of
humanity’s existence,
physical integrity, and
relationship with nature.
At the moment, this
debate seems
theoretical, yet it will
soon come to the fore.”
pp.229

Nahavandi (2019)
Cited by 47
“Industry 5.0 will be a synergy
between humans and autonomous
machines. ... Providing robotic
productions with the human touch,
this industrial revolution will
introcduce the next generation of
robot. commonly termed as cobots,
that will already know, or quickly
learn. what to do. These
collaborative robots will be aware of
the human presence; therefore, they
will take care ofthe safety and risk
criteria.” pp. 3

Breque et al. (2021)
Cited by 28
“We believe Industry 5.0 will
be defined by a re-found and
widened purposefulness, going
beyond producing goods and
services for profit. This wider
purpose constitutes three core
elements: human-centricity.

sustainability and resilience.”

pp. 13

Figure 5. Industry 5.0 concepts identified in the analyzed articles
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Although it is difficult to pinpoint the exact starting point of Industry 5.0 (I5.0), the concept has quickly gained
traction among academic researchers, as illustrated in Figure 3. Despite the growing dissemination of ideas summarized
in Table 1, Ghobakhloo et al. (2023a) argue that I5.0 remains an emerging and underdeveloped concept, with no
consensus yet established around its definition. For example, echoing the perspectives of Rada (2015) and Sachsenmeier
(2016), Ostergaard (2020) describes I15.0 as the return of the “human touch” to the factory floor. In comparing Industry
4.0 and 5.0, Johansson (2017) explains that while 14.0 is primarily focused on interconnecting devices, I5.0 emphasizes
collaboration between humans and machines in industrial environments. Similarly, Bednar and Welch (2020) note that
4.0 aimed to accelerate technological performance, whereas 15.0 emphasizes the need for synergy between technological
and social systems to enable the mass customization of goods and services. Thus, rather than replacing human workers,
15.0 is centered on optimizing human-robot collaboration—leveraging each other’s strengths and compensating for their
respective limitations (Welfare et al., 2019).

Several of the analyzed papers emphasize collaboration between humans and machines. For example, Nahavandi
(2019), Javaid and Haleem (2020), Madsen and Berg (2021), Kumar et al. (2021), Shahbakhsh et al. (2022), Javaid et
al. (2020), and Chin (2020) highlight the importance of human-machine synergy through the use of autonomous
systems, collaborative robots, and other digital technologies. These technologies are applied to reduce waste, lower final
manufacturing costs, and enable the production of more personalized products and services. As a result, it is expected that
intelligent robots and systems will play a significant role in shaping the future of supply chains (Frederico, 2021).

Although Pathak et al. (2019) suggest that the primary goal of Industry 5.0 (I5.0) is to represent an evolutionary and
incremental advancement of Industry 4.0 (14.0), Xu et al. (2021) and Mourtzis et al. (2022a) emphasize that I5.0 should
not be seen as a chronological continuation of I14.0. The European Commission (EC) instead proposes a paradigm shift,
aiming to transform industry into a resilient engine of prosperity—one that respects planetary boundaries while placing
the well-being of industrial workers at its core (Breque et al., 2021). As Xu et al. (2021) note, the COVID-19 pandemic
highlighted the limitations of purely evolutionary approaches and underscored the need for a new industrial paradigm
centered on resilience, human-centricity, and sustainability.

Breque et al. (2021) also highlight a growing synergy in Industry 5.0 (I5.0) between key technological drivers and
societal development, organized into six main categories: human-machine interaction, bio-inspired technologies and
smart materials, digital twins and simulation, big data analytics, artificial intelligence, and energy efficiency. While many
of these technologies were already central to Industry 4.0 (14.0), I5.0 emphasizes the importance of the human-machine
interface in their application. In this regard, I5.0 does not introduce entirely new technologies or breakthroughs. Instead,
this new industrial paradigm encourages companies to redefine their roles—not only as engines of job creation and
economic growth, but also as contributors to broader environmental and social values (Lattanzio et al., 2022).

Pramanik et al. (2020) and Mladineo et al. (2021) describe Industry 5.0 (I5.0) as a natural evolution of Industry 4.0
(I4.0), emphasizing the European Commission’s concept, which frames I5.0 as the fusion of human creativity with the
speed, productivity, and precision of robots. Similarly, other scholars—including Giirdiir Broo et al. (2022), Akundi et al.
(2022), Romero and Stahre (2021), Taj and Jhanjhi (2022), Bitsch (2022), and Mourtzis et al. (2022a)—present a shared
understanding of I5.0 built on three core pillars: human-centricity, resilience, and sustainability. However, there is still
a lack of consensus across the literature regarding these defining characteristics.

Figure 6 shows that most of the analyzed articles highlight human-machine interaction as the defining feature of
Industry 5.0, with 41 articles emphasizing this aspect. This relationship—often referred to as “cobots”—suggests that
collaborative robots working alongside humans can generate more creative solutions and enable customer-centric or
personalized products (Doyle & Kopacek, 2021). The themes of human-centered design and sustainability also appear
frequently, featured in 40 and 33 articles, respectively. Although resilience appears less often, the concept introduced by
Breque et al. (2021) aligns well with the understanding of I5.0 found in the analyzed literature. Specifically, these results
support Pramanik et al. (2020), who describe I5.0 as centered on human-machine collaboration with a focus on customized
manufacturing. However, these authors view I5.0 not as a completely new paradigm but rather as an evolution of 14.0.
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M Resilience

B Sustainability

® Human-centered
B Personalized

B Human-machine

interation (Cobot)
B Smart Factory

Figure 6. Elements of I5.0 cited in the analyzed articles (number of citations)

Babkin et al. (2022), Lattanzio et al. (2022), and Borchardt et al. (2022) emphasize that Industry 5.0 is not a new
industrial revolution but rather an evolutionary extension of Industry 4.0 technologies, aimed at enhancing collaboration
between humans and robots (Pizon & Gola, 2023; Alves et al., 2023). Industry 5.0 sets a forward-looking agenda that
builds on the unique features of Industry 4.0 by placing sustainability at the heart of digital industrial transformation.
Despite ongoing discussions, this concept must move beyond academic circles and be applied in practice. Industries must
adopt a human-centric approach, prioritize sustainability, and foster resilience to become the driving force behind a new
society (Xu et al., 2021). In short, while buzzwords like ‘Industry 6.0’ or ‘Industry 7.0’ might inspire academic papers or
funding proposals, if they fail to translate into concrete business actions or technological solutions, they risk remaining
mere theoretical ideas with little real impact on industrial progress or societal development.

RQ2 - What are the most relevant technologies and tools for implementing Industry 5.0?

Many authors note that while digital technologies from Industry 4.0 remain important in Industry 5.0, certain technologies
will require greater focus (Xu etal., 2021). This is especially true for those related to sustainability, which is widely discussed
today in contexts such as Environmental, Social, and Corporate Governance (ESG), as well as technologies aimed at
energy efficiency, storage, renewable energy, and bio-inspired solutions. Demir et al. (2019) similarly highlight renewable
resources, sustainable agricultural production, and bionics as key Industry 5.0 technologies.

From the SLR papers discussing technologies and tools in the context of Industry 5.0, two main groups emerge:
those that identify Industry 4.0 technologies as the foundation for Industry 5.0, and those that emphasize novel tools and
technologies more specifically aligned with the core pillars of Industry 5.0. Technologies linked to human-centricity tend
to focus on collaborative robots and human-machine interaction, while those related to sustainability typically address
production and operational contexts tied to resilience. These sustainability-related technologies are also closely connected
to human factors such as training and education.

Table 4 summarizes the aforementioned tools, grouped by technology category, along with the authors who identified
them as being relevant to Industry 5.0.
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Table 4. Technologies and tools discussed by the SLR papers

Technologies and tools related

References that mention or suggest them

Human- centricity

Sustainability

Resilience

Industry 4.0

Cobots/Collaborative Robots, Individualized

human-machine interaction, Worker-friendly
ergonomic design

Bioengineering, Bio-inspired technologies,

Smart Materials, Renewable Resources,
Sustainable Agricultural Production, Bionics,
Advanced Materials, Nanotechnology,
Sustainable Manufacturing, Smart grids

Biological transformation, Virtual training,

Worker Assistance Systems

Big data, Smart sensors, Internet of Things

(IoT), Internet of Everything (IoE), Artificial
Intelligence (IA) and emerging artificial
intelligence, Blockchain, Multi-agent systems
and technologies, Digital Ecosystem, Digital
twins, Smart manufacturing/Smart factory,
Smart cities, Complex adaptive systems,

3D printing, 4D printing, 5D printing, 3D
scanning, Holography, Virtual Reality (VR),
Augmented Reality (AR), Mixed Reality
(MR), Extended Reality (XR), Cyber-
Physical Systems (CPS), Information and
Communication Technology (ICT), machine
learning, 6G communications

Aceta et al. (2022), Agarwal and Chauhan (2022), Al Mubarak
(2022), Alves et al. (2023), Bednar and Welch (2020), Cimini
etal. (2022), Demir et al. (2019), Doyle-Kent and Kopacek
(2021), Duggal et al. (2021), Emma-Ikata and Doyle-Kent
(2022), Frederico (2021), Gervasi et al. (2023), Haleem and
Javaid (2019), Javaid and Haleem (2020), Javaid et al. (2020),
John et al. (2020), Kemendi et al. (2022), Kukreja and Kumar
(2020), Kumar Singh and Sobti (2022), Lu et al. (2022b),
Lykov and Razumowsky (2023), Madsen and Slatten (2023),
Marinelli (2022), Nahavandi (2019), Pathak et al. (2019), Pizon
and Gola (2023), Prassida and Asfari (2021), Raja Santhi and
Muthuswamy (2023), Taj and Jhanjhi (2022), Xu et al. (2021)

Demir et al. (2019), Duggal et al. (2021), Ghobakhloo et al.
(2023a), Habash (2022), Moller et al. (2022), Xu et al. (2021)

Cimini et al. (2022), Nahavandi (2019), Rauch (2020)

Adel (2022), Al Mubarak (2022), Alvarez-Aros and Bernal-
Torres (2021), Alves et al. (2023), Atif (2023), Boschetti et al.
(2023), Bitsch (2022), Demir and Cicibas (2019), Emma-Ikata
and Doyle-Kent (2022), Frederico (2021), Garcia Rivera et al.
(2022), Ghobakhloo et al. (2023b), Humayun (2021), Javaid
and Haleem (2020), Javaid et al. (2020), John et al. (2020), Johri
et al. (2021), Kemendi et al. (2022), Khaimovich et al. (2020),
Khan et al. (2022), Kolade and Owoseni (2022), Kukreja and
Kumar (2020), Kumar Singh and Sobti (2022), Lykov and
Razumowsky (2023), Maddikunta et al. (2021), Marinelli
(2022), Martynov et al. (2019), Mladineo et al. (2021), Moller
etal. (2022), Mourtzis et al. (2022a), Pathak et al. (2019), Raja
Santhi and Muthuswamy (2023), Romero and Stahre (2021),
Rozanec et al. (2022), Sharma et al. (2022), Taj and Jhanjhi

(2022)

In fact, the intensification of advanced technologies applied at I5.0—such as artificial intelligence, robotics, and smart
systems—raises concerns about overreliance on digital infrastructures and the potential for labor displacement. While
Industry 5.0 promotes human-machine collaboration, the growing automation of industrial processes may lead to job
loss, increased skills gaps, and a widening digital divide, particularly in regions with limited technological capacity or
workforce training.

RQ3 - What skills and capabilities are required to implement Industry 5.0?

From an organizational perspective, the authors identified studies within the SLR that discuss practices companies
adopt to enable the implementation of Industry 5.0. For example, Mladineo et al. (2021) suggest that implementing lean
manufacturing can support 15.0, especially for small and medium-sized enterprises. They highlight key success factors
in lean manufacturing that align with I5.0 principles, such as respect for people, education, communication, leadership,
customer value, personal experience, empowerment, continuous improvement, waste elimination, organization, lead
time reduction, and systems thinking.

Choi et al. (2022) describe Industry 5.0 as “human-centered” rather than “system-centered.” In this context, Mondal
and Samaddar (2023) highlight that effective collaboration between humans and smart systems demands new skills,
competencies, knowledge, and abilities. Raja Santhi and Muthuswamy (2023) explain that collaborative robots, or
cobots, are flexible robots designed to enable the 3Cs: coexistence, cooperation, and collaboration. Their main purpose
is “to mainly carry out routine tasks and work hand-in-hand with humans” (Emma-Ikata & Doyle-Kent, 2022, p. 420).
However, the skills and competencies required to program and automate cobots remain a limiting factor. Other authors
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addressing skills related to cobots include Proia et al. (2022), Welfare et al. (2019), and Nahavandi (2019). Supporting
this discussion, Agarwal and Chauhan (2022) emphasize the importance of assessing the employability skills needed to
work effectively with cobots.

All aforementioned points converge on the worker’s perspective. Al Mubarak (2022) focuses on the emerging skills
gaps in Industry 5.0, stressing the need for digital literacy, leadership, problem-solving, and self-management skills.
Likewise, Suciu et al. (2023) explore the skillsets necessary for a truly sustainable, resilient, and inclusive Industry 5.0,
emphasizing both technical and non-technical competencies. These include proficiency with technological tools, analytical
and innovative thinking, programming, creativity, originality, initiative, emotional intelligence, leadership, and the ability
to tackle complex problems.

In a study focusing on India, Kukreja and Kumar (2020) emphasize that adopting innovative management practices,
investing in human capital, and improving workers’ qualifications are key factors for implementing Industry 5.0. They
highlight the education sector as playing a crucial role in developing the skills needed for these new industrial revolutions.
Similarly, Emma-Ikata and Doyle-Kent (2022) stress the importance of educating “future modern workers,” arguing that
5.0 and its related tools, technologies, and approaches should be integrated into students’ curricula so they gain the
skills required to work with these innovations. Giirdiir Broo et al. (2022) propose that to prepare engineers for Industry
5.0, education must follow four strategies: lifelong learning and transdisciplinary education; modules on sustainability,
resilience, and human-centered design; practical courses on data fluency and management; and hands-on experience with
human-machineinteraction. Additionally, Tavares etal. (2022, p. 17) underscore that educators and educational institutions,
as foundational pillars for improving human capital and driving societal progress, hold significant responsibility in this
process of change and transformation.

A new concept has emerged from this literature review, capturing the competencies needed for successful Industry
5.0 implementation: Operator 5.0. Mourtzis et al. (2022b) highlight the key skills and attributes associated with this
role, including strong communication abilities, proficiency in working with artificial intelligence and IT systems across
different interfaces and platforms, and a willingness to embrace continuous change. Other important competencies
include creative problem-solving, the ability to work safely and effectively—both physically and mentally—with emerging
technologies, and strong intercultural and interdisciplinary collaboration skills. Additionally, the Operator 5.0 must be
aware of cybersecurity, privacy, and data protection concerns, be able to manage increasing complexity and multitasking
demands, and combine cognitive, physical, sensory, and interactive capabilities. Meanwhile, Romero and Stahre (2021)
discuss Operator 5.0, focusing on intelligent and resilient systems, and emphasize anticipation skills and resilience as key
characteristics, enabling adaptation to unexpected changes and recovery from new situations.

Table 5 provides an overview of the key skills and capabilities required for Industry 5.0, along with the related aspects
discussed earlier and their respective references.

Table 5. Main skills and capabilities required for Industry 5.0

Worker’s main skills and capabilities Related aspects and respective references
Non-technical Leadership, problem-solving, self-management, Organizational practices
creativity, originality, initiative, emotional (Mladineo et al., 2021; Kukreja & Kumar, 2020)
intelligence, communication, open-mindedness
towards constant change, anticipation ability and Education/qualification
resilience to adapt and recover from new situations, (Emma-Ikata & Doyle-Kent, 2022; Giirdiir Broo et al., 2022;

inter-cultural and disciplinary skills, attributes such Al Mubarak, 2022; Suciu et al., 2023)
as cognitive, physical, sensorial, and interaction
capabilities, ability to handle increasing complexity of Operator 5.0

many requirements and simultaneous tasks (Mourtzis et al. 2022b; Romero & Stahre, 2021)

Technical Programming and automating cobots, analytical and Cobots/training
innovative thinking, knowledge to work with artificial (Mondal & Samaddar, 2023; Welfare et al., 2019; Nahavandi,
intelligence and information technology systems 2019; Proia et al., 2022)

through different interfaces and platforms, digital and

technological devices, cybersecurity, privacy, and data Education/qualification

mindfulness (Emma-Ikata & Doyle-Kent, 2022; Guirdiir Broo et al., 2022;
Al Mubarak, 2022; Suciu et al., 2023)

Operator 5.0
(Mourtzis et al. 2022b; Romero & Stahre, 2021)
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In sum, Industry 5.0 represents a sociotechnical transformation that extends beyond technological innovation to
include human and societal dimensions. It aspires to integrate human-centricity, sustainability, and resilience into industrial
systems. However, balancing these goals with productivity and efficiency presents significant practical and conceptual
challenges. The integration of ethical considerations, worker well-being, and social responsibility into industrial design
remains insufficiently addressed in both scholarly and practical discussions.

RQ4 - What gaps and research opportunities exist within Industry 5.0?

Based on the analysis, the authors propose a future research agenda outlined in Table 6. They suggest that most of
these questions should be addressed through practical research rather than theoretical studies alone. This conclusion
is supported by the data in Table 1, which shows that practical studies (quantitative, qualitative, and mixed methods)
account for less than 30% of the existing literature. Table 6 organizes eight thematic areas identified as most relevant based
on the authors’ judgment and the findings from the Systematic Literature Review. The first column lists these thematic
areas, the second presents research questions developed through a synthesis of relevant literature and the authors’ insights,
and the last column credits the authors who inspired each thematic area and the corresponding research questions. For
example, Sharma et al. (2022) and Frederico (2021) highlight the need for studies exploring the benefits and challenges
of Industry 5.0. Sharma et al. (2022) examined barriers to implementing Industry 5.0 in the pharmaceutical sector and
recommended conducting similar analyses in other industries. Frederico (2021) proposed research on the benefits
and challenges involved in transitioning to Supply Chain 5.0. Building on their work, several research questions were
formulated to explore previously unexplored aspects, including the benefits and challenges across different sectors, as well
as the potential influence of an organization’s size and age.

Crucially, future research should focus on education, skills, and knowledge in the context of Industry 5.0. Doyle-Kent
and Kopacek (2021), Borchardt et al. (2022), and Taj and Jhanjhi (2022) emphasize the need to evaluate how educational
systems are adapting to these changes. Lattanzio et al. (2022) emphasize the importance of examining the profile of
the next generation of workers and their implications for education. Kolade and Owoseni (2022) call for research on
interventions aimed at addressing inequalities caused by disruptive digital transformation. Additionally, Demir et al.
(2019), Nahavandi (2019), Al Mubarak (2022), Borchardt et al. (2022), Mondal and Samaddar (2023), and Suciu et al.
(2023) suggest investigating new skills, capabilities, and competencies, along with methods for their development. Future
studies should also investigate how different generations will adapt to these changes and which skills may be more or less
accessible to them.

Organizational strategy and management also require further attention. Future research could explore strategies and
their impact on Industry 5.0 (Frederico, 2021); the implications of I5.0 for business outcomes and operations management
(Borchardt et al., 2022); studies focused specifically on small and medium-sized enterprises (Madhavan et al., 2022);
and the effects of organizational culture (Suciu et al., 2023). Several authors, including Duggal et al. (2021), Durmaz
and Kitapci (2021), Borchardt et al. (2022), and Ben Youssef and Mejri (2023), emphasize the need for research on new
business models tailored to the demands of Industry 5.0. Borchardt et al. (2022) emphasize the importance of focusing on
innovative business models. Overall, management and organizational strategy play a crucial role in guiding change. Future
studies should delve deeper into aspects such as culture, leadership, innovation management, and lean manufacturing.

Another crucial area for research is the role of laws and government. Demir et al. (2019), Dhirani et al. (2023), and
Atif (2023) emphasize the need to study legal, regulatory, and policy constraints. Ghobakhloo et al. (2022) emphasize
the importance of examining how public-private partnerships can influence the development of policies, initiatives, and
regulatory frameworks to support Industry 5.0. It is essential to investigate the impact of these changes on legal matters
and how governments and legal systems are adapting to such rapid and significant transformations. In this sense, research
in this direction must incorporate concepts from stakeholder theory and institutional theory, taking into account the
holistic perspective of I5.0.

It is also important to study the impact on people and related ethical issues. Several authors recommend research
on human-robot interaction (Demir et al., 2019; Cimini et al., 2022; Emma-Ikata & Doyle-Kent, 2022; Espina-Romero
et al., 2023; Gervasi et al., 2023; Ghobakhloo et al., 2023a; Pizon & Gola, 2023), as well as evaluations of the technologies
that support this interaction to promote human-centeredness (Ghobakhloo et al., 2023a) and investigations into people’s
main fears and insecurities (Nahavandi, 2019). There is a clear need for more research on the psychological impact,
social implications, and effects on organizational climates (Demir et al., 2019). Doyle-Kent and Kopacek (2021) argue
that research should explore how Industry 5.0 can contribute to creating higher-value, more comfortable, and safer jobs.
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Studies on ethics are also crucial (Nahavandi, 2019; Welfare et al., 2019; Long, 2020; Borchardt et al., 2022; Alves et al,,
2023; Ben Youssef & Mejri, 2023), along with investigations into the health impacts of 15.0 (Rozanec et al., 2022; Taj
& Jhanjhi, 2022) and its effect on workers’ quality of life (Longo, 2020). Research on health and safety issues is equally
important (Welfare et al., 2019; Longo, 2020; Lattanzio et al., 2022; Alves et al., 2023; Marinelli, 2023). Overall, it is crucial
to understand how organizations maintain a human-centric approach to their decision-making processes.

The topic of technologies and digital development has already attracted significant interest from researchers who have
proposed studies on various aspects, including the role of technologies in Industry 5.0 (Humayun, 2021; Ghobakhloo et
al., 2022; Taj & Jhanjhi, 2022); Industry 4.0 technologies that can support Industry 5.0 (Frederico, 2021); the impacts of
digital development on the transition from Industry 4.0 to 5.0 (Babkin et al., 2022); resilience and antifragility implications
(Ghobakhloo et al., 2023a); and cybersecurity concerns (Ghobakhloo et al., 2022; Kemendi et al., 2022; Atif, 2023; Ben
Youssef & Mejri, 2023). Research focusing on new technologies and digital development across different countries, as well
as the primary technologies adopted by organizations according to sector and size, is essential, including cybersecurity.

Some authors also suggest exploring societal issues in the era of Industry 5.0 (Frederico, 2021; Borchardt et al.,
2022; Mourtzis et al., 2022a; Taj & Jhanjhi, 2022; Tavares et al., 2022), smart cities (Espina-Romero et al., 2023), and
bioeconomics (Borchardt et al., 2022; Espina-Romero et al., 2023). Studies examining the transition across different
continents and countries, considering their economic contexts, are equally essential.

Sustainability has also attracted significant attention and is considered a central focus of Industry 5.0. Some authors
emphasize the need for studies that demonstrate how Industry 5.0 contributes to achieving climate goals and promoting
the circular economy (Frederico, 2021; Borchardt et al., 2022). Others emphasize the importance of research on Industry
5.0 in relation to the Sustainable Development Goals (SDGs) (Borchardt et al., 2022; Tavares et al., 2022); social dimensions
(Atif, 2023; Espina-Romero et al., 2023; Ghobakhloo et al., 2023a; Raja Santhi & Muthuswamy, 2023); environmental
factors (Espina-Romero et al., 2023; Ghobakhloo et al., 2023a); corporate governance (Ghobakhloo et al., 2022); sustainable
business models (Borchardt et al., 2022); and greener production processes (Ben Youssef & Mejri, 2023). Consequently, it
is crucial to conduct research that evaluates the practical contributions of Industry 5.0 to sustainability.

Most articles have focused on theoretical studies, leaving the question of how actually to implement Industry 5.0
unanswered. Initiatives like the European Commission’s (2023a) call for participation in the Industry 5.0 Community
of Practice (CoP 5.0) play a crucial role, providing strong incentives to put Industry 5.0 into practice. At the same time,
case studies, action research, surveys, and interviews with employees in organizations that have adopted Industry 5.0
are vital. Future research must address the three key aspects most authors emphasize: human-centricity, resilience, and
sustainability. Echoing the European Commission’s intentions, new business models will need to emerge to enable the
successful adoption of Industry 5.0.

Table 6. Proposed agenda for future research

Area Research question Authors
Benefits, challenges and ~ What benefits are organizations experiencing from implementing Industry 5.0? How do sector ~ Sharma et al. (2022); Frederico (2021)
general factors and company size influence these benefits?
Does a company’s age affect its adoption of Industry 5.0? What role do startups play in this
transition?

What are the main barriers organizations face when transitioning to Industry 5.0, and how
have they overcome them?

How is Industry 5.0 being implemented across different departments within organizations and
between organizations? For example: Quality 5.0, Logistics 5.0, Supply Chain 5.0, Project
Management 5.0, Purchasing 5.0, Sales 5.0, Production Planning and Control 5.0, People
Management 5.0, etc.

How has Industry 5.0 impacted various sectors, such as healthcare, transportation, tourism,
and construction?

Education, skills and How are educational institutions responding and adapting to the changes brought by Industry ~ Demir et al. (2019); Nahavandi (2019);
knowledge 5.02 Doyle-Kent and Kopacek (2021);
What are the key hard and soft skills people need to develop to adapt to Industry 5.0, and how Al Mubarak (2022); Borchardt et al.
are they acquiring them? (2022);
What challenges do different generations (Baby Boomers, Generation X, Millennials (Y), Borchardt et al. (2022); Kolade and
Generation Z, Alpha) face in adapting to Industry 5.0? Owoseni (2022); Lattanzio et al.

(2022); Taj and Jhanjhi (2022);
Mondal and Samaddar (2023); Suciu
etal. (2023)

119



Camila Fabricio Poltronieri, Luciana Rosa Leite, Yasmin Silva Martins Xavier,
José Pedro Teixeira Domingues, José Carlos de Toledo, Otéavio José de Oliveira

Authors
Duggal et al. (2021); Durmaz and

Area Research question

Organizational strategy ~ What strategies have companies successfully transitioning to Industry 5.0 employed?

and management

Law and government

People, ethics, health
and safety

Technologies and digital

How do leadership styles and organizational culture influence the transition to Industry 5.0?
Are certain leadership types or cultures more conducive to this shift?

Are organizations migrating to Industry 5.0 seeing better financial and non-financial results?
How significant is Industry 5.0’s impact on organizational performance?

What new business models have emerged with Industry 5.0, and how will it affect existing
models?

Are companies with Lean practices finding it easier to implement Industry 5.0?

How can knowledge and innovation management support the transition to Industry 5.0?

How has Industry 5.0 influenced legal and regulatory issues, especially concerning Al and
collaborative robots (cobots)?

How might delays in legislation affect people’s lives amid the rise of Industry 5.0?

In what ways can public-private partnerships facilitate the transition to Industry 5.02

How have labor relations evolved with the adoption of Industry 5.0?2 What effects do new
technologies have on workers’ physical and mental health, as well as social interactions?

Within organizations, who decides which technologies to adopt, and how are decisions made
considering their impact on workers” well-being?

How secure are the new technologies being introduced? What roles do organizations, research
institutions, and governments play in assessing security?

How are organizations and governments addressing ethical issues related to new technologies?

Are organizations genuinely placing humans at the center of decision-making? How is this
being achieved?

How has the development and adoption of new technologies and digital advancements varied

Kitapci (2021); Frederico (2021);
Borchardt et al. (2022); Madhavan
et al. (2022); Suciu et al. (2023); Ben
Youssef and Mejri (2023)

Demir et al. (2019); Ghobakhloo et al.

(2022); Dhirani et al. (2023); Atif
(2023)

Demir et al. (2019); Nahavandi (2019);

Welfare et al. (2019); Longo (2020);
Doyle-Kent and Kopacek (2021);
Borchardt et al. (2022); Cimini et
al. (2022); Emma-Ikata and Doyle-
Kent (2022); Lattanzio et al. (2022);
Rozanec et al. (2022); Taj and Jhanjhi
(2022); Alves et al. (2023); Ben
Youssef and Mejri (2023); Espina-
Romero et al. (2023); Gervasi et al.
(2023); Ghobakhloo et al. (2023a);
Marinelli (2023); Pizon and Gola (
2023)

Frederico (2021); Humayun (2021);

development across countries and regions? What impact will this have on financially disadvantaged Babkin et al. (2022); Kemendi et al.
countries? (2022); Ghobakhloo et al. (2022);
What are the leading technologies currently used by organizations, and how do these vary by Taj and Jhanjhi (2022); Atif (2023);
sector, company size, and location? Ben Youssef and Mejri (2023);
Ghobakhloo et al. (2023a)
Society What are the main societal impacts of Industry 5.0? Frederico (2021); Borchardt et al.
How will the transition to Industry 5.0 unfold, considering the economic conditions of (2022); Mourtzis et al. (2022b); Taj
different countries and regions? and Jhanjhi (2022); Tavares et al.
How can organizations and governments support this transition, ensuring people remain (2022); Espina-Romero et al, (2023)
central not only within organizations but also across society?
How can society and the labor market be prepared for the changes brought by Industry 5.0?
What steps have already been taken?
Sustainability What social and environmental impacts are resulting from the adoption of Industry 5.0? Is Frederico (2021); Borchardt et al.
Industry 5.0 contributing effectively to sustainable development? (2022); Ghobakhloo et al. (2022);
How has Industry 5.0 supported the achievement of the Sustainable Development Goals Tavares et al. (2022); Atif (2023); Ben
(SDGs), considering different societal sectors? Youssef and Mejri (2023); Espina-
What impact has Industry 5.0 had on organizations recognized for their ESG performance? Romero et al. (2023); Ghobakhloo
How has Industry 5.0 contributed to advancing the circular economy? et al. (2023a); Raja Santhi and
Muthuswamy (2023)
Framework proposal

To achieve the objectives of this study, a framework was developed based on the findings of the systematic literature
review (Figure 7). This framework aims to support companies in their transition to Industry 5.0 by highlighting essential
technologies and the required competencies, thereby aiding the effective pursuit of the Sustainable Development Goals.
From an academic perspective, it identifies key concepts, thematic areas, and future research directions to promote
a deeper understanding and further exploration of this emerging paradigm. Introducing Industry 5.0 requires a clear
understanding of its core elements and an evaluation of how these elements interact in practice. Additionally, it is crucial
to have skilled personnel who can effectively use the wide range of technologies and tools available. Beyond this, a human-
centered approach calls for a new style of management. Regarding technologies and tools (detailed in section 4.2), these
include both Industry 4.0 innovations focused on automation, additive manufacturing, and smart factories, as well as
those specifically linked to Industry 5.0. These technologies have been grouped following the classifications used by the
European Commission and other key studies.

The analyses give rise to potential future areas of research. Future studies should focus on how Industry 5.0 changes
are being implemented in practice. Conducting surveys, case studies, and action research would be especially valuable.
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The research themes were grouped according to the areas outlined in Table 6. Notably, the themes of “Education, skills,
and knowledge” and “People, ethics, health, and safety” share significant overlap, as any progress toward Industry 5.0
directly impacts these areas. Research centered on these topics, in turn, supports advancements across other domains.
Here, it is interesting to note that human participation becomes limited to supervisory or adaptive functions, rather than
being meaningfully integrated into design and decision-making processes. This may marginalize the social, emotional,
and ethical aspects of labor, undermining the very values that Industry 5.0 purports to prioritize.

“Technologies and digital development” represent a crucial aspect of Industry 5.0, and ethical considerations must
always be taken into account when evaluating existing or emerging technologies. For instance, questions regarding data
privacy, algorithmic bias, workplace surveillance, and the unequal distribution of technological benefits. Since sustainability
is a central focus of Industry 5.0, it is essential to understand how technologies can support this goal, how knowledge is
generated and shared, and how widely recognized concepts like the Sustainable Development Goals (SDGs), Environmental,
Social, and Governance (ESG) criteria, and the circular economy are being addressed within the Industry 5.0 context.

Other groups focus on the areas of “Benefits, challenges, and general factors” and “Organizational strategy and
management.” Research in these areas should not only explore the benefits and challenges of Industry 5.0 but also examine
how organizations are managing these changes and what strategies they are employing. Finally, the groups “Society” and
“Laws and government” remind us that all the changes discussed in the other areas will directly impact society. Therefore,
legislation and government policies must keep pace to ensure decisions align with ethical standards, environmental
protection, and the well-being of people. In fact, considering the results from this SRL, the integration of ethical concerns
into design processes and strategic decision-making is often superficial, lacking frameworks that ensure accountability,
inclusivity, and transparency.
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From a business perspective, the framework provides strategic insights into how organizations can align technological
innovation with human-centered values, ethical considerations, and sustainability goals. By outlining the competencies
required for implementing Industry 5.0, companies can identify skill gaps, guide workforce development, and foster
leadership models that promote collaboration between humans and intelligent systems. Moreover, integrating emerging
technologies—such as human-robot collaboration tools, AI-driven decision support, and smart manufacturing systems—
requires not only technical adoption but also organizational change. This involves rethinking business models, redefining
performance metrics, and nurturing a culture that embraces continuous learning, resilience, and social responsibility.

The proposed framework aligns with the Sustainable Development Goals (SDGs) by guiding organizations in their
transition to Industry 5.0 in a human-centered, technologically advanced, and sustainable manner. It supports SDG 8
(Decent Work and Economic Growth) by promoting people-focused work environments; SDG 9 (Industry, Innovation,
and Infrastructure) by encouraging the responsible adoption of advanced technologies; and SDG 12 (Responsible
Consumption and Production) by fostering more circular and efficient production practices. Additionally, by addressing
skills development, education, and workplace well-being, the framework also contributes to SDGs 3, 4, 5, and 13,
emphasizing the strategic role businesses play in advancing global sustainability goals.

CONCLUSION

With growing academic and institutional interest in Industry 5.0, this study aims to address the following research question:
What are the key issues that future research on Industry 5.0 should focus on? This article provides a comprehensive review
of the recent and emerging literature on I5.0. The number of publications on this topic rose significantly—from 25 in
2020 to 70 in 2021, and then to 222 in 2022 (Figure 3)—highlighting its increasing relevance. The European Commission
has played a major role in advancing Industry 5.0, alongside growing academic interest, by launching initiatives such as
the Industry 5.0 Award (European Commission, 2023b) to recognize EU-funded projects that promote a more human-
centered, resilient, and sustainable industry. According to Ghobakhloo et al. (2023b), I5.0 is expected to spread rapidly
beyond Europe, just as 14.0 did. The authors note that significant contributions to Industry 4.0 came from both emerging
and developed economies outside Europe—including Brazil, China, the USA, and Australia—and a similar trend is
anticipated for Industry 5.0.

This article presents the main current definitions of Industry 5.0. However, the concept still requires a clearer definition
in the literature, as there is no consensus on its key elements or when exactly I5.0 emerged—most articles mention the
term only superficially. Another important topic discussed in the literature concerns the technologies used in Industry
5.0: many authors note that numerous Industry 5.0 technologies originated from Industry 4.0. Still, some researchers
question the need for new, specific technologies for this era, especially those focused on sustainability. Additionally,
many emphasize the importance of developing and enhancing the competencies and skills required for I5.0—particularly
individuals who are psychologically, physically, and intellectually prepared to operate within its three core pillars: human-
centricity, sustainability, and resilience. Finally, this article proposes a framework based on the insights gathered from the
systematic literature review, highlighting key factors for the transition to I5.0 and directions for future research.

Moreover, while the article rightly highlights the need for new skills and competencies, the literature still lacks
detailed guidance on the educational and organizational strategies needed to develop these capacities in practice.
Therefore, although this study helps organize and frame the current state of research, it also underscores the conceptual,
technological, and practical uncertainties that must be addressed to advance both academic understanding and the
industrial implementation of Industry 5.0.

Based on the findings, future research on Industry 5.0 should focus on several key gaps to help establish it as both
a solid theoretical framework and a practical guide for industrial transformation. First, it is crucial to develop a clear and
consistent definition of Industry 5.0 that clearly distinguishes its principles and scope from earlier industrial paradigms.
Second, research should identify and validate technological enablers that truly align with the core values of human-
centricity, sustainability, and resilience. Third, since human skills are central to this new industrial era, future studies
need to explore educational strategies and organizational models that support the development of these competencies.
Additionally, there is a pressing need to create metrics and indicators to measure the performance and impact of Industry
5.0 initiatives. Further research should also investigate how Industry 5.0 integrates with broader sustainability agendas and
ESG frameworks across different regions and industrial sectors. Finally, the ethical, social, and legal aspects—especially
those related to the evolving role of humans within increasingly automated systems—require a deeper interdisciplinary
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exploration. Addressing these challenges will be crucial to realizing the promise of Industry 5.0 and deriving tangible,
measurable benefits for both industry and society.

In conclusion, this study contributes to Industry 5.0 research by clarifying its core principles, distinguishing it
from related concepts, and proposing an integrative framework that links definitions, technologies, competencies, and
research gaps, while also outlining a research agenda. Methodologically, it employs a structured and systematic literature
review process, supported by relevance scales that guided the selection of articles. From a practical perspective, it offers
a starting point for organizations transitioning toward more sustainable, resilient, and human-centric industrial models,
in alignment with the Sustainable Development Goals.

Practical and theoretical implications

The proposed framework contributes to the ongoing discussion around Industry 5.0 by going beyond simply organizing
existing literature. It synthesizes findings from the systematic literature review into an integrated structure that links
conceptual definitions, enabling technologies, and necessary competencies with the identified research gaps and practical
challenges. This comprehensive approach makes the framework valuable both as an academic resource, facilitating
further theoretical research, and as a strategic guide for organizations navigating the shift toward a more human-centered,
sustainable, and resilient industrial model. In this way, it provides a forward-looking roadmap to tackle unresolved issues
and align academic work with industrial practice as Industry 5.0 continues to evolve.

From an academic standpoint, this work highlights several directions for future research, emphasizing the need to
deepen understanding of the interfaces and integration among key elements of Industry 5.0, such as the connections
between process technologies and people, as well as the interaction between these technologies, people, and sustainability.
Additionally, it stresses the importance of field research to gain clearer insights into what companies are actually
implementing in practice and the challenges they encounter in adopting Industry 5.0.

From an organizational perspective, the article provides an overview to help clarify the nature of Industry 5.0. It
aims to address common misunderstandings between Industry 5.0, Industry 4.0, the Fifth Industrial Revolution, and
Society 5.0. The literature reveals a lack of consensus on the definition of Industry 5.0, with some authors using the terms
interchangeably with Industry 4.0 or Society 5.0. While Industry 5.0 builds upon Industry 4.0, sometimes referred to as
Industry 4.0+, 4.5, or 4.0S, it places distinct emphasis on human-centricity, sustainability, and resilience. Unlike Industry
4.0, which focuses mainly on automation and efficiency, Industry 5.0 prioritizes integrating human and environmental
values into industrial systems. Society 5.0, in contrast, represents a broader societal vision that goes beyond the industrial
context. The key difference lies in Industry 5.0s goal to transform industry through values-driven innovation, leveraging
both existing and emerging technologies to promote social and environmental well-being. Additionally, the article outlines
the main technologies currently in use and the skills and capabilities required from workers, providing organizations with
the knowledge needed to begin their transition into this new era.

In conclusion, the proposed framework advances the Sustainable Development Goals (SDGs) by providing a clear,
structured approach for organizations transitioning to Industry 5.0. It supports SDG 8 (Decent Work and Economic
Growth) by promoting human-centered, resilient work environments; SDG 9 (Industry, Innovation, and Infrastructure)
through the responsible integration of technology; and SDG 12 (Responsible Consumption and Production) by encouraging
more efficient and sustainable production methods. Additionally, by addressing education, skills development, workplace
well-being, and ethical considerations, the framework also contributes to SDG 3 (Good Health and Well-being), SDG 4
(Quality Education), SDG 5 (Gender Equality), and SDG 13 (Climate Action). This highlights the strategic role Industry
5.0 plays in promoting inclusive, innovative, and sustainable development.

Future studies

Future research could benefit from expanding the search strategy to include variations from the term “Industry 5.07
thereby encompassing a broader range of perspectives on the topic. Additionally, as a suggestion for future work, this
article proposes a research agenda (framework) based on the literature review and the authors’ personal experiences.
At this stage, we have not established hierarchical relationships or causal assumptions between the analyzed elements.
Our intention was to map and connect the key concepts, technologies, and competencies associated with Industry 5.0.
The resulting framework reflects this approach and has the potential to guide future theoretical or empirical research,
which may build upon it to explore deeper relationships or propose more specific models. For instance, the Industry 5.0
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approach presupposes the human-centered use of advanced technologies, with the expectation that its implementation
may foster job satisfaction, engagement, and social well-being. However, validating such cause-and-effect relationships
requires further research focused on defining and consolidating measurement items and scales for this construct,
enabling its assessment through quantitative methods in specific empirical contexts. Furthermore, future research should
focus on the practical applications of Industry 5.0, utilizing methods such as case studies, surveys, action research, and
expert and academic interviews. Additionally, research should focus on real-world cases that allow for the analysis of
human-centricity, resilience, and sustainability within practical settings, exploring the interactions and cause-and-effect
relationships among these three pillars of Industry 5.0 and their potential impacts on desired outcomes.

Aknowledgment

This work was supported by FCT - Fundagao para a Ciéncia e Tecnologia within the R&D Unit Project Scope UID/00319/
Centro ALGORITMI (ALGORITMI/UM); by the Foundation for Research and Innovation Support of the State of Santa
Catarina (FAPESC) under grant number 2023TR000495; by the Funda¢ao de Amparo a Pesquisa do Estado de Sao Paulo
(FAPESP) under grant number 2023/16971-7; by the Conselho Nacional de Desenvolvimento Cientifico e Tecnologico
(CNPq) under grant number 314918/2023-0; and by the Coordenagdo de Aperfeicoamento de Pessoal de Nivel Superior
(CAPES) under grant number 001.

References

Aceta, C., Fernandez, I, & Soroa, A. (2022). KIDE4I: A generic semantics-based task-oriented dialogue system for human-machine interaction in
Industry 5.0. Applied Sciences, 12(3), 1192. https://doi.org/10.3390/app12031192

Adel, A. (2022). Future of Industry 5.0 in society: Human-centric solutions, challenges, and prospective research areas. Journal of Cloud Computing
(Heidelberg), 11(40). https://doi.org/10.1186/s13677-022-00314-5

Agarwal, N., & Chauhan, C. (2022). Amplifying employability skills to create co-working space for human and cobots in the e-commerce industry.
Procedia Computer Science, 214, 1040-1048. https://doi.org/10.1016/j.procs.2022.11.275

Akundji, A., Euresti, D., Luna, S., Ankobiah, W., Lopes, A., & Edinbarough, I. (2022). State of Industry 5.0—Analysis and identification of current
research trends. Applied System Innovation, 5(1), 27. https://doi.org/10.3390/asi5010027

Al Mubarak, M. (2023). Sustainably developing in a digital world: Harnessing artificial intelligence to meet the imperatives of work-based learning
in Industry 5.0. Development and Learning in Organizations, 37(3), 18-20. https://doi.org/10.1108/DLO-04-2022-0063

Alvarez-Aros, E. L., & Bernal-Torres, C. A. (2021). Technological competitiveness and emerging technologies in Industry 4.0 and Industry 5.0.
Anais da Academia Brasileira de Ciéncias, 93(1), €20191290. https://doi.org/10.1590/0001-3765202120191290

Alves, J., Lima, T. M., & Gaspar, P. D. (2023). Is Industry 5.0 a human-centred approach? A systematic review. Processes, 11(1), 193. https://doi.
org/10.3390/pr11010193

Aslam, F., Aimin, W,, Li, M., & Ur Rehman, K. (2020). Innovation in the era of IoT and Industry 5.0: Absolute Innovation Management (AIM)
framework. Information, 11(2), 124. https://doi.org/10.3390/info11020124

Atif, S. (2023). Analysing the alignment between circular economy and Industry 4.0 nexus with Industry 5.0 era: An integrative systematic
literature review. Sustainable Development, 1-21. https://doi.org/10.1002/sd.2542

Babkin, A., Shkarupeta, E., Kabasheva, 1., Rudaleva, 1., & Vicentiy, A. (2022). A framework for digital development of industrial systems in the
strategic drift to Industry 5.0. International Journal of Technology, 13(7), 1373-1382. https://doi.org/10.14716/ijtech.v13i7.6193

Balstad, M. T., & Berg, T. (2020). A long-term bibliometric analysis of journals influencing management accounting and control research. Journal
of Management Control, 30, 357-380. https://doi.org/10.1007/s00187-019-00287-8

Bednar, P. M., & Welch, C. (2020). Socio-technical perspectives on smart working: Creating meaningful and sustainable systems. Information
Systems Frontiers, 22, 281-298. https://doi.org/10.1007/s10796-019-09921-1

Ben Youssef, A., & Mejri, I. (2023). Linking digital technologies to sustainability through Industry 5.0: A bibliometric analysis. Sustainability,
15(9), 7465. https://doi.org/10.3390/sul15097465

Bitsch, G. (2022). Conceptions of man in human-centric cyber-physical production systems. Procedia CIRP, 107, 1439-1443. https://doi.
org/10.1016/j.procir.2022.05.171

Borchardt, M., Pereira, G. M., Milan, G. S., Scavarda, A. R., Nogueira, E. O., & Poltosi, L. C. (2022). Industry 5.0 beyond technology: An analysis
through the lens of business and operations management literature. Organizacija, 55. https://doi.org/10.2478/orga-2022-0020

Boschetti, G., Faccio, M., & Granata, 1. (2022). Human-centered design for productivity and safety in collaborative robots cells: A new
methodological approach. Electronics, 12(1), 167. https://doi.org/10.3390/electronics12010167

Breque, M., De Nul, L., & Petridis, A. (2021). Industry 5.0 — Towards a sustainable, human-centric and resilient European industry. European
Commission, Directorate-General for Research and Innovation - Publications Office of the European Union. https://doi.org/10.2777/308407

Chin, S. T. S. (2020). Influence of emotional intelligence on the workforce for Industry 5.0. Journal of Human Resources Management Research,
2021. https://doi.org/10.5171/2021.882278

Choi, T.-M., Kumar, S., Yue, X., & Chan, H.-L. (2022). Disruptive technologies and operations management in the Industry 4.0 era and beyond.
Production and Operations Management, 31, 9-31. https://doi.org/10.1111/poms.13622

Cillo, V., Gregori, G. L., Daniele, L. M., Caputo, F., & Bitbol-Saba, N. (2022). Rethinking companies’ culture through knowledge management lens
during Industry 5.0 transition. Journal of Knowledge Management, 26(10), 2485-2498. https://doi.org/10.1108/JKM-09-2021-0718

Cimini, C., Lagorio, A., Cavalieri, S., Riedel, O., Pereira, C. E., & Wang, J. (2022). Human-technology integration in smart manufacturing and
logistics: Current trends and future research directions. Computers and Industrial Engineering, 169, 108261. https://doi.org/10.1016/j.
cie.2022.108261

124



Toward Industry 5.0: Mapping technologies, competencies, and research opportunities E:SJ E M |

Daoud, A. O, Kineber, A. F,, Ali, A. H., & Elseknidy, M. (2025). Empowering Sustainable Infrastructure and Sustainable Development Goals
Through Industry 5.0 Implementation. Sustainable Development, 33 (3), 4309-4332. https://doi.org/10.1002/sd.3347

Demir, K. A., & Cicibag, H. (2019). The next industrial revolution: Industry 5.0 and discussions on Industry 4.0. In Industry 4.0 from the MIS
perspective. Peter Lang GmbH.

Demir, K. A., Doven, G., & Sezen, B. (2019). Industry 5.0 and human-robot co-working. Procedia Computer Science, 158, 688-695. https://doi.
org/10.1016/j.procs.2019.09.104

Denyer, D., & Tranfield, D. (2009). Producing a systematic review. In D. A. Buchanan & A. Bryman (Eds.), The Sage handbook of organizational
research methods (pp. 671-689). Sage Publications Ltd.

Dhirani, L. L., Mukhtiar, N., Chowdhry, B. S., & Newe, T. (2023). Ethical dilemmas and privacy issues in emerging technologies: A review. Sensors,
23(3), 1151. https://doi.org/10.3390/s23031151

Doyle-Kent, M., & Kopacek, P. (2021). Do we need synchronization of the human and robotics to make Industry 5.0 a success story? In N. M.
Durakbasa & M. G. Gengyilmaz (Eds.), Digital conversion on the way to Industry 4.0. ISPR 2020. Lecture Notes in Mechanical Engineering.
Springer, Cham. https://doi.org/10.1007/978-3-030-62784-3_25

Doyle-Kent, M., O’'Neill, B., Shanahan, B. W., Organ, J., Doyle, L., O’NEeill, S., Costello, O., & Donnelly, N. (2022). A research cluster’s vision for a pilot
factory in the Southeast Technological University of Ireland. IFAC-PapersOnLine, 55, 159-164. https://doi.org/10.1016/j.ifacol.2022.12.028

Duggal, A. S., Malik, P. K., Gehlot, A, Singh, R., Gaba, G. S., Masud, M., & Al-Amri, J. F. (2021). A sequential roadmap to Industry 6.0: Exploring
future manufacturing trends. IET Communications, 16, 521-531. https://doi.org/10.1049/cmu2.12284

Durmaz, A., & Kitapci, H. (2021). Revisiting customer-involved value chains under the conceptual light of Industry 5.0. Proceedings on Engineering
Sciences, 3(2), 201-210. https://doi.org/10.24874/PES03.02.008

Emma-Ikata, D., & Doyle-Kent, M. (2022). Industry 5.0 readiness - Optimization of the relationship between humans and robots in manufacturing
companies in Southeast of Ireland. IFAC PapersOnLine, 55(39), 419-424. https://doi.org/10.1016/j.ifacol.2022.12.071

Espina-Romero, L., Guerrero-Alcedo, J., Goiii Avila, N., Norofno Sinchez, J. G., Gutiérrez Hurtado, H., & Quifones Li, A. (2023). Industry 5.0:
Tracking scientific activity on the most influential industries, associated topics, and future research agenda. Sustainability, 15(6), 5554.
https://doi.org/10.3390/sul506555

European Commission. (2023a). Industry 5.0 community of practice call for expression of interest. European Commission. https://research-and-
innovation.ec.europa.eu/news/all-research-and-innovation-news/industry-50-community-practice-call-expression-interest-2023-06-01_en

European Commission. (2023b). Industry 5.0 award contest opens: Apply by 1 September 2023. European Commission. https://research-and-
innovation.ec.europa.eu/news/all-research-and-innovation-news/industry-50-award-contest-opens-apply-1-september-2023-2023-05-15_en

Fonda, E., & Meneghetti, A. (2022). The human-centric SMED. Sustainability, 14, 514. https://doi.org/10.3390/sul14010514

Frederico, G. F. (2021). From supply chain 4.0 to supply chain 5.0: Findings from a systematic literature review and research directions. Logistics,
5(3), 49. https://doi.org/10.3390/logistics5030049

Fukuyama, M. (2018). Society 5.0: Aiming for a New Human-Centered Society. In Japan Spotlight; pp. 47-50. Available online: https://www.jef.
or.jp/journal/pdf/220th_Special _Article_02.pdf (accessed on 28 July 2025).

Garcia Rivera, F.,, Lamb, M., Hogberg, D., & Brolin, A. (2022). The schematization of XR technologies in the context of collaborative design. I0S
Press EBooks, Advances in Transdisciplinary Engineering, 21, 520-529. https://doi.org/10.3233/ATDE220170

Gervasi, R., Mastrogiacomo, L., & Franceschini, F. (2023). An experimental focus on learning effect and interaction quality in human-robot
collaboration. Production Engineering, 17, 355-380. https://doi.org/10.1007/s11740-023-01188-5

Ghobakhloo, M., Iranmanesh, M., Morales, M. E., Nilashi, M., & Amran, A. (2023a). Actions and approaches for enabling Industry 5.0-driven
sustainable industrial transformation: A strategy roadmap. Corporate Social Responsibility and Environmental Management, 30, 1473-1494.
https://doi.org/10.1002/csr.2431

Ghobakhloo, M., Iranmanesh, M., Foroughi, B., Tikorlaee, E. B., Asadi, S., & Amran, A. (2023b). Industry 5.0 implications for inclusive sustainable
manufacturing: An evidence-knowledge-based strategic roadmap. Journal of Cleaner Production, 417, 138023. https://doi.org/10.1016/j.
jclepro.2023.138023

Ghobakhloo, M., Iranmanesh, M., Mubarak, M. F., Mubarik, M., Rejeb, A., & Nilashi, M. (2022). Identifying industry 5.0 contributions to
sustainable development: A strategy roadmap for delivering sustainability values. Sustainable Production and Consumption, 33, 716-737.
https://doi.org/10.1016/j.spc.2022.08.003

Grabowska, S., Saniuk, S., & Gajdzik, B. (2022). Industry 5.0: Improving humanization and sustainability of Industry 4.0. Scientometrics, 127,
3117-3144. https://doi.org/10.1007/s11192-022-04370-1

Guo, L., Sun, D., Warraich, M. A., & Waheed, A. (2023). Does industry 5.0 model optimize sustainable performance of Agri-enterprises?
Sustainable Development, 1-10. https://doi.org/10.1002/sd.2527

Girdiir Broo, D., Kaynak, O., & Sait, S. M. (2022). Rethinking engineering education at the age of Industry 5.0. Journal of Industrial Information
Integration, 25, 100311. https://doi.org/10.1016/j.jii.2021.100311

Habash, R. (2022). Phenomenon-based learning for Age 5.0 mindsets: Industry, society, and education. IEEE Global Engineering Education
Conference (EDUCON), 1910-1915. https://doi.org/10.1109/EDUCON52537.2022.9766521

Haleem, A., & Javaid, M. (2019). Industry 5.0 and its applications in orthopaedics. Journal of Clinical Orthopaedics and Trauma, 10(4), 807-808.
https://doi.org/10.1016/j.jcot.2018.12.010

Hein-Pensel, F., Winkler, H., Briickner, A., Wélke, M., Jabs, 1., Mayan, L J., Kirschenbaum, A., Friedrich, J., & Zinke-Wehlmann, C. (2023).
Maturity assessment for Industry 5.0: A review of existing maturity models. Journal of Manufacturing Systems, 66, 200-210. https://doi.
org/10.1016/j.jmsy.2022.12.009

Humayun, M. (2021). Industrial revolution 5.0 and the role of cutting-edge technologies. International Journal of Advanced Computer Science and
Applications, 12(12). https://doi.org/10.14569/IJACSA.2021.0121276

Iyengar, K. P, Pe, E. Z., Jalli, ., Shashidhara, M. K., Jain, V. K., Vaish, A., & Vaishya, R. (2022). Industry 5.0 technology capabilities in trauma and
orthopaedics. Journal of Orthopaedics, 32, 125-132. https://doi.org/10.1016/j.jor.2022.06.001

Jafari, N., Azarian, M., & Yu, H. (2022). Moving from Industry 4.0 to Industry 5.0: What are the implications for smart logistics? Logistics, 6(2),
26. https://doi.org/10.3390/logistics6020026

Javaid, M., & Haleem, A. (2020). Critical components of Industry 5.0 towards a successful adoption in the field of manufacturing. Journal of
Industrial Integration and Management, 5(3), 327-348. https://doi.org/10.1142/52424862220500141

125



Camila Fabricio Poltronieri, Luciana Rosa Leite, Yasmin Silva Martins Xavier,
J E M | José Pedro Teixeira Domingues, José Carlos de Toledo, Otéavio José de Oliveira

Javaid, M., Haleem, A, Singh, R. P., Ul Haq, M. L, Raina, A., & Suman, R. (2020). Industry 5.0: Potential applications in COVID-19. Journal of
Industrial Integration and Management, 5(4), 507-530. https://doi.org/10.1142/52424862220500220

Johansson, H. (2017). Profinet industrial Internet of Things gateway for the smart factory [Master’s thesis, Chalmers University of Technology,
University of Gothenburg].

John, K. K., Adarsh, S. N., & Pattali, V. (2020). Workers to super workers: A brief discussion on important technologies for industry 5.0
manufacturing systems. In AIP conference proceedings, 2311(1).

Johri, P., Singh, J. N., Sharma, A., & Rastogi, D. (2021). Sustainability of coexistence of humans and machines: An evolution of Industry 5.0
from Industry 4.0. 10th International Conference on System Modeling and Advancement in Research Trends (SMART), 410-414. https://doi.
org/10.1109/SMART52563.2021.9676275

Kemendi, A., Michelberger, P., & Mesjasz-Lech, A. (2022). Industry 4.0 and 5.0 - Organizational and competency challenges of enterprises. Polish
Journal of Management Studies, 26(2). https://doi.org/10.17512/pjms.2022.26.2.13

Khaimovich, 1., Ramzaev, V., & Chumak, V. (2020). Data modelling for analysis of readiness of municipal education in Industry 5.0. In VI
International Conference on Information Technology and Nanotechnology (ITNT-2020) (pp. 1-4).

Khan, W. U,, Thsan, A., Nguyen, T. N., Ali, Z., & Javed, M. A. (2022). NOMA-enabled backscatter communications for green transportation in
automotive-industry 5.0. IEEE Transactions on Industrial Informatics, 18(11), 7862-7874. https://doi.org/10.1109/T11.2022.3161029

Kolade, O., & Owoseni, A. (2022). Employment 5.0: The work of the future and the future of work. Technology in Society, 71, 102086. https://doi.
org/10.1016/j.techsoc.2022.102086

Kraaijenbrink, J. What Is Industry 5.0 And How It Will Radically Change Your Business Strategy?, Forbes, 2022. Available: https://www.forbes.com/
sites/jeroenkraaijenbrink/2022/05/24/what-is-industry-50-and-how-it-will-radically-change-your-business-strategy/?sh=3b35de6420bd.
Access: 29.06.2023.

Kukreja, R., & Kumar, R. (2021). Catalytic agents for easy adoption of Industry 5.0 - Indian context. In 9th International Conference on
Reliability, Infocom Technologies and Optimization (Trends and Future Directions) (ICRITO) (pp. 1-5). IEEE. https://doi.org/10.1109/
ICRITO51393.2021.9596187

Kumar Singh, D., & Sobti, R. (2022). Long-range real-time monitoring strategy for precision irrigation in urban and rural farming in Society 5.0.
Computers and Industrial Engineering, 167, 107997. https://doi.org/10.1016/j.cie.2022.107997

Kumar, R., Gupta, P, Singh, S., & Jain, D. (2021). Human empowerment by Industry 5.0 in digital era: Analysis of enablers. In Lecture Notes in
Mechanical Engineering. Springer. https://doi.org/10.1007/978-981-33-4320-7_36

Lattanzio, S., Goh, Y. M., Houghton, R., Lazaro, A. G., & Newnes, L. (2022). European Union conceptualisation of Industry 5.0: Opportunities
and challenges for transdisciplinary engineering. In Transdisciplinarity and the Future of Engineering. 10S Press. https://doi.org/10.3233/
ATDE220705

Longo, F., Padovano, A., & Umbrello, S. (2020). Value-oriented and ethical technology engineering in Industry 5.0: A human-centric perspective for
the design of the factory of the future. Applied Sciences, 10(12). https://doi.org/10.3390/app10124182

Li, J., Burnham, J. F,, Lemley, T., & Britton, R. M. (2010). Citation analysis: Comparison of Web of Science®, Scopus™, SciFinder®, and Google Scholar.
Journal of Electronic Resources in Medical Libraries, 7(3), 196-217. https://doi.org/10.1080/15424065.2010.505518

Li, X., Gao, X,, Shaikh, S. A., Zeng, M., Huang, G., Qureshi, N. M. F., & Qiao, D. (2022). NOMA-based cognitive radio network with hybrid FD/HD
relay in Industry 5.0. Journal of King Saud University - Computer and Information Sciences, 1-12. https://doi.org/10.1016/j.jksuci.2022.08.013

Lu, J., Wang, X., Cheng, X., Yang, J., Kwan, O., & Wang, X. (2022b). Parallel factories for smart industrial operations: From big AI models to
field foundational models and scenarios engineering. IEEE/CAA Journal of Automatica Sinica, 9(12), 2079-2086. https://doi.org/10.1109/
JAS.2022.106094

Lu, Y., Zheng, H., Chand, S., Xia, W, Lui, Z., Xu, X., Wang, L., Qin, Z., & Bao, J. (2022a). Outlook on human-centric manufacturing towards
Industry 5.0. Journal of Manufacturing Systems, 62, 612-627. https://doi.org/10.1016/j.jmsy.2022.02.001

Lykov, D., & Razumowsky, A. (2023). Industry 5.0 and human capital. In International Scientific and Practical Conference on Environmental Risks
and Safety in Mechanical Engineering (ERSME-2023) (Vol. 376). https://doi.org/10.1051/e3sconf/202337605053

Maddikunta, P. K. R., Pham, Q.-V., Prabadevi, B., Deepa, N., Dev, K., Gadekallu, T. R., Ruby, R., & Liyanage, M. (2022). Industry 5.0: A survey
on enabling technologies and potential applications. Journal of Industrial Information Integration, 26, 100257. https://doi.org/10.1016/j.
jii.2021.100257

Madhavan, M., Wangtueai, S., Sharafuddin, M. A., & Chaichana, T. (2022). The precipitative effects of pandemic on open innovation of SMEs:
A scientometrics and systematic review of Industry 4.0 and Industry 5.0. Journal of Open Innovation: Technology, Market, and Complexity,
8(3), 152. https://doi.org/10.3390/joitmc8030152

Narkhede, G. B, Pasi, B. N, Rajhans, N., & Kulkarni, A. (2023). Industry 5.0 and sustainable manufacturing: A systematic literature review.
Benchmarking: An International Journal. https://doi.org/10.1108/BIJ-03-2023-0196

Madsen, D. @., & Berg, T. (2021). An exploratory bibliometric analysis of the birth and emergence of Industry 5.0. Applied System Innovation,
4(4), 87. https://doi.org/10.3390/asi4040087

Madsen, D. @., & Slatten, K. (2023). Comparing the evolutionary trajectories of Industry 4.0 and 5.0: A management fashion perspective. Applied
System Innovation, 6(2), 48. https://doi.org/10.3390/as16020048

Marinelli, M. (2022). Human-robot collaboration and lean waste elimination: Conceptual analogies and practical synergies in industrialized
construction. Buildings, 12(12), 2057. https://doi.org/10.3390/buildings12122057

Marinelli, M. (2023). From Industry 4.0 to Construction 5.0: Exploring the path towards human-robot collaboration in construction. Systems,
11(3), 152. https://doi.org/10.3390/systems11030152

Martins, Y. S., Domingues, J. P. T. D., Poltroneri, C. F., & Leite, L. R. (2022). The emergence of Industry 5.0: A bibliometric analysis. 5th International
Conference on Quality Engineering and Management, Braga, Portugal.

Martynov, V. V., Shavaleeva, D. N., & Zaytseva, A. A. (2019). Information technology as the basis for transformation into a digital society
and Industry 5.0. International Conference on Quality Management, Transport and Information Security, Information Technologies
(ITandQMandlIS), Sochi, Russia, 539-543. https://doi.org/10.1109/CSCMP45713.2019.8976493

Mladineo, M., Cubi¢é, M., Gjeldum, N., & 7iié, M. C. (2021). Human-centric approach of the lean management as an enabler of Industry 5.0 in
SMEs. International Conference Mechanical Technologies and Structural Materials (MTSM 2021), 111-117.

Moller, D. P. E,, Vakilzadian, H., & Haas, R. E. (2022). From Industry 4.0 towards Industry 5.0. IEEE International Conference on Electro
Information Technology (eIT), Mankato, MN, USA, 61-68. https://doi.org/10.1109/eIT53891.2022.9813831

126



Toward Industry 5.0: Mapping technologies, competencies, and research opportunities E:SJ E M |

Mourtzis, D., Angelopoulos, J., & Panopoulos, N. (2022a). A literature review of the challenges and opportunities of the transition from Industry
4.0 to Society 5.0. Energies, 15(76). https://doi.org/10.3390/en15176276

Mourtzis, D., Angelopoulos, J., & Panopoulos, N. (2022b). Operator 5.0: A survey on enabling technologies and a framework for digital
manufacturing based on extended reality. Journal of Machine Engineering, 22(1), 43-69. https://doi.org/10.36897/jme/147160

Mondal, S., & Samaddar, K. (2023). Reinforcing the significance of human factor in achieving quality performance in data-driven supply chain
management. The TQM Journal, 35(1), 183-209. https://doi.org/10.1108/TQM-12-2020-0303

Mongeon, P., & Paul-Hus, A. (2016). The journal coverage of Web of Science and Scopus: A comparative analysis. Scientometrics, 106, 213-228.
https://doi.org/10.1007/s11192-015-1765-5

Nahavandi, S. (2019). Industry 5.0—A human-centric solution. Sustainability, 11(16), 4371. https://doi.org/10.3390/sul1164371

Ostergaard, E. H. (2020). Industry 5.0 - Return of the human touch. Universal Robots. https://www.universal-robots.com/blog/industry-50-
return-of-the-human-touch/

Ozdemir, V., & Hekim, N. (2018). Birth of Industry 5.0: Making sense of big data with artificial intelligence, the Internet of Things, and next-
generation technology policy. OMICS: A Journal of Integrative Biology, 22(1), 1-3. https://doi.org/10.1089/0mi.2017.0194

Pathak, P., Pal, P. R., Shrivastava, M., & Ora, P. (2019). Fifth revolution: Applied AI and human intelligence with cyber-physical systems.
International Journal of Engineering and Advanced Technology, 8(3), 23-27.

Pessoa, M. V. P., & Becker, J. M. J. (2020). Smart design engineering: A literature review of the impact of the 4th industrial revolution on product
design and development. Research in Engineering Design, 31, 175-195. https://doi.org/10.1007/s00163-020-00330-z

Piccarozzi, M., Stefanoni, A., & Ilvestri, C. (2023). Industry 4.0 technologies as a lever for sustainability in the communication of large companies
to stakeholders. European Journal of Innovation Management. https://doi.org/10.1108/EJIM-11-2022-0641

Pizon, J., & Gola, A. (2023). Human-machine relationship: Perspective and future roadmap for Industry 5.0 solutions. Machines, 11, 203. https://
doi.org/10.3390/machines11020203

Pramanik, P. K. D., Mukherjee, B., Pal, S., Upadhyaya, B. K., & Dutta, S. (2020). Ubiquitous manufacturing in the age of Industry 4.0: A state-of-
the-art primer. In A. Nayyar & A. Kumar (Eds.), A roadmap to Industry 4.0: Smart production, sharp business, and sustainable development
(73 -112). Springer Nature. https://doi.org/10.1007/978-3-030-14544-6_5

Prassida, G. F., & Asfari, U. (2021). A conceptual model for the acceptance of collaborative robots in Industry 5.0. Procedia Computer Science, 197,
61-67. https://doi.org/10.1016/j.procs.2021.12.118

Proia, S., Carli, R., Cavone, G., & Dotoli, M. (2022). Control techniques for safe, ergonomic, and efficient human-robot collaboration in the digital
industry: A survey. IEEE Transactions on Automation Science and Engineering, 19(3), 1798-1819. https://doi.org/10.1109/TASE.2021.3131011

Potoczek, N.R. (2021). The use of process benchmarking in the water industry to introduce changes in the digitization of the company’s value
chain. Journal of Entrepreneurship, Management, and Innovation, 17(4), 51-89. https://doi.org/10.7341/20211743

Rada, M. (2015). Industry 5.0 - From virtual to physical. LinkedIn. https://www.linkedin.com/pulse/industry-50-from-virtual-physical-michael-
rada

Raja Santhi, A., & Muthuswamy, P. (2023). Industry 5.0 or Industry 4.0S? Introduction to Industry 4.0 and a peek into the prospective Industry
5.0 technologies. International Journal on Interactive Design and Manufacturing, 17, 947-979. https://doi.org/10.1007/s12008-023-01217-8

Rauch, E. (2020). Industry 4.0+: The next level of intelligent and self-optimizing factories. In Advances in design, simulation and manufacturing
III. DSMIE 2020. Lecture Notes in Mechanical Engineering (pp. 176-186). Springer, Cham. https://doi.org/10.1007/978-3-030-50794-7_18

Rejeb. A., Rejeb, K., Zrelli, I. & Siile, E. (2025). Industry 5.0 as seen through its academic literature: an investigation using co-word analysis.
Discover sustainability, 6(327), https://doi.org/10.1007/s43621-025-01166-0

Roblek, V., Mesko, M., & Podbregar, I. (2021). Mapping of the emergence of Society 5.0: A bibliometric analysis. Organizacija, 54(4), 293-305.
https://doi.org/10.2478/orga-2021-0020

Romero, D., & Stahre, J. (2021). Towards the resilient Operator 5.0: The future of work in smart resilient manufacturing systems. Procedia CIRP,
104, 1089-1094. https://doi.org/10.1016/j.procir.2021.11.183

Rozanec, J. M., Novalija, I., Zajec, P., Kenda, K., Ghinani, H. T., Suh, S., Veliou, E., Papamartzivanos, D., Giannetsos, T., Menesidou, S. A., Alonso,
R., Cauli, N., Meloni, A., Recupero, D. R., Kyriazis, D., Sofianidis, G., Theodoropoulos, S., Fortuna, B., Mladeni¢, D., & Soldatos, J. (2022).
Human-centric artificial intelligence architecture for Industry 5.0 applications. International Journal of Production Research. https://doi.or
g/10.1080/00207543.2022.2138611

Sachsenmeier, P. (2016). Industry 5.0: The relevance and implications of bionics and synthetic biology. Engineering. https://doi.org/10.1016/j.
eng.2016.02.015

Saniuk, S., Grabowska, S., & Straka, M. (2022). Identification of social and economic expectations: Contextual reasons for the transformation
process of Industry 4.0 into the Industry 5.0 concept. Sustainability, 14, 1391. https://doi.org/10.3390/su14031391

Saptaningtyas, W. W. E., & Rahayu, D. K. (2020). A proposed model for food manufacturing in SMEs: Facing Industry 5.0. 5th North American
International Conference on Industrial Engineering and Operations Management, Detroit, Michigan, USA.

Shahbakhsh, M., Emad, G. R., & Cahoon, S. (2022). Industrial revolutions and transition of the maritime industry: The case of Seafarer’s role in
autonomous shipping. The Asian Journal of Shipping and Logistics, 38(1), 10-18. https://doi.org/10.1016/j.ajs1.2021.11.004

Sharma, M., Sehrawat, R., Luthra, S., Daim, T., & Bakry, D. (2022). Moving towards Industry 5.0 in the pharmaceutical manufacturing sector:
Challenges and solutions for Germany. IEEE Transactions on Engineering Management (Early Access), 1-18. https://doi.org/10.1109/
TEM.2022.3143466

Slavac, D. (2023). The main concepts of Industry 5.0: A Bibliometric Analysis Approach. 22nd International Symposium Infoteh Jahorina Infoteh
2023. 1-5. 10.1109/INFOTEHS57020.2023.10094143

Suciu, M. C., Plesea, D. A., Petre, A., Simion, A., Mituca, M. O., Dumitrescu, D., Bocaneala, A. M., Moroianu, R. M., & Nasulea, D. F. (2023). Core
competence—As a key factor for a sustainable, innovative and resilient development model based on Industry 5.0. Sustainability, 15(9), 7472.
https://doi.org/10.3390/su15097472

Taj, I, & Jhanjhi, N. Z. (2022). Towards Industrial Revolution 5.0 and explainable artificial intelligence: Challenges and opportunities. International
Journal of Computing and Digital Systems, 12(1), 285-310. https://doi.org/10.12785/ijcds/120124

Tavares, M. C., Azevedo, G., & Marques, R. P. (2022). The challenges and opportunities of Era 5.0 for a more humanistic and sustainable
society—A literature review. Societies, 12(6), 149. https://doi.org/10.3390/50c12060149

Tranfield, D., Denyer, D., & Smart, P. (2003). Towards a methodology for developing evidence-informed management knowledge by means of
systematic review. British Journal of Management, 14(3), 207-222. https://doi.org/10.1111/1467-8551.00375

127



== Camila Fabricio Poltronieri, Luciana Rosa Leite, Yasmin Silva Martins Xavier,
J E M | José Pedro Teixeira Domingues, José Carlos de Toledo, Otéavio José de Oliveira

Vacchi, M., Siligardi, C. & Settembre-Blundo, D. (2024). Driving Manufacturing Companies toward Industry 5.0: A Strategic Framework for
Process Technological Sustainability Assessment (P-TSA). Sustainability, 16, 695. https://doi.org/10.3390/su1602069

Veiga, D.S. (2025). Analysis of the results of the regional innovation policies of the structural funds on business innovation indicators: does size
and role matter in Andalusian business performance indicators? The Annals of Regional Science, 74(22). https://doi.org/10.1007/s00168-025-
01354-w

Welfare, K. S., Hallowell, M. R., Shah, J. A., & Riek, L. D. (2019). Consider the human work experience when integrating robotics in the workplace.
14th ACM/IEEE International Conference on Human-Robot Interaction (HRI), Daegu, Korea (South), 75-84. https://doi.org/10.1109/
HRI.2019.8673139

WEF (2024). The future of growth. 2024. Retrieved from https://www3.weforum.org/docs/ WEF_Future_of_Growth_Report_2024.pdf.

Xu, X., Lu, Y., Vogel-Heuser, B., & Wang, L. (2021). Industry 4.0 and Industry 5.0—Inception, conception and perception. Journal of Manufacturing
Systems, 61, 530-535. https://doi.org/10.1016/j.jmsy.2021.10.006

Zupic, L., & Cater, T. (2014). Bibliometric methods in management and organization. Organizational Research Methods, 18, 429-472. https://doi.
org/10.1177/1094428114562629

Biographical notes

Camila Fabricio Poltronieri, graduated in Production Engineering from the Federal University of Sdo Carlos - UFSCar
(2005). Master’s (2014) and Ph.D. (2018) from the University of Sao Paulo - USP. She was a faculty member in the
undergraduate Production Engineering program at the Federal University of Goias (UFG) between 2018 and 2025. Since
2022, she has been part of the Graduate Program in Production Engineering at the Federal University of Goias, and since
2025, she has been teaching in the undergraduate Production Engineering program at the University of Sao Paulo (USP).
Currently, she is a postdoctoral researcher at Sao Paulo State University - UNESP. Research areas: Industry 5.0, Integrated
Management Systems, Sustainability. H-index (Scopus): 6.

Luciana Rosa Leite, graduated in Agronomic Engineering from the Federal University of Santa Catarina — UFSC (2007).
Master’s (2010) and Ph.D. (2014) in Production Engineering from the Federal University of Santa Catarina - UFSC and
the Federal University of Sao Carlos - UFSCar, respectively, with a research internship at Virginia Tech (2011-2012), where
she worked as a researcher at the ISE - Grado Department of Industrial and Systems Engineering (USA). Since 2016, she
has been a faculty member in the undergraduate Production Engineering program at the State University of Santa Catarina
- UDESC, and since 2022, she has been teaching in the Graduate Program in Civil Engineering at the same institution.
She coordinates the NUPESI Research Group, Center for Research and Studies in Sustainability and Innovation, and the
LAMPS - Process Improvement and Sustainability Laboratory. Research areas: Performance Indicators, Sustainability,
Performance Measurement Systems, Environmental Management Systems, Lean, Circular Economy, Industry 4.0/5.0.
H-index (Scopus): 6.

Yasmin Silva Martins Xavier, graduated in Production Engineering from the Federal University of Sao Jodo del Rei
- UFSJ (2017). Master’s (2019) and Ph.D. (2022) in Production Engineering from the Federal University of Itajuba
- UNIFEI, with a research internship at the University of Minho, Braga. Since 2024, she has been a faculty member in the
undergraduate Production Engineering program at Sao Paulo State University (UNESP). Research areas: Management
Systems, Risk Management, Quality Management, Sustainability, and Organizational Management. H-index (Scopus): 3.

José Pedro Teixeira Domingues, graduated in Chemistry from the University of Minho - UMinho (1995), with a Master’s
(2000) in Textile Engineering and a Ph.D. (2013) in Production and Systems Engineering from the same institution. Since
2014, he has been a Senior Consultant at Quality for Excellence Consulting and a Consultant at Bureau Veritas Angola.
Principal Researcher at the School of Engineering of the University of Minho. Research areas: Quality, Management
Systems, and Sustainability. H-index (Scopus): 19.

José Carlos de Toledo, graduated in Production Engineering from the University of Sdao Paulo — USP (1979), with
a Master’s (1985) in Production Engineering from the Federal University of Rio de Janeiro - UFR], and a Ph.D. (1993) in
Production Engineering from the University of Sdo Paulo - USP. Specialization in TQM from AOTS/JUSE, Japan (1990).
Currently, he is a Full Professor in the Department of Production Engineering and the Graduate Program at the Federal
University of Sao Carlos — UFSCar. Research areas: Quality Management, Product Development Process Management,
Process Control and Improvement, Quality in Agribusiness, Quality Management in Rural Production, Continuous
Quality Improvement, and Accreditation in Health Services. H-index (Scopus): 11.

128



Toward Industry 5.0: Mapping technologies, competencies, and research opportunities
Otavio José de Oliveira, graduated in Civil Engineering from Sao Judas Tadeu University - USJT (1997), with a Master’s
in Administration from Pontificia Universidade Catolica de Sdo Paulo — PUC/SP (2001), Ph.D. (2005), and Post-
Doctorate (2006) in Civil Engineering from the University of Sao Paulo - USP. Currently, he is a Full Professor at Sdo Paulo
State University - UNESP, working in the areas of Integrated Management Systems (Quality, Environment, Health and
Safety, and Social Responsibility), Sustainability/Corporate Environmental Management, and Industry 4.0/5.0. He has

served as Head of the Production Department, coordinated the Graduate Program in Production Engineering, and the

Undergraduate Production Engineering Program at UNESP. He maintains active scientific collaborations with researchers

from Turkey, India, Spain, Portugal, Sweden, and Ireland. H-index (Scopus): 24.

Author contributions statement
Camila Fabricio Poltronieri: Conceptualization, Data Curation, Formal Analysis, Investigation, Methodology, Project
Administration, Supervision, Validation, Visualization, Writing -Original Draft Preparation, Writing - Review &
Editing. Luciana Rosa Leite: Conceptualization, Formal Analysis, Investigation, Methodology, Validation, Visualization,
Writing - Original Draft Preparation, Writing — Review & Editing. Yasmin Silva Martins: Conceptualization, Formal
Analysis, Investigation, Methodology, Validation, Visualization, Writing — Original Draft Preparation, Writing — Review

& Editing. José Pedro Teixeira Domingues: Conceptualization, Formal Analysis, Investigation, Methodology, Validation,
Visualization, Writing — Original Draft Preparation. José Carlos de Toledo: Writing — Original Draft Preparation, Writing

- Review & Editing. Otavio José de Oliveira: Writing — Review & Editing.

The authors declare no competing interests.

Citation (APA Style)
and Innovation, 21(4), 103-129. https://doi.org/10.7341/20252145

Conflicts of interest
Poltronieri, C.E, Leite, L.R., Martins, Y.S., Teixeira Domingues, J.P., de Toledo, J.C., & de Oliveira, O.]. (2025). Toward
Industry 5.0: Mapping technologies, competencies, and research opportunities. Journal of Entrepreneurship, Management

129



