% applied sciences

Review

Al, Optimization, and Human Values: Mapping the Intellectual
Landscape of Industry 4.0 to 5.0

Albérico Travassos Roséario

check for

updates
Academic Editors: Filipe Pereira,
Carlos Felgueiras, Vitor Carvalho and
Pedro M. B. Torres

Received: 25 May 2025
Revised: 18 June 2025
Accepted: 21 June 2025
Published: 27 June 2025

Citation: Rosério, A.T.; Raimundo,
R.J.G. AI, Optimization, and Human
Values: Mapping the Intellectual
Landscape of Industry 4.0 to 5.0. Appl.
Sci. 2025, 15, 7264. https:/ /doi.org/
10.3390/app15137264

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

1,2,%

and Ricardo Jorge Gomes Raimundo 34

Instituto Politécnico de Settibal, Escola Superior de Tecnologia de Settibal, Campus do Instituto Politécnico de
Settibal, Estefanilha, Edificio ESTS, 2914-504 Settibal, Portugal

GOVCOPP-Governance, Competitiveness and Public Policies, Campus Universitdrio de Santiago,

Rua de S. Tiago DCSPT Room 12.3.8, 3810-193 Aveiro, Portugal

IADE—Faculdade de Design, Tecnologia e Comunicagao, Universidade Europeia, 1500-210 Lisboa, Portugal;
ricardo.raimundo@iseclisboa.pt

ISEC Lisboa—Instituto Superior de Educacao e Ciéncias, 1750-142 Lisboa, Portugal

*  Correspondence: alberico@ua.pt

Abstract

This study conducts a systematic bibliometric literature review to explore the conceptual
and technological transition from Industry 4.0 to Industry 5.0, focusing on the roles of
artificial intelligence (Al), optimization, and human values. Applying the PRISMA 2020
protocol, the analysis includes 53 peer-reviewed sources from the Scopus database, em-
phasizing the integration of advanced technologies such as cyber—physical systems, the
Internet of Things, collaborative robotics, and explainable AI. While Industry 4.0 is marked
by intelligent automation and digital connectivity, Industry 5.0 introduces a human-centric
paradigm emphasizing sustainability, resilience, and co-creation. The findings underscore
the significance of human—machine collaboration, process personalization, Al education,
and ethical governance as foundational pillars of this new industrial era. This review
highlights the emerging role of enabling technologies that reconcile technical performance
with social and environmental values, promoting a more inclusive and sustainable model
for industrial development.

Keywords: artificial intelligence; industry; industry 4.0; industry 5.0; smart manufacturing

1. Introduction

Over the years, humankind has increasingly relied on advanced technologies to
enhance production efficiency. Each industrial revolution has introduced transformative
tools and paradigms. Industry 1.0, emerging in the 1780s, leveraged steam, water, and
fossil fuels to power mechanical production systems [1]. This was followed by Industry 2.0
in the 1870s, characterized by the widespread adoption of electrical energy, which enabled
mass production and assembly lines. The advent of Industry 3.0 in the 1970s saw the
integration of electronics and information technology, laying the foundation for automation
in manufacturing.

Industry 4.0 represents a continuation and intensification of these technological ad-
vances. It is defined by the convergence of artificial intelligence (Al), cloud computing,
the Internet of Things (IoT), and cyber—physical systems (CPSs), which together facilitate
real-time communication between digital and physical systems [2]. This integration led
to the development of Cyber—Physical Production Systems (CPPSs), where machines col-
laborate and make decisions autonomously. Skobelev and Borovik [3] (p. 307) described
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Industry 4.0 as a means to achieve industrial competitiveness by embedding CPSs into
production processes.

Despite its groundbreaking potential, Industry 4.0 has been critiqued for overlooking
the human dimension. As Skobelev and Borovik [3] noted, the transformation it initiated
placed excessive focus on technological automation, often disregarding the centrality of
human labor. This shortfall catalyzed the evolution toward Industry 5.0, which seeks to
rebalance industrial priorities by reintroducing human values into technological systems.

Industry 5.0, as described by Xu et al. [2] (p. 530), moves beyond economic growth and
job creation to promote societal well-being, sustainability, and resilience. This human-centric
vision recognizes the essential role of people in intelligent manufacturing ecosystems and
aims to harmonize industrial development with social and environmental considerations.

To explore this emerging paradigm, the present study undertakes a systematic biblio-
metric literature review (LRSB) of the transition from Industry 4.0 to Industry 5.0. Applying
the PRISMA 2020 protocol, the analysis examines 53 peer-reviewed sources from the Scopus
database. This review focuses on the integration of Al, optimization techniques, and human
values, offering insights into how these elements are reshaping the future of industry. Key
themes include human-machine collaboration, ethical governance, and the alignment of
advanced technologies with sustainability and societal needs.

2. Materials and Research Methods

This study adopts a systematic bibliometric literature review (LRSB) guided by the
PRISMA 2020 framework to ensure a transparent, replicable, and unbiased approach to
identifying, selecting, and analyzing relevant academic literature. The PRISMA protocol
is particularly suited for synthesizing interdisciplinary research, as it mandates detailed
reporting and methodological rigor. As noted by Linnenluecke et al. [4], such systematic
reviews minimize bias and enhance scientific validity through structured, replicable, and
also synthesized procedures [5]. Similarly, Haddaway et al. [6] highlighted PRISMA'’s
capacity to ensure full transparency in review methods and outcomes.

The LRSB method, as detailed by Rosério et al. [7] and Rosério [8], offers a com-
prehensive and methodical way to map scholarly output in emerging research domains.
Unlike traditional literature reviews, an LRSB involves a deliberate selection of studies that
directly address the research questions, maintaining a strong emphasis on transparency
and methodological rigor.

The review process followed a six-step sequence structured into three main phases
(Table 1):

Table 1. Process of systematic LRSB.

Fase Step Description

Step 1 formulating the research problem
Step 2 searching for appropriate literature

Exploration — - -
Step 3 critical appraisal of the selected studies
Step 4 data synthesis from individual sources

Interpretation Step 5 reporting findings and recommendations
Communication Step 6 Presentation of the LRSB report

Source: own elaboration.

This structured approach ensures a coherent and credible synthesis of knowledge
across the domains of artificial intelligence, industrial transformation, and human values.
With respect to the data source and search strategy, the Scopus database was selected
as the sole data source due to its extensive academic coverage, rigorous indexing, and ad-
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vanced analytical tools. Scopus offers citation analysis, keyword mapping, and bibliometric
evaluation capabilities, which are crucial for tracing research trajectories and identifying
thematic trends. Despite its advantages, relying exclusively on Scopus may introduce
limitations, such as the underrepresentation of regional or non-English publications and
delayed indexing of recent works—factors acknowledged as potential biases in global
research representation.

The literature search was confined to peer-reviewed journal articles, conference papers,
and book chapters published up to April 2025, ensuring that the dataset maintained both
academic credibility and relevance. The search employed Boolean keyword combinations,
beginning with the broad term “artificial intelligence”, which yielded 667,194 results.
Subsequent refinements narrowed the focus:

e Adding “industry” reduced the results to 44,655 entries;

e Including “industry 4.0” identified 5540 documents;

e Adding “industry 5.0” yielded 376 entries;

e  Applying the exact keyword “smart manufacturing” refined the final dataset to 53 peer-
reviewed publications (N = 53).

These filters ensured that the literature selected directly aligned with the study’s
central themes: artificial intelligence, industrial evolution, and value-driven innovation.

With regard to the inclusion and exclusion criteria, to maintain focus and rigor, only
works that explored the application of artificial intelligence within industrial and smart
manufacturing contexts were included. Studies that lacked direct relevance to Al or failed
to address the Industry 4.0-5.0 transition were excluded. This filtering process emphasized
thematic alignment and methodological soundness, while ensuring that the final dataset
addressed the study’s core research objectives. Further screening details are summarized
in Table 2, which outlines each stage of keyword refinement and selection criteria.

Table 2. Screening methodology.

Database Scopus Screening Publications
Meta-search Keyword: artificial intelligence 667,194
First Inclusion Criterion Keywords: artificial intelligence; industry 44,655
Keywords: artificial intelligence; industry; Industry 4.0 5540
Inclusion Criteria Keywords: artificial intelligence; industry; Industry 4.0; Industry 5.0 376

Keywords: artificial intelligence; industry; Industry 4.0; Industry 5.0
Exact Keyword: smart manufacturing

Screening

Keywords: artificial intelligence; industry; Industry 4.0; Industry 5.0 53

Exact Keyword: smart manufacturing
Until April 2025

Source: own elaboration.

Regarding the analytical framework, the analysis applied a blend of narrative syn-
thesis and bibliometric techniques, as outlined by Rosério et al. [7,8]. This hybrid method
facilitated both qualitative interpretation and quantitative mapping of trends, recurring
themes, and influential contributions. Bibliometric tools such as VOSviewer version 1.6.18
and Bibliometrix version 4.1.2 were used to visualize keyword co-occurrences, citation
networks, and authorship patterns.

Ultimately, the selected 53 publications—comprising 25 conference papers, 23 journal
articles, and 5 book chapters—formed the empirical basis of this review. These sources were
examined for methodological quality, relevance to Al and human values, and alignment
with the emerging paradigm of Industry 5.0, as illustrated in Figure 1:



Appl. Sci. 2025, 15, 7264

4 0f22

Screening ldentification

Included

Identification of new studies via databases and registers

Records identified from:
Databases (n = 1):
Scopus (n= 667,194)
Registers (n = 667,194)

Records removed before screening:
Records marked as ineligible by automation
tools (n = 622.539)

Records screened Records excluded
(n = 44 655) (n= 38,115
Reports sought for retrieval Reports not retrieved
(n = 5540) (n =622 486)
/
Reports assessed for eligibility Reports excluded:
n=53) 24 {n=MNA)

MNew studies included in review
(n=0)

Reports of new included studies
(n=0)

Figure 1. PRISMA 2020 flow diagram for the systematic literature search [6].

3. Publication Distribution

This section presents an overview of the publication patterns identified through the

bibliometric review. The analysis focused on peer-reviewed literature related to the thematic

core of the study—AlI, optimization, and human values in the transition from Industry 4.0

to Industry 5.0—covering documents published up to April 2025.

3.1. Temporal Distribution

A notable surge in academic interest occurred between 2022 and 2024, with 2024

recording the highest volume of publications (24 documents). This sharp rise reflects

increasing attention to Al-driven industrial transformation and the emerging discourse

around human-centered innovation (Figure 2). The apparent drop in 2025 is attributed to

the review cutoff date in April, not a decline in research output.
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3.2. Source Journals

The documents analyzed were published across a wide array of academic outlets,
reflecting the interdisciplinary nature of the topic. The most represented journals include:

IFAC PapersOnLine (4);

Applied Sciences—Switzerland (3);

3.3. Geographic Distribution

The global nature of this research field is evident in the diverse country representation.

Procedia Computer Science (5 publications);

Springer Series in Reliability Engineering (3);

Other journals and conference proceedings each contributed 1-2 publications, illus-
trating a dispersed but growing research base.

As shown in Figure 3 and Table 3, leading contributors include:

Figure 3. Scientific production by country.

Table 3. Top 10 countries by number of publications.

Country Number of Publications
Italy 39
China 35
Slovenia 16
Greece 14
USA 11
France 8
Brazil 7
Portugal 7
UK 7
Austria 6

Source: own elaboration.

The active participation of both developed nations and emerging economies like Brazil
highlights the strategic importance of this research area, as industries and institutions
worldwide increasingly adopt intelligent technologies.

This widespread engagement reflects an international push toward intelligent, sus-
tainable industrial systems, with both developed and emerging economies actively con-

tributing.
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3.4. Core Sources and Citation Trends

Applying Bradford’s law, six journals emerged as core sources, accounting for 11% of
the total literature. These publications act as intellectual hubs, facilitating early discourse
and influencing subsequent research directions (Figure 4, Table 4). Although it is an
empirical method, mostly through observation and focused on quantity rather than quality,
Bradford’s law is useful in mapping research productivity and dissemination patterns,
while enabling quantitative analysis of literature distribution and aiding in identifying core
journals, in which most relevant articles are published [7].

Core Sources by Bradford's Law

Core
2 Sources 8

IFAC-PAPERSONLINE

APPLIED SCIENCES (SWITZER
SPRINGER SERIES IN RELIAB
IFIP ADVANCES IN INFORMAT

JIXIE GONGCHENG XUEBAO/JO

PROCEDIA COMPUTER SCIENCE

Source log(Rank)
Figure 4. Core sources by Bradford’s law (2015-2025).

Table 4. Tabular data from Bradford’s law.

Source Articles

Procedia Computer Science 5
IFAC-Papersonline
Applied Sciences (Switzerland)
Springer Series in Reliability
IFIP Advances in Informatics
Jixie Gongcheng Xuebao/Jo

=N WA

Source: own elaboration.

In the case, citation analysis reveals robust scholarly engagement. The most cited work,
“Industry 5.0 and Human-Robot Co-working”, has accumulated 504 citations, highlighting
its centrality to the field. This study, published in Procedia Computer Science, explores
organizational and human factors in collaborative robotics. These data are displayed in
detail in Table 4:

Across all documents analyzed, the total citations amounted to 1240, with 25 publi-
cations achieving at least 10 citations (Appendix A). The h-index for the reviewed corpus
stands at 25, underscoring both the quality and impact of the selected works. Citation
trends from <2015 to 2025 (Figure 5) show a strong upward trajectory, with an R? value of
0.52, indicating a consistent rise in academic relevance.
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Figure 5. Citation changes for documents published until April 2025.

3.5. Disciplinary Breadth

The reviewed documents span multiple subject areas, reflecting the interdisciplinary
scope of Industry 4.0-5.0 research:
Engineering (37 documents);
Computer Science (34);
Mathematics (10);
Decision Sciences, Business, Management & Accounting (6 each);

Physics, Energy, Environmental Science, Medicine, Arts & Humanities (2—4 each).

This thematic diversity reinforces the integration of technical, social, and ethical
dimensions in the ongoing industrial transition.

The bibliometric analysis, conducted using VOSviewer and Bibliometrix software,
mapped the research landscape around the keywords “Al, Optimization, and Human
Values” within the context of Industry 4.0 and 5.0. Figures 6-10 offer complementary
visualizations that reveal the structural and thematic dynamics of the field.

Figure 6 illustrates a keyword co-occurrence network, emphasizing the centrality
of terms like artificial intelligence, Industry 4.0, Industry 5.0, and smart manufacturing.
The clustering reveals how discussions remain largely grounded in technology-centric
frameworks, with limited conceptual engagement beyond the industrial application layer.
This concentration suggests a dominant focus on operational and implementation concerns,
potentially overshadowing human-centric or regulatory considerations.

Figure 7, a three-field plot (authors, cited references, and keywords), clarifies the
intellectual foundation of the field. A small number of authors and sources are repeatedly
linked to key terms, suggesting a tightly interconnected scholarly community. However, the
limited thematic variety within the high-frequency keywords points to a narrow conceptual
bandwidth, underscoring the need for broader interdisciplinary integration.

The Sankey diagram, as Xiao et al. [9] described, provides a clear way to trace the flow
and development of major topics throughout the analysis. It further reinforces this by show-
ing unidirectional flows from pivotal terms like Industry 5.0 and smart manufacturing,
which lack outgoing connections. This pattern implies that while these themes domi-
nate discourse, they are not sufficiently influencing or branching into emerging subfields,
indicating a potential stagnation in thematic diversification [8].
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Figure 8, the thematic map, positions research clusters based on centrality and density.
Core themes in the upper-right quadrant, such as Al and smart manufacturing, are both
well-developed and influential. In contrast, emerging yet underdeveloped areas—network
security, enabling technologies, and production efficiency—occupy the lower-left quadrant,
signaling future research opportunities. The presence of highly specialized but isolated topics
in the upper-left quadrant—e.g., inventory control and customer service—reflects fragmented
efforts that could benefit from stronger integration into central research currents.
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Figure 8. Network of linked keywords.

Figure 9 offers a closer look at the thematic evolution. The prominence of machine
learning, generative adversarial networks, and neural networks as basic themes reflects
an entrenched reliance on data-driven methodologies. However, their clustering away
from human-centric concepts like human intelligence and human-robot interaction—which
appear in more strategic, developmental positions—suggests a gap between technical
advancements and human-centered design principles.

Figure 10, the co-citation network, highlights a well-established core of frequently
cited studies that reinforce dominant paradigms in Al and industrial evolution. The dense
central structure indicates a mature field, though the presence of peripheral nodes hints at
niche but potentially transformative areas awaiting deeper exploration.

The aforementioned visual analyses collectively underscore a field that is techno-
logically robust but conceptually narrow. While Al and smart manufacturing dominate,
limited attention to ethics, regulation, and human values creates intellectual blind spots.
Future research should aim to bridge this gap by integrating social, philosophical, and
interdisciplinary perspectives, broadening the scope beyond technical optimization toward
a more holistic vision of Industry 5.0.
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4. Theoretical Perspectives

The transition from Industry 4.0 to Industry 5.0 represents more than a technological
evolution; it reflects a shift in the underlying theoretical frameworks that guide industrial
design, production, and innovation. This section outlines the key conceptual underpinnings
of both paradigms, their enabling technologies, and the values shaping their integration.

4.1. Understanding Industry 4.0

Industry 4.0, commonly referred to as the fourth Industrial Revolution, marks the
convergence of digital, physical, and biological technologies. Introduced during the 2011
Hannover Fair as part of a German government initiative, it aimed to enhance manufactur-
ing competitiveness through advanced digitalization. However, its conceptual roots trace
back to late 20th-century developments in embedded systems and networked communica-
tion.

Skobelev and Borovik [3] (p. 307) described Industry 4.0 as “an umbrella term used
to describe a group of connected technological advances that provide a foundation for
increased digitization of the business environment”. Similarly, De Souza et al. [10] (p. 145)
emphasized its integration of machines, sensors, and software to enhance prediction,
planning, and control.

Key distinctions from previous revolutions comprehend [11]:
Real-time responsiveness;

Human-machine interaction;

Cyber—physical integration;

Data-driven decision-making.

These advances enabled intelligent, adaptive production systems capable of self-
regulation, paving the way for autonomous and interconnected manufacturing ecosystems.

Key Components
Several foundational technologies enable the functionality of Industry 4.0:

e  Cyber-Physical Systems (CPSs): As the structural backbone of Industry 4.0, CPSs
tightly integrate computation, networking, and physical processes through sensors
and actuators [12]. They enable adaptive control, real-time feedback, and self-
optimization [3].

e Internet of Things (IoT): IoT connects devices, machines, and systems across industrial
environments, enabling continuous data exchange [2]. When coupled with analytics
and Al, it supports predictive maintenance and dynamic process optimization [13].

e Internet of Services (IoS): IoS promotes a shift toward service-based models like
product-as-a-service. It leverages Service-Oriented Architecture (SOA) and cloud
computing to deliver manufacturing functions on demand [14].

e  Smart Factory: Smart factories embody Industry 4.0 principles through flexible, in-
terconnected systems capable of autonomous operation [15]. They integrate CPSs,
IoT, and Al to create self-organizing production environments, enhanced by tools like
digital twins and real-time scheduling algorithms [3,16,17].

4.2. Key Technologies in Industry 4.0
Industry 4.0’s impact is driven by the convergence of several transformative technologies:

e  Industrial Internet of Things (IloT): IIoT extends IoT capabilities into industrial settings,
ensuring low-latency, high-reliability communication between devices and systems [13,18].
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e  Additive Manufacturing (3D Printing): This technology supports customization, rapid
prototyping, and decentralized production. Integrated with Al and IoT, it offers
adaptive process control and reduced waste [19-21].

e  Big Data: Big data analytics transform massive, heterogeneous datasets into actionable
insights. Techniques like machine learning and natural language processing support
predictive maintenance, inventory optimization, and closed-loop manufacturing [22-24].

e  Artificial Intelligence (AI): Al enables machines to learn, adapt, and make decisions.
In manufacturing, it drives process optimization, defect detection, and intelligent
automation [25-27].

e  Collaborative Robots (CoBots): Designed to work safely alongside humans, CoBots
support hybrid workflows where machines augment human capabilities [28-30].

e  Virtual Reality (VR): VR enhances training, design, and simulation processes. When
paired with digital twins and Al, it enables predictive visualization and collaborative
design environments [3,12].

4.3. Emergence of Industry 5.0

Despite the progress enabled by Industry 4.0, its limitations—particularly in human-
centric and ethical dimensions—have become increasingly evident. Industry 5.0 responds
to these gaps by re-centering industrial systems around human, societal, and environmen-
tal values.

On the one hand, Xu et al. [2] (p. 530) framed Industry 5.0 as the pursuit of “so-
cietal goals beyond jobs and growth”, while the European Commission, on the other
hand, emphasizes its regenerative role, integrating people, planet, and prosperity [31]. It
does not reject Industry 4.0 but complements it with a focus on inclusion, resilience, and
sustainability [32,33].

Zizic et al. [31] and Alimam et al. [13] identify the three foundational pillars of
Industry 5.0:

e  Human-centricity: Prioritizing human dignity, creativity, and participation in produc-
tion processes;

e  Sustainability: Promoting environmentally responsible practices such as reuse, recy-
cling, and reduced resource consumption;

e  Resilience: Building flexible systems capable of adapting to disruptions and uncertainties.

4.4. Factors Driving the Shift Toward Industry 5.0

The transition from Industry 4.0 to Industry 5.0 is motivated by a set of interrelated
technological, societal, and ethical concerns. While Industry 4.0 advanced automation, data
connectivity, and operational efficiency, it often overlooked human welfare, environmental
sustainability, and systemic resilience. Industry 5.0 emerges as a necessary evolution—one
that seeks to realign industrial innovation with broader societal needs and values. Several
key factors underpin this shift:

4.4.1. Human—Machine Collaboration

Unlike the automation-centric ethos of Industry 4.0, Industry 5.0 fosters collaborative
interaction between humans and machines. It acknowledges the irreplaceable value of
human traits—creativity, empathy, intuition, and ethical judgment—in complex decision-
making processes [34,35]. Technologies like collaborative robots (CoBots) and Al interfaces
are designed to augment, rather than replace, human labor [30]. These systems support
shared workspaces where humans and intelligent machines cooperate dynamically, im-
proving both productivity and worker satisfaction.
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4.4.2. Ethical Considerations

The increasing prevalence of Al has raised significant ethical questions, particularly
regarding data privacy, algorithmic bias, labor displacement, and transparency [36,37]. In
response, Industry 5.0 emphasizes ethical governance frameworks, including principles
such as fairness, accountability, inclusivity, and explainability [38,39]. These values are
embedded in the design and deployment of technologies, ensuring alignment with demo-
cratic norms and public trust. Ethical foresight is thus reframed as a strategic enabler—not
a constraint—in technological development.

4.4.3. Sustainability

As climate concerns intensify, industries are under pressure to adopt environmentally
responsible models. Industry 4.0, despite its efficiency gains, often produced carbon-
intensive, resource-depleting systems [40]. Industry 5.0 promotes circular economy prac-
tices, optimized resource usage, and carbon-neutral operations through technologies like
Al-powered energy management, life cycle assessment tools, and digital twins [41,42].
According to Oladeinde and Ojo [33], this marks a transition from extractive to restorative
industrial paradigms, aligning production with global sustainability targets.

4.4.4. Cybersecurity Concerns

As industrial systems become increasingly interconnected, cybersecurity threats—including
ransomware, data breaches, and Al-driven attacks—have grown more sophisticated. In 2020
alone, cyberattacks cost the global economy an estimated USD 945 billion [43]. Industry 5.0
responds by embedding resilient, Al-enhanced security architectures, such as zero-trust mod-
els and real-time threat detection mechanisms [15,44]. Additionally, it recognizes the human
element in cybersecurity, emphasizing awareness, behavior, and ethical responsibility in organi-
zational culture.

4.4.5. Demand for Resilient and Time-Sensitive Systems

Recent disruptions like the COVID-19 pandemic and geopolitical instability have
exposed the vulnerabilities of just-in-time global supply chains. Many firms struggled
with supplier delays, material shortages, and volatile pricing [45]. Industry 5.0 emphasizes
resilience and temporal adaptability, using edge computing, decentralized Al, and predic-
tive analytics to build systems that can autonomously reconfigure in response to external
shocks [46,47]. This shift underscores a broader move from optimization toward strength
in industrial design.

4.4.6. Al Education and Workforce Preparedness

The widespread adoption of Al in industry demands a digitally literate and adaptable
workforce. Industry 5.0 promotes re-skilling and up-skilling through educational initiatives
that combine technical training with ethical reasoning and systems thinking [48,49]. This
human development strategy ensures that technological innovation remains inclusive and
empowering, rather than exclusionary. Participatory design and lifelong learning platforms
allow workers to meaningfully engage with—and shape—the systems they interact with.

4.4.7. Demand for Co-Creation and Co-Production

Today’s consumers and communities seek greater involvement in the products and
services they use. Industry 5.0 responds by embracing co-creation models that allow
stakeholders—including customers, employees, and local communities—to actively con-
tribute to innovation [41]. Using Al tools, open platforms, and digital fabrication, orga-
nizations foster participatory processes that reflect diverse needs and values [50]. This
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democratization of innovation promotes greater user engagement, product personalization,
and social legitimacy.

4.4.8. Advanced Quality Control Requirements

The rising complexity and customization in modern manufacturing necessitate pre-
cise and adaptive quality control. Industry 5.0 integrates Al-powered visual inspection,
predictive analytics, and real-time monitoring to ensure product excellence across the value
chain [12,51]. Unlike in earlier models, quality assurance is now a collaborative process,
combining machine precision with human insight. This integration not only enhances oper-
ational efficiency but also aligns quality standards with ethical and experiential dimensions,
such as safety, usability, and sustainability [49,52].

4.5. Key Technologies Enabling the Evolution from Industry 4.0 to 5.0

The evolution from Industry 4.0 to Industry 5.0 is not merely defined by technological
innovation but by the way these technologies are deployed to align technical performance
with human-centric values. The enabling technologies that support this transition fall into
three overarching categories: artificial intelligence (AI), optimization tools, and technologies
that embed human values into industrial systems.

4.5.1. Artificial Intelligence

Al continues to serve as the cognitive core of modern industry. In Industry 5.0, Al
applications are shifting from pure automation to collaborative and creative augmentation,
empowering human decision-making and ethical oversight.

Generative Al and Explainable Al (XAI)

Generative Al models (e.g., GPT-based systems, diffusion networks) contribute to
design, engineering, and content generation by enabling machines to co-create with humans
in real time [53-55]. These tools support ideation, rapid prototyping, and personalization.

Meanwhile, Explainable AI (XAI) addresses the black-box nature of complex algo-
rithms by providing interpretable outputs. Das and Rad [56] emphasized that XAl tools
enhance transparency, allowing end-users to trust and understand how decisions are
made—an essential element in ethical, human-centered environments [15,49].

Machine Learning (ML)

ML forms the analytical engine behind many Industry 5.0 systems. Its predictive
and adaptive capabilities are applied in areas such as predictive maintenance, energy
optimization, and demand forecasting [21,28]. Moreover, ML enables responsive systems
that adjust in real-time, supporting both operational efficiency and user personalization.

Cyber—Physical Systems (CPSs) and Digital Twins

CPSs and digital twins represent the physical-digital interface essential for smart,
adaptive environments. CPSs integrate sensors, actuators, and control systems to create
intelligent, context-aware infrastructures [12]. Digital twins extend these capabilities by
simulating physical assets in real time for enhanced diagnostics, scenario testing, and
predictive planning [57,58]. When paired with Al they significantly improve resilience and
system intelligence.

4.5.2. Optimization Technologies

Optimization tools play a critical role in balancing complex and often competing
objectives such as cost, energy use, waste reduction, and production agility.
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Multi-Objective Optimization and Edge Computing

Modern industrial challenges require balancing multiple priorities simultaneously.
Multi-objective optimization (MOO) algorithms address this by generating optimal trade-
offs across competing goals, such as energy efficiency and throughput [40,59].

Edge computing, which processes data locally rather than relying solely on cloud
infrastructure, enhances real-time responsiveness and reduces latency. Together, MOO and
edge computing create systems that are both efficient and highly adaptive [59,60].

Life Cycle Assessment (LCA) Models

LCA tools help evaluate the environmental impact of products and processes from
cradle to grave. When integrated with Al, they provide real-time insights into resource
usage, emissions, and recyclability [61,62]. This enables manufacturers to make sustainable
choices at every stage of the product life cycle, aligning operations with circular economy
principles and global climate targets.

4.5.3. Technologies Emphasizing Human Values

Technologies that prioritize worker well-being, inclusivity, and collaboration are
central to Industry 5.0’s ethos. These tools enhance human agency and safety while
improving productivity.

Wearable Technologies

Devices such as exoskeletons, smartwatches, and biometric monitors track worker
health, posture, fatigue, and exposure to environmental hazards [20]. These technologies
adapt workflows based on individual needs and provide real-time feedback to ensure
safety, ergonomics, and productivity [12,46].

Human-Robot Collaboration (HRC)

Human-Robot Collaboration (HRC) reframes automation as augmentation—a syner-
gistic partnership that leverages the unique strengths of both humans and robots. Current
collaborative robotic systems (CoBots), though more advanced than traditional isolated
robotic technologies, are still primarily engineered for task sharing within predefined
parameters. They can interpret basic gestures and adjust to environmental changes, but
their contextual understanding and adaptability to nuanced human behavior remain lim-
ited [28,29].

To fully align with a human-centered approach, however, this technology must evolve
beyond reactive assistance toward proactive collaboration. This involves developing
systems capable of interpreting human intent, emotional cues, and individualized working
styles. Rather than merely increasing precision and efficiency, next-generation HRC should
prioritize worker autonomy, psychological comfort, and inclusive design—ensuring that
robots adapt to humans, not the other way around. While existing systems contribute to
job satisfaction and operational flexibility [19], a truly human-centric model would require
robots to support cognitive well-being, foster creative agency, and accommodate diverse
abilities and perspectives.

Sensor Technologies

Advanced sensor networks enable the continuous collection of high-resolution data for
dynamic control and system refinement. These sensors not only track machine performance
and product quality but also monitor worker well-being and environmental conditions,
contributing to both efficiency and safety [51,59].
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Next-Generation Communication Technologies

Technologies such as 5G and beyond offer the ultra-low latency and high bandwidth re-
quired for seamless communication among distributed systems, including robotic swarms,
smart sensors, and remote operations [24]. These networks enable real-time synchronization
and coordination across geographically dispersed production environments, supporting
agile and resilient manufacturing ecosystems [62].

4.6. Comparative Analysis Between Industry 4.0 and Industry 5.0

Together, the aforementioned technologies represent a shift from automation-driven
innovation toward a human-centered, resilient, and ethically grounded industrial paradigm.
They enable real-time adaptability, strategic optimization, and values-based design, all of
which are hallmarks of Industry 5.0. Likewise, Industry 4.0 and Industry 5.0 represent two
consecutive phases in industrial and technological evolution, yet they differ fundamen-
tally in their priorities and philosophical orientation. Understanding their relationship
and complementary roles is essential to shaping sustainable and human-centered future
development trends.

While Industry 4.0 focus upon digitalization, automation, and real-time data, it in-
tegrates cyber—physical systems, the Internet of Things (IoT), artificial intelligence (AI),
cloud computing, and robotics into manufacturing and industrial operations/ efficiency;,
Industry 5.0 further relies on human-centric innovation. It extends beyond technological op-
timization to prioritize human well-being, societal values, and environmental sustainability,
whilst emphasizing collaboration between humans and machines rather than replace-
ment, aiming to reintegrate the human into advanced manufacturing in a sustainable way
(Table 5).

Table 5. Relationship between Industry 4.0 and 5.0.

Dimension Industry 4.0 Industry 5.0 Complementarity
Objective Efficiency, automation Human—Fentrlc, ° ustainable 5.0 builds upon 4.0
innovation
. Technology IoT, Al CPS, Big Data CoBots, .AI with ethics, Shared infrastructure
infrastructure sustainable tech

Human role

Limited or supervisory Collaborative and creative Rebalanced integration

integration

Value focus Productivity and cost Societal well-being and .

layer added reduction inclusivity Ethical layer added
Sust;101rc13153111ty Optional or secondary Integral and prioritized Expands Focus

Source: own elaboration.

The main identified trends might be as follows:

First, while Industry 4.0 streamlined operations, Industry 5.0 asks why and who these
optimizations serve, pushing organizations to align with broader ethical and societal goals;
it is ensuing a movement away from full automation toward augmented intelligence and
collaborative robotics that enhance human capabilities rather than replace them.

Likewise, Industry 5.0 promotes sustainability through circular economy models,
building upon the data and efficiency gains of Industry 4.0 to minimize waste and carbon
footprints; in other words, Al and machine learning become more embedded and the focus
shifts from just “smart systems” to responsible Al, including fairness, transparency, and
accountability, paving the way to frameworks that align technological progress with labor
rights, digital ethics, and environmental policy.



Appl. Sci. 2025, 15, 7264

17 of 22

5. Conclusions

The transition from Industry 4.0 to Industry 5.0 marks a significant reorientation of
industrial development from a focus on automation and efficiency to one that integrates
technological advancement with human values, sustainability, and resilience. While Indus-
try 4.0 revolutionized manufacturing through technologies such as cyber—physical systems
(CPSs), artificial intelligence (Al), and the Internet of Things (IoT), it often fell short in
addressing the ethical, environmental, and societal impacts of these innovations [2,3].

Industry 5.0 emerges as a complementary evolution—not merely a successor—placing
human-centricity, ethical governance, and ecological responsibility at the forefront of indus-
trial systems. It emphasizes co-creation, collaborative intelligence, and the empowerment
of human workers rather than their replacement. Enabling technologies such as wearables,
collaborative robots (CoBots), life cycle assessment (LCA) models, and explainable Al are
being deployed to support more inclusive, transparent, and adaptive systems [12,29,56,62].

Several key drivers are accelerating this shift, including:

e  The need for human-machine collaboration that leverages both human judgment and
machine precision [30,34];

e Rising concerns around data ethics, transparency, and accountability [36-39];

e  The global imperative for sustainable and regenerative production models [31,40-42];

e Increasing demand for resilient, time-sensitive infrastructures amid geopolitical and
pandemic-related disruptions [45-47];

e  The critical role of Al education and workforce reskilling to ensure inclusive digital
transformation [48,49].

This study contributes to the academic discourse by offering a systematic bibliometric
review of 53 peer-reviewed publications that map the intellectual landscape from Industry
4.0 to 5.0. This review identifies the converging technological trends and emerging value-
based frameworks shaping the next phase of industrial transformation. It highlights how Al
and optimization technologies are evolving beyond efficiency tools to become instruments
for ethical reasoning, personalized interaction, and sustainable innovation.

Practically, the findings offer guidance for industry leaders, technology developers,
and policymakers seeking to transition toward more equitable and future-ready produc-
tion systems. The emphasis on co-design, inclusive governance, and strategic workforce
development is particularly crucial for ensuring that technological progress enhances—not
diminishes—human agency and societal well-being.

However, several avenues remain open for further exploration. Future research should
focus on:

e  Context-specific studies that examine Industry 5.0 implementation across sectors and
cultures;

e  Development of metrics to assess the social, ethical, and environmental impacts of
human-centric technologies;

e  Deeper inquiry into emerging technologies such as quantum Al, bio-digital systems,
and synthetic cognition within the Industry 5.0 paradigm.

Ultimately, this review underscores that the success of Industry 5.0 depends not only

on technological innovation but also on our collective ability to embed human dignity,
sustainability, and resilience into the fabric of industrial systems.
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Appendix A

Table Al. Overview of document citations period <2015 to 2025.

Documents

<2015

2016

2017

2018

2019

2021

2021

2022

2023

2024

2025

Total

Reviewing human-robot collaboration in
manufacturing: Opportunities and challenges in
the context of Industry 5.0

2025

Artificial Intelligence of Things Infrastructure for
Quality Control in Cast Manufacturing
Environments Shedding Light on
Industry Changes

2025

Industry 4.0 technologies for sustainability
within small and medium enterprises: A
systematic literature review and
future directions

2024

AT’s effect on innovation capacity in the context
of Industry 5.0: a scoping review

2024

Toward a Human-Cyber—Physical System for
Real-Time Anomaly Detection

2024

Human in the Al'loop via XAl and active
learning for visual inspection

2024

Human-machine Collaborative Additive
Manufacturing for Industry 5.0

2024

Digital Twins for Industry 5.0: Unlocking the
Human Potential

2024

Exploring the Potential Network Vulnerabilities
in the Smart Manufacturing Process of Industry
5.0 via the Use of Machine Learning Methods

2024

Artificial Intelligence in Small and
Medium-Sized Enterprises: Requirements
and Barriers

2024

Toward human-centered intelligent assistance
system in manufacturing: challenges and
potentials for operator 5.0

2024

10

Enhancing wisdom manufacturing as industrial
metaverse for industry and society 5.0

2024

11

53

19

83

Towards new-generation human-centric smart
manufacturing in Industry 5.0: A
systematic review

2023

76

38

116

Towards Human Digital Twins to enhance
workers’ safety and production system resilience

2023

16
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Table A1. Cont.
Documents <2015 2016 2017 2018 2019 2021 2021 2022 2023 2024 2025 Total
Digital Triplet Paradigm for Brownfield
Development towards Industry 5.0: A Case
Study of Intelligent Retrofitting for Oil and Gas 2023 0 0 0 0 0 0 0 0 0 4 0 4
Boosting Plant in the Industrial Internet of
Things (IIoT) Context
Wearable Technology for Smart Manufacturing
in Industry 5.0 2023 0 0 0 0 0 0 0 0 1 8 1 10
Artificial Intelligence for Smart Manufacturing
in Industry 5.0: Methods, Applications, 2023 0 0 0 0 0 0 0 0 3 14 2 19
and Challenges
Explainable Articial Intelligence for
Cybersecurity in Smart Manufacturing 2023 0 0 0 0 0 0 0 0 1 3 2 6
Industry 5.0 and Human-Centered Approach. 2023 0 0 0 0 0 0 0 0 5 4 0 6
Bibliometric Review
Human-centric artificial intelligence architecture
for Industry 5.0 applications 2023 0 0 0 0 0 0 0 1 13 82 3 129
Enriching Artificial Intelligence Explanations
with Knowledge Fragments 2022 0 0 0 0 0 0 0 3 3 3 ! 10
State of Industry 5.0—Analysis and
Identification of Current Research Trends 2022 0 0 0 0 0 0 0 5 63 147 2 277
Industry 5.0: From Manufacturing Industry to
Sustainable Society 2022 0 0 0 0 0 0 0 0 2 7 5 14
Evaluation of Al-Based Dlglta'l Assistants in 2022 0 0 0 0 0 0 0 0 5 5 5 12
Smart Manufacturing
Industry 5.0 and Human-Robot Co-working 2019 0 0 0 0 0 13 44 96 125 180 46 504
Total 0 0 0 0 0 13 44 125 231 609 218 1.24
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