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Abstract:

Introduction: Industry 5.0 integrates advanced technologies with human-centric approaches
to enhance manufacturing safety, human-robot collaboration, and efficiency. Digital twins,
virtual replicas of physical systems, are central to this initiative to improve workplace safety
and operational efficiency. Methodology: This SLR used a comprehensive search strategy
across five digital libraries: IEEE Explore, Scopus, Taylor & Francis Online, ACM Digital
Library, and Web of Science. Results: The findings highlight digital twins' contributions to
worker safety through real-time monitoring, intelligent sensing, and proactive risk
management. Human-robot collaboration is achieved through real-time data integration.
Digital twins also improve manufacturing efficiency by enabling smarter, adaptive production
systems. Discussion: Despite their potential, challenges such as data quality, computational
complexity, cybersecurity, human factors, and socio-economic impacts need addressing.
Conclusions: This SLR underscores the role of digital twins in advancing Industry 5.0,
promoting safer, more efficient, and human-centric industrial environments.

Keywords: Digital Twins; Industry 5.0; Human-Robot Collaboration; Worker Safety;
Manufacturing Efficiency; Artificial Intelligence; Augmented Reality; Human-Centric
Systems.
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Resumen:

Introduccién: La Industria 5.0 integra tecnologias avanzadas con enfoques centrados en el ser
humano para mejorar la seguridad en la fabricacién, la colaboracién humano-robot y la
eficiencia. Los gemelos digitales, réplicas virtuales de sistemas fisicos, son centrales en esta
iniciativa para mejorar la seguridad laboral y la eficiencia operativa. Metodologia: Esta SLR
utilizé una estrategia de busqueda exhaustiva en cinco bibliotecas digitales: IEEE Explore,
Scopus, Taylor & Francis Online, ACM Digital Library y Web of Science. Resultados: Los hallazgos
destacan las contribuciones de los gemelos digitales a la seguridad de los trabajadores
mediante el monitoreo en tiempo real, la deteccion inteligente y la gestién proactiva de riesgos.
La colaboracién humano-robot se logra a través de la integracién de datos en tiempo real. Los
gemelos digitales también mejoran la eficiencia en la fabricacion al permitir sistemas de
produccién maés inteligentes y adaptativos. Discusion: A pesar de su potencial, se deben
abordar desafios como la calidad de los datos, la complejidad computacional, la
ciberseguridad, los factores humanos y los impactos socioeconémicos. Conclusiones: Esta SLR
subraya el papel de los gemelos digitales en el avance de la Industria 5.0, promoviendo
entornos industriales mas seguros, eficientes y centrados en el ser humano.

Palabras clave: Gemelos Digitales; Industria 5.0; Colaboracién Humano-Robot; Seguridad de
los Trabajadores; Eficiencia en la Fabricacion; Inteligencia Artificial; Realidad Aumentada;
Sistemas Centrados en el Ser Humano.

1. Introduction

In today's global economy, we often depend on traditional economic models that are
progressively being updated or replaced by new approaches powered by artificial intelligence
and modern technologies. We are currently at a crossroads between two significant
transformations: the Fourth Industrial Revolution, or Industry 4.0, which presents a
technological vision for the future economy, and the Fifth Industrial Revolution, or Industry
5.0, which highlights “coopetition” and personalization. This new phase recognizes the
increasing value of human capital amidst ongoing technological advancements (Ungureanu,
2020). A report by the United Nations Educational, Scientific and Cultural Organization
(UNESCO) in June 2021 emphasized that technological progress, including that which pertains
to industrial evolution, should adhere to ethical guidelines and positively impact society
(Lewis et al., 2021). Industry 5.0 reflects this ethos by melding technological innovation with a
pronounced focus on human welfare, underpinning its approach with human-centricity,
sustainability, and resilience to foster more inclusive, sustainable, and efficient industrial
practices (Xu et al., 2021).

Central to this initiative are digital twins-virtual replicas of physical systems that amalgamate
real-time data with human factors to significantly enhance workplace safety and operational
efficiency. This Systematic Literature Review (SLR) evaluates the impact of digital twin
technologies within this framework, focusing on their role in human-centric manufacturing
and their integration with advanced technologies such as Artificial Intelligence (Al),
Augmented Reality (AR), Human-Cyber Physical Systems (HCPS), and the Artificial
Intelligence of Things (AloT).

Worker safety is a key focus within Industry 5.0, where digital twins play a crucial role. For
example, Wang et al. (2024) developed a deep learning-enhanced digital twin framework for
safer human-robot collaboration, using semi-supervised models to improve detection and
classification of interactions. This system detects unsafe conditions and autonomously
mitigates potential hazards, showcasing robustness in challenging environments. Integrating
cutting-edge technologies, Li et al. (2023) and Grimmeisen et al. (2023) demonstrate how
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Augmented Reality (AR), and deep reinforcement learning (DRL) can be synergized with
digital twins to foster a safer manufacturing workspace. Yin et al. (2023) highlights the
integration of AR with digital twins to provide intuitive visualizations and real-time feedback,
allowing operators to interact seamlessly with digital twins. This integration improves task
planning, optimization, and execution, significantly enhancing cognitive functions and
decision-making capabilities of operators.

Human-robot collaboration has also emerged as a crucial factor in enhancing manufacturing
processes within Industry 5.0. Digital twin technologies facilitate seamless interactions
between humans and robots by providing real-time data integration, simulation, and
optimization capabilities. For instance, Xie et al. (2024) discuss the development of an XR-
based human-robot collaboration assembly system grounded in the industrial metaverse. This
system integrates Extended Reality (XR), blockchain, and end-edge-cloud collaborative
network architecture to enhance real-time physical operations through pre-planning, task
optimization, and strategic decision-making, facilitating efficient human-robot interaction.

This review also explores how digital twins, when integrated with Al and IoT technologies,
optimize manufacturing processes and responsiveness. The implementation of smart factory
concepts showcases the efficiency-enhancing potential of digital twins. Peter et al. (2021)
describe a step-by-step guide for creating a smart factory using digital twin technology. By
integrating key Industry 4.0 technologies such as IoT, cloud computing, and big data analytics,
the smart factory enables real-time communication and data exchange between machinery and
systems. This results in optimized production processes, predictive maintenance, and reduced
operational costs.

This SLR is the first to explore the intersection of digital twins and Industry 5.0 from a human-
centric perspective, making a significant and timely contribution to the field. The emphasis on
human-centric approaches aligns with the evolving paradigm of Industry 5.0, which
prioritizes human well-being, safety, and collaboration alongside technological
advancements. Understanding the human factors in digital twin applications is essential
because it directly impacts worker safety, ergonomics, and productivity. By systematically
reviewing the literature on this topic, we aim to identify best practices, potential challenges,
and gaps in current research, providing a comprehensive foundation for future studies and
practical implementations. This SLR highlights the transformative potential of digital twins in
creating safer, more efficient, and human-friendly manufacturing environments, thus paving
the way for more inclusive and sustainable industrial practices.

This systematic literature review is guided by several key objectives and research questions
designed to explore the depth and breadth of digital twin technologies within Industry 5.0.
Specifically, this SLR seeks to address the following;:

1. What are the impacts of digital twin technologies on worker safety within human-
centric manufacturing environments?

2. How do digital twin technologies facilitate human-robot collaboration in Industry 5.0,
and what are the outcomes of these interactions?

3. In what ways do digital twins optimize manufacturing processes, and what specific
advancements have they introduced in terms of process efficiency and resource
management?

By answering these questions, this systematic literature review not only clarifies the current
capabilities and contributions of digital twin technologies in Industry 5.0 but also underscores
their significance for various stakeholders. Policymakers, industrial managers, and technology
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developers can utilize these insights to drive more effective and sustainable implementations
of digital twins, particularly in enhancing workplace safety and operational efficiencies. Thus,
this review serves as a foundational reference that catalyzes further investigation and
development within the academic and industrial communities, promoting a more inclusive
and sustainable approach to manufacturing in the era of Industry 5.0.

2. Methods

This SLR used a comprehensive search strategy across five digital libraries: IEEE Explore,
Scopus, Taylor & Francis Online, ACM Digital Library, and Web of Science. The search included
boolean search strings related to the terms digital twins, Industry 5.0, manufacturing, Al, and
human-centric systems, focusing on papers published over the past 4 years. Selected papers
were evaluated for their relevance and contribution to understanding digital twins in Industry
5.0.

2.1. Selection Criteria and Search Strategy

The Boolean search strings were designed to capture the intersection of digital twin technology
with human safety, human-machine collaboration, and manufacturing efficiency within the
context of Industry 5.0:

o Sl: "Digital Twin AND Worker Safety AND Industry 5.0"
e 52: "Digital Twin AND Human-Machine Collaboration AND Industry 5.0"
o S3: "Digital Twin AND Manufacturing Efficiency AND Industry 5.0"

The combined query search string (R), where topic search (TS) includes title, abstract, and
keywords, is: R = TS=(S1) AND TS=(S2) AND TS=(S3)

2.2. Screening and Data Extraction

Titles, abstracts, and full texts of available papers were systematically screened to select studies
that aligned with the research questions of this SLR. The initial screening phase involved
removing duplicates across the search databases and then a reading of abstracts to filter out
non-relevant articles. This was followed by a thorough reading of the full texts to identify the
most relevant studies for in-depth synthesis and analysis.

2.3. Synthesis and Analysis

The goal of this SLR was to integrate findings from the selected articles to identify overarching
themes, discern trends, and extract significant insights on the role of digital twins within
Industry 5.0. The synthesis focused on digital twins' applications and benefits, as well as their
implications for future industrial practices and research, particularly in terms of enhancing
human safety, human-machine collaboration, and manufacturing efficiency.

3. Results

The systematic literature review process followed the PRISMA guides with several stages of
filtering to identify the most relevant articles for analysis. The inclusion and exclusion criteria
applied at each stage are detailed in the flow diagram below as well as the number of resulting
articles.



Figure 1.

Flow diagram of SLR search process showing the inclusion and exclusion criteria of each filter and the
number of articles it’s applied to

Search Queries (Title, Abstract, Keywords)
S1: "Digital Twin AND Worker Safety AND Industry 5.0"
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|
| Filter 2: Exclude Non-Relevant Abstracts | 230 |

|
| Filter 3: Exclude Articles Not Available in Full-Text [ 125 |

l
| Filter 4: Full Text Analysis, Include Relevant Articles | 95 |

‘ 54 Articles for Analysis ‘

Source: Own elaboration.

As seen in Figure 2, the distribution of publications per year demonstrates the growing interest
in digital twin technologies and their applications across various industrial domains. The
trend highlights significant research activity in recent years, reflecting the evolving nature of
Industry 5.0

Figure 2.

Number of Publications per year

Publications per Year
80
60
40
20

O »
2018 2019 2020 2021 2022 2023 2024 2025

Source: Own elaboration.
As seen in Table 1, the studies included in this review cover three major themes: worker safety,

human-robot collaboration, and industrial efficiency. The table below categorizes the
references according to the subcategory of these themes and the type of study conducted.



Table 1.

Topic and type of study of each study included in this SLR

Topic Qualitative Studies = Quantitative Studies Mixed Methods
. . Wang, S., et al. Roy and Singh
Wsl;lzl%iil;wm Luxe“}’z‘gzi‘;r etal 2004), Wang, H, et  (2024), Jimenez and
& al. (2023), Maire (2023)
) Grimmeisen et al.
Assc‘{\]sigle{;iin d Fernandez et al. (2023), Tosoni et al.
Manacement (2022) (2022), Baniqued et
& al. (2024)

WS - Ergonomics
and Worker Well-
Being

HRI - Extended
Reality and Digital
Twin Integration

HRI - Digital Twin
and Al Integration

HRI - Control
Techniques and
Safety

ME - Real-Time
Monitoring

ME - Optimization
and Al Integration

ME - Advanced
Manufacturing
Systems

Avila-Gutiérrez et
al. (2022)

Proia et al. (2021)

Bhattacharya et al.
(2023), Tallat et al.
(2023)

Zhang et al. (2023)

Franciosi et al. (2023)

Li et al. (2023)

Xie et al. (2024), Li et
al. (2022), Yin et al.
(2023), Feddoul et al.
(2023)

Rozanec et al (2022),
Coronado et al.
(2024)

Xiao et al. (2023), El-
Agamy et al. (2024),
David et al. (2018)
Xiang et al. (2023),
Vilar-Dias et al.
(2023), Mourad et
(2023)

Leng et al. (2023),
Mihai et al. (2022),
Vilar-Dias et al.
(2023)

Berti and Finco
(2022),
Constantinescu et al.
(2019), Kolesnikov et
al. (2023), Longo et
al (2023), Davila-
Gonzalez and
Martin (2024), Berti
and Finco (2022)

Alimam et al. (2023)

Asad et al. (2023),
Khosravy et al.
(2023), Krupas et al.
(2024),

Kuts et al. (2022),
Mincd et al. (2022),
Maruyama et al.
(2021), Muller et al.
(2023), Toth et al.
(2023), Raffik et al.
(2023), Piccarozzi et
al. (2024)

Peter et al. (2021)

Ouahabi et al.
(2024), Qu et al.
(2024), Cimino et al.
(2023)

Lago et al. (2023),
Kamdjou et al.
(2024), Kovic et al.
(2024)

Source: Own elaboration.
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The included studies were published in a variety of journals, reflecting the interdisciplinary
nature of research on digital twins and Industry 5.0. The distribution of publications per
journal is illustrated in Figure 3, highlighting the journals with the highest number of
contributions.

Figure 3.

Number of Publcations per Journal (two or more publications)
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Source: Own elaboration.
3.1. Worker Safety

The integration of digital twins into Industry 5.0 frameworks significantly enhances worker
safety through real-time monitoring, intelligent sensing, and proactive risk management.
Wang, Zhou et al. (2024) developed a deep learning-enhanced digital twin framework for
human-robot collaborative manufacturing. This framework detects unsafe conditions and
triggers autonomous decisions to prevent hazards, maintaining high detection accuracy even
in challenging environments. Similarly, Wang et al. (2023) introduced a safety management
model using a high-fidelity Digital Twin Workshop (DTW) and semantic reasoning to improve
the detection of unsafe states, providing real-time safety solutions.

Li et al. (2023) advanced this concept by combining augmented reality (AR) with deep
reinforcement learning (DRL) for safe human-robot interaction. Their system uses AR glasses
for visual augmentation and DRL for collision avoidance, validated in practical scenarios. In
another approach, Grimmeisen et al. (2023) presented an automated risk assessment
framework for ROS-based robotic systems. This methodology integrates digital twins with
hybrid risk models to provide real-time adaptive safety measures, validated on a robotic
manipulator.

Moreover, Fernandez et al. (2022) utilized the VIBE neural network to track workers' activities,
creating real-time 3D models to enhance workplace safety through advanced computer vision
and Al techniques. Complementing this, Kolesnikov et al. (2023) incorporated human factors
into digital twins by using wearable sensors to collect data on workers' conditions and make
real-time adjustments to workflows, thereby enhancing safety.
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Berti and Finco (2022) reviewed digital twin integration with human factors, highlighting
frameworks like the WEM-platform, which provides immediate feedback on ergonomic risks.
Additionally, Constantinescu et al. (2019) developed digital twins for exoskeleton-centered
workplaces to reduce physical strain and prevent musculoskeletal disorders (MSDs).

Building on these safety enhancements, Jimenez and Maire (2023) introduced ErgoTwin, a
digital twin model for monitoring postural risks using wearable sensors. This system provides
continuous feedback to improve worker postures. He et al. (2024) extended this concept with
a Human Digital Twin (HDT) framework that integrates multi-source data and AI for
continuous monitoring and assessment, thereby enhancing workplace safety and ergonomics.

In the realm of training, Longo et al. (2023) proposed “training on-the-go”, leveraging digital
twins and prescriptive analytics to train industrial workers in non-routine tasks, thus
enhancing safety and efficiency. Davila-Gonzalez and Martin (2024) further introduced a
framework integrating HDT with Al and emotional analytics for continuous monitoring of
workers' physical, mental, and emotional states, promoting overall worker well-being.

Wang, Zhang et al. (2024) emphasized a human-centric approach in their review of the HDT
within Industry 5.0, advocating for real-time monitoring and feedback on workers' conditions.
This approach was echoed by Luxenburger et al. (2024), who implemented interactive digital
twins for online planning and worker safety, utilizing AR technology to visualize safety
aspects and prevent collisions in shared workspaces.

Baniqued et al. (2024) introduced a multimodal immersive digital twin platform for managing
cyber-physical robot fleets in nuclear environments. This platform enhances situational
awareness and safety through VR interfaces. Meanwhile, Avila-Gutiérrez et al. (2022)
proposed a model for Occupational Safety and Health (OSH) 5.0, integrating digital
technologies for real-time monitoring and proactive safety measures aligned with the
Sustainable Development Goals (SDGs).

Lastly, Tosoni et al. (2022) explored digital twins for Cyber-Physical Production Systems
(CPPSs) with fault modeling techniques to ensure functional safety. Similarly, Berti et al. (2023)
developed HDT systems for monitoring workers' postures and dynamically rescheduling
tasks to reduce safety risks. Roy and Singh (2024) integrated Extended Reality (XR) with digital
twins for immersive simulations, improving safety and performance in nuclear environments.

In summary, these studies collectively highlight the critical role of digital twins in enhancing
worker safety in Industry 5.0 by providing real-time monitoring, intelligent sensing, and
proactive risk management. The integration of advanced technologies such as Al, AR, and IoT
with digital twins supports continuous improvement in safety measures, creating safer and
more efficient industrial environments.



3.2. Human Robot Colloboration

The integration of digital twins significantly enhances human-robot collaboration (HRC) in
Industry 5.0, creating more intelligent, efficient, and safe collaborative environments. Various
studies highlight different approaches and technologies contributing to these advancements.
Xie et al. (2024) developed an XR-based human-robot collaboration assembly system that
integrates extended reality (XR) technologies, including virtual reality (VR) and augmented
reality (AR), with blockchain and collaborative network architecture. This system creates
virtual avatars representing physical operators and robots, enhancing real-time operations
through pre-planning, online task optimization, and Al-driven decision-making,
demonstrated effectively in a gearbox assembly case study.

Building on this foundation, Coronado et al. (2024) presented an innovative approach
integrating human-centric systems for Industry 5.0 by bridging the Robot Operating System
(ROS) with NEP+, a human-centered development framework. Their architecture facilitates
real-time data exchange and enhances collaboration between humans and robots,
demonstrated through a human-in-the-loop collaborative assembly case study. Similarly, Yin
et al. (2023) surveyed AR-assisted digital twin technologies for human-centric industry
transformation, emphasizing AR’s role in improving interaction through intuitive
visualizations and real-time feedback, leading to smarter decision-making and efficient
human-robot collaboration.

Li et al. (2022) proposed an AR-assisted digital twin-enabled robot collaborative
manufacturing system with human-in-the-loop control. This system maps digital twins of
robots to their physical counterparts and visualizes them in AR glasses, allowing intuitive
control and real-time updates, validated through precise teleoperation tasks. In parallel, Proia
et al. (2021) reviewed control techniques for safe, ergonomic, and efficient HRC, categorizing
contributions based on safety, ergonomics, and efficiency, highlighting innovative control
methods and state-of-the-art methodologies.

Furthermore, Kuts et al. (2022) examined digital twin technology as a validation tool for
industrial robot manipulation, comparing traditional interfaces with DT-based VR interfaces.
Their study highlighted the importance of integrating human factors into DT systems to
ensure effective adoption. Expanding on this, Minca et al. (2022) presented a digital twin
approach for multifunctional technology in flexible manufacturing, integrating robotic
systems and a mobile visual servoing system (MVSS) to enhance productivity and reduce
waste.

Maruyama et al. (2021) introduced a digital twin-driven HRC system using digital human
(DH) technology to enhance safe and flexible manufacturing. Their system integrates virtual
robots, DHs, and production management modules, capturing workers’ full-body motions for
ergonomic assessment and dynamically scheduling tasks to balance workloads. This
integration exemplifies how digital twin technologies can be used to optimize human-robot
collaboration by ensuring ergonomic safety and task efficiency.

Further contributing to the field, Feddoul et al. (2023) conducted a systematic literature review
exploring the advancements in digital twin technology and robotics interfaced with XR
technologies within Industry 4.0. Their review highlights how immersive environments
improve design, monitoring, programming, and training by integrating digital twins, robotics,
and XR technologies such as AR and VR. This integration facilitates augmented perception,
allowing real robots to interact with virtual objects and enhancing training and simulation
without physical prototypes.
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Asad et al. (2023) explored the development and implementation of Human-Centric Digital
Twins (HCDTs) in industry, focusing on enabling technologies and strategies to enhance
human-robot collaboration. The HCDT framework integrates motion sensors, biological
sensors, Al, simulation tools, and visualization technologies to create a comprehensive digital
representation of human operators. This integration allows for real-time monitoring,
ergonomic assessments, and adaptive human-robot interactions, ensuring safety and
efficiency. In parallel, Khosravy et al. (2023) examined the role of human-collaborative Al
within Industry 5.0, focusing on integrating societal values and sustainability. Their survey
discusses how Al, digital twins, and collaborative robots (cobots) enhance human-robot
collaboration by enabling real-time monitoring, simulation, and optimization of industrial
processes.

Similarly, Bhattacharya et al. (2023) reviewed the role of human-in-the-loop (HIL) systems in
smart manufacturing, highlighting the integration of cyber-physical systems (CPS), Al, and
human-machine interfaces (HMI). Their review underscores the importance of HIL in
enhancing human-robot collaboration by ensuring that humans remain central to the
manufacturing process. Meanwhile, Raffik et al. (2023) discussed advancements in human-
robot collaboration facilitated by collaborative robots (cobots) within Industry 5.0. Their
review highlights the integration of IoT, 6G systems, blockchain technology, digital twins, Al,
and XR to create intelligent hybrid workspaces.

Tallat et al. (2023) explored the transition from Industry 4.0 to Industry 5.0, emphasizing the
importance of integrating human creativity with advanced robotic and Al technologies. Their
survey highlights collaborative robots (cobots) and the Internet of Robotic Things (IoRT) as
central elements of Industry 5.0, enabling real-time monitoring and data exchange for
enhanced human-robot interactions. Similarly, Piccarozzi et al. (2024) provided an overview
of the transition from Industry 4.0 to Industry 5.0, focusing on enabling technologies,
challenges, and opportunities. They emphasize the need for a holistic and human-centric
approach in management studies to understand and define Industry 5.0.

Contributing to the development of human-robot collaboration metrics, Miiller et al. (2023)
introduced a novel metric to measure and improve situation awareness in collaborative robots
(cobots) using intelligent digital twins (iDTs). This approach ensures that cobots possess high
levels of situation awareness, essential for effective human-robot collaboration. Additionally,
Toth et al. (2023) introduced the Industry 5.0 collaboration architecture (I5arc), focusing on
integrating innovative technologies with human actors in a value-driven, human-centric
approach.

Finally, Alimam et al. (2023) explored the concept of the Digital Triplet (D3) as an advanced
evolution of the Digital Twin (DT), focusing on human-machine integration. The D3 integrates
human cognitive activities into physical and cyberspace, enhancing real-time human
interactions with both physical and virtual systems. Similarly, Krupas et al. (2024) reviewed
enabling technologies and methods essential for creating human-centric digital twin (DT)
applications to facilitate human-machine collaboration (HMC) in Industry 5.0.

In summary, these studies collectively illustrate the advancements in human-robot
collaboration achieved through the integration of digital twins, Al, XR, and advanced control
techniques. By providing real-time monitoring, intuitive interfaces, and adaptive control
systems, these technologies enhance the efficiency, safety, and overall interaction between
humans and robots in Industry 5.0.



® epsir

11
3.3. Manufacturing Efficiency

The integration of digital twins significantly enhances industrial efficiency by providing real-
time monitoring, optimization, and advanced decision-making capabilities. Various studies
illustrate these advancements through different approaches and technologies.

Zhang et al. (2023) propose a service-oriented digital twin framework for discrete
manufacturing workshops, leveraging an industrial IoT platform to enhance monitoring,
visualization, and supervision of workshop data. This comprehensive architecture ensures
seamless integration and real-time interaction between physical and virtual environments,
enhancing production efficiency. Implemented in a movable-arm production workshop, it
demonstrated its effectiveness in improving intelligent human-machine interactions,
production monitoring, and workflow efficiency.

Building on the transition from Industry 4.0 to Industry 5.0, Xiang et al. (2023) focus on
personalized manufacturing, human-robot collaboration, and advanced technologies such as
Al IoT, and beyond 5G communications. AloT-driven digital twins optimize production
processes by providing real-time data from connected sensors and actuators, enhancing
operational efficiency and decision-making capabilities. Collaborative robots (CoBots)
integrate human creativity with robotic precision and speed, improving productivity and
consistency through safe human-robot interactions, motion planning, and real-time task
optimization.

Similarly, Vilar-Dias et al. (2023) present a methodology integrating digital twins with particle
swarm optimization (PSO) algorithms to enhance industrial systems' performance and
efficiency. This framework continuously updates the model with real-time data, allowing for
accurate predictions and better decision-making. Case studies involving a DC motor, and a
hydraulic actuator demonstrated the methodology's effectiveness in adapting to changing
conditions and identifying faults, leading to improved system performance and maintenance
practices.

El-Agamy et al. (2024) conducted a comprehensive bibliometric study on digital twin
technology in smart cities, highlighting the integration of IoT for real-time data collection and
machine learning for predictive analysis. Digital twins enable urban planners to simulate and
visualize potential changes, ensuring optimized and efficient urban operations. This study
identifies key trends in digital twin research and suggests advanced models and better data
management frameworks to address challenges such as data integration, scalability, and
security.

Mourad et al. (2023) propose a novel model for optimizing control engineering tools by
leveraging digital twin capabilities and components of Cyber-Physical Metaverse
Manufacturing Systems (CPMMS). Their approach involves developing a decision matrix
based on utility procedures and integrating fuzzy weighted zero-inconsistency interval-
valued spherical fuzzy rough sets (IVSFRS-FWZIC) and combined compromise solution
(CoCoSo) methods. This model optimizes control engineering tools using digital twin
capabilities, demonstrated through a case study validating its applicability and robustness in
enhancing CPMMS.

Qu et al. (2024) explored digital twin technology to improve efficiency in cross-belt sorting
systems used in the express delivery industry. Their human-machine integrated digital twin
enables interaction between biological humans, virtual humans, and physical logistics
equipment, creating a comprehensive digital representation of the sorting system. This system
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optimizes task allocation based on real-time data, maintaining high efficiency while
safeguarding worker health, as demonstrated in an express distribution center.

Mihai et al. (2022) surveyed enabling technologies, challenges, and future prospects of digital
twin technology. They highlight the potential of digital twins to reshape industries by offering
seamless monitoring, analysis, evaluation, and predictions through real-time data
communications. The survey emphasizes the importance of continued research and
development to address challenges such as data accumulation, communication, and
interdisciplinary collaboration.

Kovi¢ et al. (2024) explored the impact of changing collaborative workplace parameters on
assembly operation efficiency. Using a digital twin-based model, their research revealed that
optimizing parameters such as robot speed, sound levels, and visual barriers can significantly
improve assembly efficiency. These findings highlight the importance of balancing multiple
factors to enhance productivity.

Peter et al. (2021) provided a guide on implementing smart factories using digital twin
technology. Their study outlines integrating critical Industry 4.0 technologies, demonstrating
significant improvements in production efficiency and process optimization through real-time
monitoring, simulation, and preventive maintenance planning.

Xiao et al. (2023) introduced TS-DP, a data processing algorithm designed to enhance the
efficiency of distribution digital twin grids in Industry 5.0. By leveraging contrastive learning
and advanced convolutional techniques, TS-DP improves time series predictions and
classifications, supporting real-time applications such as fault diagnosis and intelligent
dispatching, enhancing system reliability.

Lago et al. (2023) presented a methodology for enhancing digital twins of semi-automatic
production lines by digitizing operator skills. This approach integrates human factors into
digital twins to manage and optimize human performance, improving overall production
efficiency and quality, as demonstrated in a simulated manufacturing assembly line.

Cimino et al. (2023) discussed the role of digitalization in empowering field operators in
manufacturing through intelligent Decision Support Systems (DSS) within the Industry 5.0
framework. Their proposed software architecture, which includes simulation-based digital
twins and adaptive production planning, enhances situational awareness and decision-
making capabilities, ensuring productivity, quality, and resilience in production systems.

Rozanec et al. (2022) presented an Al-driven architecture to support human-centric
applications within Industry 5.0. By integrating active learning, explainable AI (XAI), and
simulated reality, this architecture improves manufacturing processes while maintaining a
focus on human-machine collaboration and safety. Practical applications such as demand
forecasting and quality inspection demonstrate improvements in efficiency, accuracy, and
safety.

Franciosi et al. (2023) explored the integration of human factors into digital twin-based joint
production and maintenance scheduling. Their approach optimizes production and
maintenance activities by considering worker skills, availability, and ergonomic factors,
leading to significant improvements in production efficiency and worker satisfaction.

David et al. (2018) investigated the use of digital twins for enhancing production-based
technical education. Their pedagogical framework integrates learning theories with digital
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twins, providing effective hands-on training and improving situational awareness in
educational environments, demonstrated in flexible manufacturing systems at the university
level.

Ouahabi et al. (2024) provided a comprehensive review of integrating digital twins into
dynamic production scheduling. They emphasize the impact of digital twins on enhancing
industrial efficiency through real-time monitoring, optimization, and prediction of production
processes, suggesting future research directions to address current challenges.

Leng et al. (2023) presented ManuChain II, a blockchain-enabled smart contract system
functioning as the digital twin of a decentralized autonomous manufacturing system. This
system enhances resilience and efficiency in manufacturing processes through decentralized
decision-making and coordination among distributed units, demonstrated through significant
improvements in production efficiency and data transparency.

Kamdjou et al. (2024) analyzed performance optimization techniques for resource-constrained
AR and VR environments operating with digital twins within the Industrial Internet of Things
(IIoT). Their study explores techniques such as data compression, blockchain, and Al to
improve performance and efficiency, significantly enhancing industrial efficiency in smart
manufacturing systems.

These studies collectively demonstrate significant advancements in industrial efficiency
achieved through the integration of digital twins, Al, IoT, and advanced data processing
techniques. By providing real-time monitoring, optimization, and predictive capabilities, these
technologies enhance the efficiency and reliability of industrial systems, aligning with the
goals of Industry 5.0.

4. Discussion

The findings of this systematic literature review underscore the transformative impact of
digital twin technologies in Industry 5.0, enhancing worker safety, facilitating human-robot
collaboration (HRC), and increasing manufacturing efficiency. These advancements not only
contribute to smarter, safer, and more productive industrial environments but also engage
with and expand the current theoretical and practical frameworks within the field.

Digital twins significantly improve worker safety through real-time monitoring and proactive
risk management. The frameworks developed by Wang et al. (2023; 2024) utilize deep learning
and high-fidelity simulations to preemptively identify and mitigate unsafe conditions. This
proactive approach represents a paradigm shift from reactive safety measures, aligning with
theories advocating for anticipatory safety practices in industrial operations. The integration
of augmented reality (AR) with digital twins, as highlighted by Li et al. (2023), further
enhances cognitive functions, which is critical in dynamic settings. This synergy challenges
traditional views on risk management by demonstrating how cutting-edge technology can
transform safety protocols.

The role of digital twins in optimizing HRC is evident in their ability to enable real-time data
integration and intelligent decision-making. Studies like those by Coronado et al. (2024) and
Xie et al. (2024) show how integrating technologies such as XR and blockchain can create
adaptable, efficient collaborative environments. This supports theories on the convergence of
cyber-physical systems and human factors engineering, emphasizing the importance of
ergonomic and cognitive considerations in HRC. Such findings are critical as they offer a
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nuanced understanding of how digital twins can bridge the gap between human capabilities
and robotic efficiency.

Digital twins facilitate smarter manufacturing processes by integrating with IloT and AloT
technologies, as demonstrated by Zhang et al. (2023) and Xiang et al. (2023). These technologies
enable dynamic monitoring and real-time adjustments, essential for reducing downtime and
maintaining high productivity. This practical application of digital twins challenges existing
theories on static production systems, advocating for a more fluid and responsive
manufacturing paradigm. The emphasis on human factors, discussed by Franciosi et al. (2023)
and Lago et al. (2023), reflects a growing recognition of the need to balance technological
advancements with ergonomic and safety considerations, reinforcing the theoretical
framework that human-centric design is essential for sustainable industrial efficiency.

4.1. Limitations and Future Research

Despite the promising findings, several limitations exist in the studies reviewed, which need
to be addressed to fully realize the potential of digital twins in Industry 5.0.

One major limitation is the reliance on high-quality, real-time data for the effective functioning
of digital twins. Many studies, such as Wang et al. (2024) and Li et al. (2023), emphasize the
importance of continuous, real-time data integration for monitoring and decision-making
processes. However, the collection and management of such vast amounts of data can be
challenging, particularly in environments with limited technological infrastructure. Data
accuracy and integrity are critical, and any discrepancies can lead to incorrect predictions and
unsafe conditions. This reliance on data quality raises concerns about the scalability of these
solutions in diverse industrial settings.

Another limitation is the computational complexity and resource requirements of digital twin
models. The frameworks proposed by Wang et al. (2023) and Grimmeisen et al. (2023) involve
sophisticated algorithms and high-fidelity simulations that demand significant computational
power and storage. This requirement can be a barrier for small and medium-sized enterprises
(SMEs) that may lack the necessary resources to implement such advanced systems.
Additionally, the integration of technologies like AR and Al, as discussed by Li et al. (2023)
and Yin et al. (2023), further increases the complexity and cost, potentially limiting widespread
adoption.

The studies also highlight the need for robust cybersecurity measures to protect the data and
systems involved in digital twin applications. Xiang et al. (2023) and Zhang et al. (2023) discuss
the integration of Al and IoT, which, while enhancing efficiency, also exposes the systems to
potential cyber threats. Ensuring data security and system integrity is crucial, but it adds
another layer of complexity and cost to the implementation process. This concern is
particularly relevant for highly sensitive industries, such as healthcare and defense, where
data breaches could have severe consequences.

Moreover, the human factors involved in the interaction with digital twins present another set
of limitations. The studies by Kuts et al. (2022) and Proia et al. (2021) reveal that while digital
twins can enhance human-robot collaboration, they also place additional cognitive and
physical demands on human operators. The effectiveness of digital twin systems depends not
only on technological robustness but also on the ability of human users to interact with these
systems efficiently. There is a need for user-friendly interfaces and comprehensive training
programs to ensure that operators can effectively use these advanced tools without
experiencing fatigue or stress.
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Additionally, the validation of digital twin models in real-world settings remains limited.
Many studies, such as those by Peter et al. (2021) and Xiao et al. (2023), provide theoretical
frameworks and case studies but lack extensive empirical validation. Real-world testing is
essential to understand the practical challenges and limitations of implementing digital twins
on a large scale. This gap highlights the need for more field studies and pilot projects to gather
empirical data and refine the models for broader application.

Finally, the ethical and socio-economic implications of digital twin deployment are not
thoroughly explored in the current literature. While digital twins offer numerous benefits,
their widespread implementation could lead to significant workforce changes, potentially
displacing workers or altering job roles. Studies like those by Franciosi et al. (2023) and Lago
et al. (2023) touch on the integration of human factors but do not fully address the broader
socio-economic impacts. Future research should consider these aspects to ensure that digital
twin technologies are implemented in a socially responsible manner, promoting inclusive
growth and minimizing negative impacts on the workforce.

5. Conclusions

In conclusion, this systematic literature review underscores the significant role of digital twin
technologies in revolutionizing Industry 5.0 by enhancing worker safety, facilitating human-
robot collaboration, and optimizing manufacturing efficiency. Leveraging Al, AR, and IoT,
digital twins offer advanced data processing, intelligent sensing, and dynamic decision-
making capabilities, as evidenced by studies from Wang et al. (2024), Li et al. (2023), and Zhang
et al. (2023). These technologies foster smarter, safer, and more productive industrial
environments. However, realizing the full potential of digital twins requires overcoming
challenges related to data quality, computational complexity, cybersecurity, human factors,
real-world validation, and ethical considerations. Addressing these issues is essential for the
successful implementation of digital twins, enabling safer, more efficient, and human-centric
industrial practices and contributing to a sustainable and inclusive future.
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