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ABSTRACT

The rapid evolution of digital manufacturing has transformed industrial systems from conventional
automation toward intelligent, adaptive, and human-centric production environments. Industry 5.0 extends
the principles of Industry 4.0 by integrating advanced system emulation, cognitive technologies, artificial
intelligence (Al), digital twins, cyber-physical systems (CPS), and collaborative human-machine interaction to
enhance operational efficiency, resilience, and sustainability. System emulation enables organizations to
validate hardware, software, and firmware before deployment, thereby minimizing development risks,
reducing implementation costs, and improving product reliability. Simultaneously, cognitive technologies
support intelligent decision-making through predictive analytics, machine learning, and real-time data
interpretation, allowing manufacturing systems to respond dynamically to changing operational conditions.
These technological advancements collectively facilitate smart work execution by improving production

planning, resource utilization, maintenance strategies, and quality assurance.

This research paper investigates the role of advanced system emulation and cognitive technologies in
supporting Industry 5.0 manufacturing ecosystems. The study adopts a qualitative review-based research
methodology using only the selected literature related to system-on-chip (SoC) verification, hardware
emulation, cyber-physical systems, industrial Internet technologies, digital twins, and intelligent
manufacturing frameworks. Existing research is critically synthesized to identify technological trends,
implementation strategies, research gaps, and future opportunities. Particular attention is given to the
integration of digital twin technologies with artificial intelligence and project management approaches,

highlighting their contribution to intelligent industrial execution (Philip, 2024).

The findings indicate that combining hardware emulation platforms with cognitive technologies significantly
improves verification accuracy, system flexibility, predictive maintenance capabilities, and decision support
throughout the product lifecycle. However, challenges remain regarding interoperability, cybersecurity,
implementation complexity, workforce readiness, and standardization. The paper concludes that Industry

5.0 requires a balanced integration of intelligent automation and human expertise, where advanced
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emulation technologies provide reliable testing environments while cognitive systems enable continuous
optimization and adaptive decision-making. The study contributes a comprehensive conceptual framework

linking system emulation, Al-driven cognition, and smart manufacturing for future industrial applications.
KEYWORDS

Industry 5.0, System Emulation, Cognitive Technologies, Digital Twin, Artificial Intelligence, Cyber-Physical

Systems, Smart Manufacturing, Smart Work Execution.
INTRODUCTION

The Industrial manufacturing has experienced remarkable technological transformations over the past
several decades. Traditional production systems were primarily designed to maximize production capacity
through automation and mechanization, whereas contemporary industrial environments emphasize
intelligence, adaptability, sustainability, and human-centered innovation. The emergence of Industry 4.0
introduced interconnected manufacturing systems based on cyber-physical systems (CPS), Industrial
Internet of Things (lloT), cloud computing, and real-time data analytics, fundamentally changing industrial
operations (Lee, Bagheri, & Kao, 2015). Building upon these developments, Industry 5.0 places greater
emphasis on collaboration between intelligent machines and human expertise to achieve resilient, flexible,

and sustainable manufacturing processes.

One of the key technologies supporting this transition is advanced system emulation. System emulation
creates virtual environments that replicate hardware and software behavior before physical implementation.
These environments enable engineers to validate embedded systems, firmware, processors, communication
protocols, and hardware architectures while significantly reducing development costs and verification time
(Hao Li et al., 2010). Hardware emulation has become particularly valuable in System-on-Chip (SoC)
verification because modern integrated circuits contain billions of transistors and highly complex

architectures that are difficult to verify using conventional simulation alone (Shi-Jun Li, Xie, & Wang, 2013).

Modern industrial systems also depend increasingly on cognitive technologies, including artificial
intelligence, machine learning, knowledge-based systems, and predictive analytics. Unlike conventional
automation systems that execute predefined instructions, cognitive systems continuously learn from
operational data, recognize patterns, predict failures, and optimize industrial processes autonomously. Their
ability to support intelligent decision-making has made them essential components of Industry 5.0

manufacturing ecosystems.

Another significant technological advancement is the emergence of digital twin technology, which creates

virtual representations of physical assets and continuously synchronizes them using real-time operational
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data. Digital twins allow organizations to monitor equipment performance, simulate production scenarios,
optimize maintenance scheduling, and improve project management practices. Philip (2024) argues that
integrating digital twins with artificial intelligence enables organizations to improve decision quality, reduce

operational uncertainty, and support intelligent project delivery across complex industrial environments.

Advanced system emulation complements digital twin technology by enabling accurate verification before
deployment, thereby reducing implementation risks. Hardware/software co-emulation platforms further
enhance validation efficiency by integrating software execution with hardware models, accelerating
verification cycles while improving testing accuracy (Liao et al., 2008). Similarly, scalable verification
techniques based on HDL slicing and hardware abstraction layers improve verification productivity while

reducing computational complexity (Banerjee, Gupta, & Jain, 2011; Lins & Barros, 2010).

Industrial organizations increasingly rely on collaborative industrial ecosystems supported by initiatives such
as the Industrial Internet, the Industry 10T Consortium, and the Smart Manufacturing Leadership Consortium.
These initiatives promote interoperability, standardized communication, and intelligent manufacturing
architectures that facilitate digital transformation across industrial sectors. Their frameworks encourage
integration among sensors, cloud platforms, analytics systems, and manufacturing equipment to create

highly connected production environments.

Despite these technological advancements, several challenges continue to limit the widespread
implementation of Industry 5.0 solutions. Hardware verification remains resource-intensive, interoperability
among heterogeneous systems is often limited, cybersecurity risks increase with greater connectivity, and
organizations frequently encounter shortages of skilled personnel capable of managing Al-enabled
manufacturing environments. Furthermore, balancing automation with human expertise remains a central
challenge because excessive automation may reduce operational flexibility in situations requiring contextual

human judgment.

This research addresses these challenges by examining how advanced system emulation and cognitive
technologies jointly support smart work execution within Industry 5.0 environments. The paper synthesizes
existing literature to develop an integrated understanding of how emulation technologies, cyber-physical
systems, digital twins, artificial intelligence, and industrial connectivity contribute to intelligent
manufacturing systems. Particular emphasis is placed on identifying technological relationships,

implementation strategies, research limitations, and future research opportunities.

The primary objectives of this study are to analyze the role of advanced system emulation in industrial

verification and validation, evaluate the contribution of cognitive technologies to intelligent decision-making,
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examine the integration of digital twins and cyber-physical systems in Industry 5.0, identify current
implementation challenges, and propose a conceptual framework supporting smart work execution. By
integrating insights from the selected literature, this paper provides a comprehensive understanding of

emerging technologies that enable resilient, adaptive, and human-centric manufacturing systems.
LITERATURE REVIEW

The transition from conventional manufacturing to intelligent industrial ecosystems has been supported by
continuous advancements in system emulation, cyber-physical systems (CPS), artificial intelligence (Al),
digital twins, and industrial connectivity. The selected literature demonstrates that these technologies
collectively enhance verification efficiency, operational intelligence, and smart work execution within
Industry 5.0 environments. This section critically reviews the provided studies to establish the theoretical

foundation for the research and identify existing knowledge gaps.

Early research on system-level verification emphasized the need for efficient methods to validate increasingly
complex System-on-Chip (SoC) architectures. Shi-Jun Li, Zheng Xie, and Xin-An Wang (2013) proposed a
system-level SoC verification method based on hardware accelerators to improve verification speed while
maintaining functional accuracy. Their work showed that hardware-assisted verification significantly reduces
simulation time and enables earlier detection of design errors. However, the study primarily focused on
verification performance and did not consider the integration of intelligent decision-support technologies

that are increasingly required in modern manufacturing systems.

Similarly, Huang et al. (2009) developed an emulator-based verification platform for Re DSP and Re MAP
processors. Their implementation demonstrated that hardware emulation could effectively validate complex
processor architectures with improved execution efficiency compared to conventional simulation
techniques. Although the proposed platform improved verification productivity, its applicability to broader
industrial environments remained limited because it primarily addressed processor-level validation rather

than enterprise-wide manufacturing systems.

Research by Liao et al. (2008) further advanced hardware/software co-emulation by introducing hierarchical
communication channels for transaction-level verification. Their framework enhanced communication
efficiency between software and hardware components, reducing synchronization delays during validation.
The hierarchical communication approach demonstrated improved scalability for complex embedded
systems, making it particularly valuable for industrial applications involving multiple interacting subsystems.
Nevertheless, the study provided limited discussion regarding interoperability with cloud-based

manufacturing environments and emerging Industry 5.0 technologies.
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The growing complexity of integrated circuits has also encouraged researchers to investigate scalable
verification methodologies. Banerjee, Gupta, and Jain (2011) proposed a hybrid verification system based on
HDL slicing to reduce computational complexity while maintaining verification accuracy. Their scalable
methodology significantly improved verification efficiency for large hardware designs by minimizing
redundant verification activities. Similarly, Lins and Barros (2010) introduced a hardware abstraction layer
generator that simplified functional verification by automatically generating abstraction layers between
hardware and software components. These contributions collectively highlight the importance of

abstraction techniques in improving verification productivity while reducing engineering effort.

Firmware verification represents another critical aspect of intelligent embedded systems. Hao Li et al. (2010)
introduced the FEMU framework, which performs firmware-based emulation for SoC verification. Unlike
traditional hardware-only approaches, FEMU allows firmware execution within the emulation environment,
enabling developers to identify software-related errors before hardware deployment. This integrated
verification approach supports faster product development cycles and reduces implementation risks, making

it highly relevant for intelligent industrial systems where hardware and software operate simultaneously.

Simulation acceleration has become increasingly important as industrial systems continue to grow in
complexity. Shim et al. (2012) presented a hybrid virtual platform that accelerates system-level simulation for
architectural performance analysis. Their framework combined software simulation with hardware-assisted
execution, enabling faster evaluation of processor architectures without compromising analytical accuracy.
The study demonstrated that hybrid simulation platforms provide practical solutions for evaluating large-

scale embedded systems before physical implementation.

Abarbanel, Singerman, and Moshe (2014) examined firmware-hardware validation challenges in complex SoC
development. Their work identified synchronization issues, communication delays, and increasing
verification complexity as major obstacles affecting embedded system reliability. The authors proposed
several solution directions emphasizing integrated validation environments capable of supporting both
firmware and hardware verification throughout the product lifecycle. These findings reinforce the growing

importance of unified verification strategies within Industry 5.0 ecosystems.

AbdEISalam and Salem (2015) further extended this perspective by investigating verification platforms based
on hardware emulation and co-modeling testbench technologies. Their research demonstrated that
combining emulation with advanced testing frameworks improves verification coverage while reducing
development time. The proposed co-modeling approach supports efficient collaboration between hardware

engineers and software developers, aligning with the collaborative philosophy underlying Industry 5.0
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manufacturing systems.

Beyond verification technologies, cyber-physical systems provide the technological foundation for intelligent
manufacturing. Lee, Bagheri, and Kao (2015) proposed a CPS architecture for Industry 4.0 manufacturing
systems that integrates physical equipment with digital communication networks and intelligent monitoring
systems. Their framework enables continuous information exchange between machines, sensors, and
control systems, allowing manufacturing processes to adapt dynamically to changing operational conditions.
The study established CPS as a critical enabler of intelligent industrial environments and laid the groundwork

for subsequent Industry 5.0 developments.

Industrial connectivity is further strengthened through organizational initiatives such as the Industrial
Internet promoted by GE (2023), the Industry IoT Consortium (2023), and the Smart Manufacturing
Leadership Consortium (2023). These organizations advocate standardized architectures, interoperable
communication protocols, and collaborative industrial ecosystems that facilitate digital transformation. Their
initiatives emphasize secure information sharing, scalable manufacturing platforms, and integration across

production networks, thereby supporting smart manufacturing implementation at enterprise scale.

An important advancement in recent years is the growing adoption of digital twin technology. Philip (2024)
highlights that digital twins, when integrated with artificial intelligence and Project Management 5.0
principles, significantly improve intelligent project delivery by enabling predictive decision-making, resource
optimization, and real-time performance monitoring. The study argues that Al-driven digital twins enhance
organizational agility while reducing operational uncertainty through continuous synchronization between
physical assets and virtual models. These findings are particularly relevant for Industry 5.0, where intelligent
collaboration between humans and digital systems represents a central objective. Unlike earlier verification-
focused research, Philip (2024) extends the discussion toward enterprise-wide intelligent management and

strategic decision support.

Across the reviewed literature, several common themes emerge. First, system emulation consistently
improves verification efficiency, reduces development costs, and accelerates product validation. Second,
cyber-physical systems establish the communication infrastructure necessary for intelligent manufacturing.
Third, Al and digital twin technologies extend traditional automation by enabling predictive analytics,
adaptive decision-making, and continuous system optimization. Together, these technologies create the

foundation for smart work execution in Industry 5.0.

Despite these advances, the literature also reveals several research gaps. Most verification studies focus

primarily on hardware or firmware validation without considering integration with Al-driven cognitive
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systems. Likewise, research on digital twins and intelligent manufacturing often emphasizes operational
optimization but provides limited attention to how system emulation contributes to reliable implementation.
Furthermore, interoperability, cybersecurity, workforce readiness, and standardized integration remain

persistent challenges across industrial environments.

Therefore, this study seeks to bridge these gaps by developing a unified perspective that combines advanced
system emulation, cognitive technologies, digital twins, and Industry 5.0 principles. By synthesizing the
selected literature, the research proposes a comprehensive understanding of how these technologies

collectively enable reliable, intelligent, and human-centric smart work execution.
METHODOLOGY
Research Design

This study adopts a qualitative review-based research methodology to examine the integration of advanced
system emulation, cognitive technologies, and Industry 5.0 approaches for smart work execution. Rather
than conducting experimental testing or collecting primary data, the research systematically analyzes the
selected literature to identify technological developments, implementation strategies, and research trends.
The review-based approach is appropriate because the objective is to develop a comprehensive conceptual

understanding of how existing technologies collectively contribute to intelligent manufacturing systems.

The analysis focuses exclusively on the fifteen references provided for this study. These references include
journal articles, conference proceedings, and industrial reports covering system-on-chip (SoC) verification,
hardware emulation, cyber-physical systems, Industrial Internet technologies, digital twins, artificial
intelligence, and smart manufacturing initiatives. Restricting the review to these sources ensures consistency

while maintaining alignment with the research objectives.
Research Framework

The proposed research framework consists of five interconnected components that collectively support

smart work execution in Industry 5.0:

1. Advanced System Emulation
2. Cyber-Physical Systems (CPS)
3. Cognitive Technologies

4. Digital Twin Integration

5. Smart Work Execution
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System emulation serves as the technological foundation by validating hardware and software before
deployment. Cyber-physical systems enable continuous communication between physical devices and digital
platforms. Cognitive technologies apply artificial intelligence and machine learning to interpret operational
data and support intelligent decision-making. Digital twins create virtual representations of physical assets,
enabling simulation and predictive analysis. Finally, these technologies combine to facilitate smart work
execution through improved productivity, quality assurance, predictive maintenance, and adaptive

manufacturing.
System Emulation Framework

System emulation represents one of the most effective approaches for verifying complex industrial systems
before physical implementation. Hardware emulators execute digital designs significantly faster than
software simulation while maintaining high verification accuracy. The studies by Shi-Jun Li et al. (2013), Huang
et al. (2009), and Hao Li et al. (2010) demonstrate that emulation platforms reduce development time and

improve validation efficiency across complex embedded systems.

Within the proposed framework, system emulation performs several critical functions:

. Early hardware verification

J Firmware validation

o Software compatibility testing

o Performance evaluation

o Error detection before deployment

o Reduction of development cost and project risk

These capabilities make system emulation an essential component of Industry 5.0 manufacturing

environments where system reliability directly influences production efficiency.
Integration of Cognitive Technologies

Cognitive technologies enable manufacturing systems to analyze large volumes of operational data and
make intelligent decisions with minimal human intervention. Artificial intelligence, machine learning, and
predictive analytics continuously evaluate production conditions, identify abnormalities, and recommend

corrective actions.
The integration process follows four stages:
. Data Collection: Sensors and connected devices continuously generate operational information.
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. Data Processing: Al algorithms clean, organize, and analyze incoming data.
. Knowledge Generation: Machine learning models recognize operational patterns and predict future

system behavior.

o Decision Support: The system recommends maintenance schedules, production adjustments, and

resource allocation strategies.

This intelligent decision-making capability significantly enhances operational flexibility and supports the

human-centric objectives of Industry 5.0.
Digital Twin Integration

Digital twins provide a virtual representation of physical manufacturing assets through continuous
synchronization with real-time operational data. According to Philip (2024), integrating digital twins with
artificial intelligence enables predictive decision-making, intelligent project management, and improved

operational efficiency.

Within this research framework, digital twins perform multiple functions:

. Continuous equipment monitoring
. Virtual production simulation

o Predictive maintenance

o Process optimization

. Resource planning

. Risk assessment

The combination of digital twins and system emulation allows organizations to evaluate both hardware
performance and operational scenarios before implementation, thereby reducing uncertainty and improving

project outcomes (Philip, 2024).
Cyber-Physical System Architecture

Cyber-Physical Systems (CPS) provide the communication infrastructure connecting physical manufacturing
equipment with digital information systems. Based on the architecture proposed by Lee, Bagheri, and Kao
(2015), CPS integrates sensors, controllers, communication networks, cloud computing, and intelligent

analytics into a unified industrial platform.

The proposed architecture consists of four operational layers:
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o Physical Layer: Machines, robots, sensors, and industrial equipment.
. Communication Layer: Industrial Internet and loT networks facilitating secure data exchange.
. Intelligence Layer: Al algorithms, predictive analytics, and cognitive computing systems.
o Application Layer: Decision-support systems, production management, and maintenance planning.

This layered architecture enables real-time communication and adaptive manufacturing, ensuring that

production systems respond efficiently to changing operational requirements.
Data Analysis Approach

The literature was analyzed using a thematic approach. Each reference was examined to identify recurring
concepts related to system verification, emulation, artificial intelligence, digital twins, industrial connectivity,
and smart manufacturing. Similar concepts were grouped into thematic categories, allowing relationships

among technologies to be identified and interpreted.

The analysis focused on:

. Verification technologies

. Hardware/software co-emulation
. Cyber-physical systems

J Artificial intelligence applications
. Digital twin implementation

. Industrial 10T integration

. Smart manufacturing practices

o Industry 5.0 objectives

The synthesized findings provide the basis for evaluating technological integration and identifying

opportunities for future industrial development.
Research Limitations

Several limitations should be acknowledged. First, the study is based exclusively on the fifteen references
supplied and does not incorporate additional literature. Second, the research is conceptual rather than
experimental; therefore, the proposed framework has not been validated through real-world
implementation. Third, technological developments in artificial intelligence and Industry 5.0 continue to

evolve rapidly, meaning that future innovations may extend or modify the proposed framework.
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Nevertheless, the selected literature provides sufficient coverage to develop a comprehensive
understanding of the relationship between advanced system emulation, cognitive technologies, and smart

work execution.

Overall, the adopted methodology offers a structured and reliable foundation for analyzing emerging
manufacturing technologies. By integrating evidence from hardware verification, cyber-physical systems,
digital twins, and artificial intelligence, the study establishes a coherent framework for understanding how

Industry 5.0 can support more intelligent, adaptive, and efficient industrial operations.
RESULTS

The analysis indicates that advanced system emulation plays a fundamental role in improving hardware and
software verification efficiency. Emulation platforms significantly reduce development time by identifying
design errors before physical implementation, resulting in lower development costs and improved system
reliability. Hardware-assisted verification and firmware emulation were consistently found to outperform

conventional software simulation in terms of speed and scalability.

The review also demonstrates that cyber-physical systems act as the backbone of intelligent manufacturing
by enabling continuous communication between machines, sensors, and digital platforms. This connectivity
supports real-time monitoring, automated control, and rapid response to operational changes, thereby

improving production efficiency and overall system resilience.

Cognitive technologies, particularly artificial intelligence and machine learning, enhance manufacturing
performance by transforming operational data into actionable insights. Al-based predictive maintenance
minimizes unexpected equipment failures, while intelligent analytics improve production scheduling, quality
control, and resource utilization. These capabilities reduce operational downtime and enable organizations

to make data-driven decisions.

Furthermore, digital twin technology strengthens smart work execution by providing virtual models of
physical assets that support simulation, performance monitoring, and process optimization. As highlighted
by Philip (2024), integrating digital twins with Al enables more accurate forecasting, better project
management, and continuous operational improvement. When combined with system emulation, digital
twins create a comprehensive environment for testing, monitoring, and optimizing industrial systems

throughout their lifecycle.

Overall, the findings suggest that the integration of system emulation, cyber-physical systems, cognitive
technologies, and digital twins forms a strong technological foundation for Industry 5.0. However, challenges

such as interoperability, cybersecurity, implementation costs, and workforce skill development remain
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important considerations for successful adoption.
DISCUSSION

The findings demonstrate that advanced system emulation has evolved from a hardware verification tool
into a strategic technology that supports intelligent manufacturing and smart work execution. Earlier studies
primarily emphasized improving verification speed and reducing development time through hardware-
assisted emulation (Shi-Jun Li et al., 2013; Huang et al., 2009). However, the current analysis indicates that its
role extends beyond product validation, serving as a reliable platform for integrating artificial intelligence,

cyber-physical systems, and digital twins within Industry 5.0 environments.

A significant contribution of this study is the identification of the complementary relationship between
system emulation and cognitive technologies. While emulation provides accurate testing and validation
before deployment, cognitive technologies continuously analyze operational data and support adaptive
decision-making after deployment. This combination enables organizations to improve product quality,
reduce operational risks, and respond more effectively to changing production requirements. The findings

are consistent with the Industry 5.0 vision of creating intelligent yet human-centered manufacturing systems.

The integration of digital twin technology further enhances these capabilities. Digital twins create real-time
virtual representations of industrial assets, allowing organizations to simulate production scenarios, predict
equipment failures, and optimize maintenance schedules. Philip (2024) emphasizes that combining digital
twins with artificial intelligence strengthens project management and improves decision quality through
continuous synchronization between physical and virtual environments. This research supports that
perspective by showing that digital twins become more effective when supported by reliable system

emulation during the verification stage.

Cyber-physical systems also emerge as a critical enabling technology because they provide the
communication infrastructure necessary for data exchange among machines, sensors, cloud platforms, and
intelligent applications (Lee, Bagheri, & Kao, 2015). Without this connectivity, the benefits of artificial
intelligence and digital twins cannot be fully realized. Therefore, successful Industry 5.0 implementation
depends on the coordinated integration of verification technologies, intelligent analytics, and industrial

communication networks.

Despite these advantages, several practical challenges remain. High implementation costs, cybersecurity
concerns, interoperability among heterogeneous systems, and shortages of skilled professionals continue to
limit widespread adoption. Small and medium-sized enterprises may also face financial and technical barriers
when implementing advanced emulation platforms and Al-driven manufacturing systems. Consequently,
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future industrial strategies should emphasize standardization, workforce development, and secure system

architectures to maximize the benefits of Industry 5.0 technologies.

Overall, the discussion indicates that smart work execution cannot be achieved through a single technology.
Instead, it requires the coordinated application of advanced system emulation, cognitive intelligence, cyber-

physical systems, and digital twins to create adaptive, resilient, and efficient industrial ecosystems.
CONCLUSION

Industry 5.0 represents a significant advancement in industrial transformation by combining intelligent
technologies with human expertise to create sustainable, resilient, and adaptive manufacturing systems. This
research examined how advanced system emulation, cognitive technologies, cyber-physical systems, and

digital twins collectively support smart work execution within modern industrial environments.

The literature demonstrates that system emulation substantially improves hardware and software
verification by reducing development time, increasing testing accuracy, and minimizing implementation risks.
Cognitive technologies complement these capabilities by enabling predictive analytics, intelligent decision-
making, and continuous process optimization. Cyber-physical systems provide the communication
infrastructure required for real-time information exchange, while digital twins extend operational
intelligence through virtual simulation and performance monitoring. The integration of these technologies

creates a comprehensive framework capable of supporting efficient and reliable industrial operations.

The study also highlights the strategic importance of artificial intelligence and digital twin technologies in
Industry 5.0. As noted by Philip (2024), Al-enabled digital twins improve project management, resource
optimization, and decision-making, making them valuable tools for future manufacturing enterprises.
Nevertheless, organizations must address challenges related to interoperability, cybersecurity,

implementation costs, and workforce readiness to achieve successful large-scale adoption.

Overall, the research concludes that advanced system emulation should be viewed not only as a verification
technology but also as a foundational component of intelligent manufacturing ecosystems. When integrated
with cognitive technologies and Industry 5.0 principles, it enables smarter work execution, higher

operational efficiency, improved product quality, and greater organizational resilience.

Future research should focus on experimentally validating the proposed conceptual framework, developing
standardized interoperability models, strengthening cybersecurity mechanisms, and investigating the
application of generative artificial intelligence in digital twin-enabled manufacturing systems. Such efforts
will further accelerate the realization of intelligent, human-centric, and sustainable Industry 5.0

environments.
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