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Abstract

This paper provides a comprehensive review of the integration of Digital Twin (DT) technology
with Virtual Reality (VR) in industrial robotics, focusing on synchronized control, simulation, and
optimization of robotic cells. While VR has been traditionally associated with entertainment, its
application in manufacturing has grown, particularly for visualizing and simulating production
processes. Digital Twins, which serve as digital replicas of physical assets, are becoming essential
tools for monitoring and controlling industrial operations. This review explores various studies
and approaches that utilize DT-VR integration for real-time visualization, co-simulation, and
collaborative robot system design. It also highlights the potential of VR for operator training,
process optimization, and resilience in factories of the future. By examining current methodologies
and applications across industries, this review underscores the growing importance of DT-VR
frameworks in advancing manufacturing automation and provides insights into their challenges
and future directions.
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Introduction:

Virtual Reality (VR) and Digital Twins (DTs) are no longer confined to the realms of gaming and
entertainment; they have become indispensable tools in various sectors, transforming how industries
visualize, design, and optimize processes. Traditionally seen as entertainment mediums, VR and its
counterpart, Augmented Reality (AR), have evolved significantly over the past few decades, finding
applications in fields such as architecture, education, and professional training. Today, VR technologies
offer immersive and interactive experiences that can replicate real-world environments, providing a
powerful platform for testing and simulating designs before their real-world implementation.

In manufacturing and robotics, the integration of VR and DTs marks a revolution in the way industrial
systems are developed, monitored, and optimized. By simulating and synchronizing physical systems
with virtual models in real-time, these technologies enable precise control, reduced downtimes, and
increased efficiency. From architecture to robotics, VR and DTs have shifted from conceptual tools to
critical components in Industry 4.0, offering unprecedented capabilities in digital simulation, monitoring,
and training. This paper explores the convergence of VR and DTs within robotics, specifically focusing
on their integration in industrial robotic cells for synchronized control, real-time optimization, and
advanced simulations. The aim is to highlight how this technology transforms the manufacturing
landscape, enabling smarter, more efficient, and flexible production systems.
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Fig. 1 Example of VR and DT use in Robotics. Source [1]

State of the Art and Related Work

The digital twin (DT) concept originated in the aerospace sector, particularly with NASA, as a means to
create virtual replicas of physical objects or processes for optimization purposes. In manufacturing, DTs
are increasingly essential for enhancing product lifecycle management and streamlining processes. They
play a significant role in various applications, including adapting robotic behavior for assembly tasks
and facilitating human-robot collaboration. By creating a virtual environment that mirrors physical
operations, organizations can optimize performance and predict maintenance needs, leading to improved
operational reliability.

The integration of virtual reality (VR) into DT environments enhances immersive training and system
design capabilities. Traditional robotic simulators often operated in isolation, limiting their effectiveness
in real-world applications. However, advancements in VR technology now enable comprehensive
simulation environments that foster seamless human-robot collaboration. This integration not only
provides realistic training scenarios but also enhances safety and efficiency in manufacturing processes.
Despite these advancements, challenges remain, such as achieving seamless synchronization between
virtual and physical environments, addressing co-simulation limitations among diverse robotic systems,
and enhancing operator training strategies.

Context of the CyberFactory#1 Research Initiative and Its Goals

The CyberFactory#1 project aims to optimize and enhance the resilience of factories of the future (FoFs)
across various industries, including transportation and automotive. Key objectives include facilitating
collaborative product design and enabling autonomous machine reconfiguration, which contribute to
continuous product improvement through real-time data insights. Additionally, the project seeks to
address cyber and physical threats by implementing preventive and reactive capabilities, ensuring
operational integrity. This initiative adopts a System of Systems (SoS) approach, emphasizing the
development of novel methodologies to enhance efficiency, security, and resilience in the digitized
manufacturing landscape. By focusing on these dimensions, CyberFactory#1 aspires to transform the
way manufacturing processes are modeled and optimized within the framework of Industry 4.0.
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Fig. 2 Concept of CyberFactory#1. Source [5]
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Development of the Experimental Environment

The integration of Digital Twin (DT) technology with virtual reality (VR) environments has gained
significant attention in recent research. Various studies highlight the implementation steps necessary to
create a Digital Twin of industrial robots, such as the Yaskawa Motoman GPS, using platforms like
Unity3D. The Unity3D game engine is frequently chosen for its powerful yet intuitive development
environment, which supports a modular programming approach and integrates seamlessly with multiple
VR systems. Complementary tools such as 3DS Max and Maya from Autodesk are commonly employed
for 3D modeling, enabling the creation of accurate and functional digital replicas of industrial equipment.

A key aspect of these studies is the establishment of a synchronized control mechanism between the
virtual and physical robotic environments. The preparation of robot models often involves rigging to
define pivot points accurately, which is crucial for ensuring realistic motion simulation. Many
researchers utilize control scripts developed in C# to power their Digital Twin systems. For example, a
base control script (RobotController) serves as the core for managing virtual robot operations, while a
RealRobotController interfaces with the robot's Application Programming Interface (API). This
modularity facilitates future updates and adaptations as new technologies emerge.

Cell + Sensors

Digital Twin + VR interface

[———

Control System

Fig. 3 System Architecture for Digital Twin. Source [3]
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Experimentation and Use Case

Numerous applications of co-simulation architectures in industrial settings demonstrate the efficacy of
DT-VR synchronization for optimizing manufacturing workstation layouts. In these experiments, robots
assist human operators in various tasks, enhancing both productivity and safety. This collaborative
approach is particularly relevant in sectors such as aerospace, automotive, and electronics, where the
need for flexible and reconfigurable production lines is critical.

The assembly processes reviewed typically include steps such as batch preparation, inspection, and
assembly of components, with automated systems verifying the correctness of assembled parts.
Ergonomic and safety assessments are often conducted using VR interactions, allowing for detailed
motion simulations within the digital twin environment. The integration of immersive technologies has
shown promising results in facilitating better collaboration between humans and robots, ultimately
leading to improved efficiency and safer working conditions.
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Fig. 4Design process involving DT and VR environments. Source [4]
Results and Analysis

The co-simulation experiments conducted using the developed Digital Twin (DT) framework
demonstrated significant advancements in synchronizing real-time control with virtual simulations of
industrial robots. The integration of a universal software base within the Unity3D game engine
facilitated the expansion of functionality across different robotic systems while enhancing workspace
awareness through an advanced collision prediction system. This innovative approach offers a cost-
effective alternative to traditional physical sensor solutions. The analysis of the DT system revealed
notable improvements in safety, productivity, and ergonomic considerations, including the ability to
monitor production processes and optimize operations in real-time. Historical data logging enabled
operators to review past performance and identify areas for optimization, further enhancing decision-
making in robotic system design. Use case scenarios, particularly in human-robot collaborative
environments, highlighted the effectiveness of the DT-VR framework in testing safety systems,
conducting personnel training without disrupting production, and reducing downtime during
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reprogramming. Overall, the results underscore the potential of the DT framework for creating
intelligent, efficient manufacturing environments that ensure safety and operational excellence.

Discussion and Future Work

The scalability and sustainability of the developed Digital Twin (DT) and Virtual Reality (VR) system
present promising opportunities for industrial applications. The universal software base, created using
Unity3D, allows for easy adaptation to various types of industrial robots, making it a flexible solution
for manufacturers looking to optimize their operations. Research challenges encountered during
development included the integration of complex models for accurate real-time data synchronization,
ensuring robust bidirectional communication between the physical and virtual environments, and
addressing security concerns related to data integrity. Future perspectives for expanding the DT-VR
system include enhancing operator training programs through immersive simulations, enabling remote
control of robotic systems, and improving the adaptability of training environments for diverse
applications. Additionally, integrating Al-driven decision-making can enhance real-time analytics,
fostering better human-robot collaboration and improving overall efficiency in manufacturing processes.

Conclusion:

In conclusion, this research successfully establishes Digital Twin (DT) technology as a viable and
transformative solution for industrial robotics, showcasing its significant impact on productivity, safety,
and operator ergonomics. The implementation of a co-simulation architecture between the digital and
physical realms enhances not only the operational efficiency of robotic systems but also facilitates
immersive training environments, vital for adapting to the evolving industrial landscape. The findings
underscore the importance of refining DT models and integrating advanced Al techniques to further
optimize real-time analytics and human-robot collaboration. As demonstrated through the
CyberFactory#1 project, ongoing collaboration and innovation in this field are essential for developing
resilient and adaptive manufacturing systems capable of addressing contemporary challenges and
enhancing overall operational performance. This research lays the groundwork for future explorations,
paving the way for a new era of intelligent automation and manufacturing excellence.
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