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Introduction

The field of robotics is undergoing rapid transformation, with advancements con-
tinuously pushing the boundaries of what automated systems can achieve. Central
to this progress is the indispensable role of simulation, a powerful tool that allows
for the safe, efficient, and cost-effective development, testing, and refinement of
robotic systems before deployment in the physical world. This collection of reviews
explores the multifaceted applications and critical importance of simulation, along-
side related technologies like digital twins, across various specialized domains
within robotics. It highlights how these virtual environments are not just supple-
mentary tools but fundamental pillars supporting innovation from basic research to
complex industrial and medical implementations.

Digital twin technology, for instance, offers a sophisticated approach to manag-
ing robotic systems. It provides capabilities for real-time monitoring, predictive
maintenance, and optimized control, effectively bridging the divide between virtual
simulations and actual robot behavior. This integration enhances system reliability
and overall performance in industrial contexts [1].

In the realm of Artificial Intelligence, specifically Reinforcement Learning (RL),
robotic simulation environments are crucial. They provide essential platforms for
training complex robot behaviors without risking damage to expensive physical
hardware. These simulations facilitate the advancement of RL in robotics by of-
fering diverse scenarios and repeatable training grounds. A significant challenge
here is the ”sim-to-real” transfer, where techniques are continually refined to en-
sure that behaviors learned in simulation translate effectively to the physical world
[2].

Similarly, Deep Reinforcement Learning (DRL) agents greatly benefit from simu-
lation, which offers infinite data, safe training environments, and rapid iteration
cycles. Strategies like domain randomization are key to mitigating the sim-to-real
gap, enabling the successful deployment of DRL controllers on actual robots [9].

Human-Robot Interaction (HRI) research also leans heavily on simulation. Simula-
tors are instrumental in designing, testing, and evaluating HRI systems by allowing
researchers to model human behavior, robot kinematics, and various environmen-
tal factors. This helps in creating more realistic and immersive HRI simulations,
thereby refining how humans and robots can effectively collaborate and interact
[3].

For specialized robotic tasks, simulation proves equally vital. Evaluating and com-
paring different motion planning algorithms for robotic manipulators benefits im-
mensely from a simulated environment. Such environments offer a controlled
and repeatable setting to test algorithm efficiency, collision avoidance, and path
smoothness, which are all critical aspects before implementing these algorithms

on physical robots [4].

This ensures that robotic movements are precise and safe, especially in dynamic
or constrained workspaces.

The development of modern robotics toolchains heavily integrates simulation. Plat-
forms like ROS 2 and Gazebo exemplify this, providing robust environments for
complex robotic system design, testing, and validation. These tools support ad-
vanced features such as distributed computing, real-time performance, and multi-
robot coordination, serving as essential resources for contemporary robotics re-
search and industrial applications [5].

Beyond general robotics, simulation holds critical importance in highly specialized
fields such as surgical robotics. Dedicated simulation environments for surgical
robots are vital for training surgeons, validating new robotic surgical procedures,
and developing advanced control algorithms. These systems incorporate various
simulation modalities, from haptic feedback to virtual reality interfaces, empha-
sizing the necessity of high-fidelity models for safe and effective surgical practice
[6].

Another area where simulation excels is in the design and control of collabora-
tive robots (cobots). Simulation helps optimize cobot workspace layouts, validate
safety protocols, and develop intuitive human-robot interaction strategies, leading
to more efficient and safer collaborative industrial environments [7].

Complex systems, like swarm robotics, pose unique simulation challenges. Mod-
eling large numbers of interacting robots, developing scalable and distributed sim-
ulation environments, and accurately representing physical constraints and com-
munication delays are crucial for effective swarm behavior design and validation
[8].

Moreover, the fidelity of sensor data significantly impacts robot learning. Real-
istic sensor simulation is paramount for advancing robot perception and naviga-
tion. This involves developing accurate sensor models and methods for generating
synthetic data, all while accurately replicating real-world sensor noise and environ-
mental effects to enhance the sim-to-real transferability of learned policies [10].

In conclusion, simulation is a cornerstone of modern robotics, facilitating every-
thing from foundational algorithmic development to advanced system deployment.
The diverse applications highlighted underscore its essential role in pushing the
boundaries of what robots can achieve, making the journey from concept to phys-
ical reality safer, faster, and more effective.
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The application of digital twin technology in robotics represents a significant step
forward, providing capabilities for real-time monitoring, predictive maintenance,
and optimized control. This technology actively bridges the gap between virtual
simulations and physical robot behavior, enhancing system reliability and overall
performance in industrial settings [1]. It allows for a comprehensive, virtual rep-
resentation of a physical robot, enabling engineers to test scenarios and make
adjustments without direct intervention on the costly hardware.

Robotic simulation environments are also critical for advancing Reinforcement
Learning (RL) in robotics. These platforms are indispensable for training complex
robot behaviors, offering a safe space to experiment and iterate without damaging
physical hardware. The primary challenge often involves the ”sim-to-real” transfer,
which refers to making sure behaviors learned in simulation perform reliably in the
real world. Researchers are continuously developing techniques to overcome this
gap, underscoring the necessity of realistic and efficient simulations [2]. This ex-
tends to Deep Reinforcement Learning (DRL) agents, where simulation provides
an endless supply of training data, safe environments for experimentation, and
rapid iteration cycles. Various techniques, including domain randomization, are
employed to bridge the sim-to-real gap, ultimately enabling the successful deploy-
ment of DRL controllers on physical robots [9].

Simulation plays a transformative role in Human-Robot Interaction (HRI) research.
It allows for the detailed design, testing, and evaluation of HRI systems bymodeling
intricate aspects like human behavior, robot kinematics, and diverse environmen-
tal factors. Existing simulation tools are categorized by their capabilities, helping
researchers identify challenges and future directions for creating more realistic and
immersive HRI simulations. This iterative process in a virtual space is essential for
refining how humans and robots can interact safely and intuitively [3]. Moreover,
in motion planning, simulation provides an invaluable environment for evaluating
and comparing different algorithms for robotic manipulators. Its advantages lie in
offering a controlled and repeatable setting to rigorously test algorithm efficiency,
collision avoidance, and path smoothness. This critical step ensures that any algo-
rithm is thoroughly validated before being deployed on physical robots, minimizing
risks and maximizing operational effectiveness [4].

For advanced robotics development, the integration of ROS 2 and Gazebo serves
as a foundational toolchain. This survey explores how these platforms facilitate
complex robotic system design, testing, and validation. They support advanced
features such as distributed computing, real-time performance, and multi-robot co-
ordination. This synergy makes ROS 2 and Gazebo vital for pushing the bound-
aries in modern robotics research and diverse industrial applications [5]. Spe-
cialized applications further demonstrate simulation’s breadth, such as in surgi-
cal robotics, where in-depth simulation environments are crucial. They support
surgeon training, validate new robotic surgical procedures, and aid in developing
advanced control algorithms. These environments leverage modalities like hap-
tic feedback and virtual reality, emphasizing the need for high-fidelity models to
ensure safe and effective surgical practice [6].

Collaborative robots (cobots) also benefit extensively from simulation-based de-
sign and control. Simulation helps optimize cobot workspace layouts, validate
safety protocols, and develop intuitive human-robot interaction strategies. The
ultimate goal is to create more efficient and safer collaborative industrial environ-
ments where humans and robots can work together seamlessly [7]. Furthermore,
simulating swarm robotics systems presents unique challenges due to the com-
plexities of modeling large numbers of interacting robots. It requires scalable and
distributed simulation environments, alongside accurate representation of physi-
cal constraints and communication delays, to effectively design and validate swarm
behavior [8]. Finally, the importance of realistic sensor simulation for robot learn-
ing, especially in perception and navigation, cannot be overstated. This involves
discussing different types of sensor models, methods for generating synthetic data,

and the challenges of accurately replicating real-world sensor noise and environ-
mental effects to improve the sim-to-real transferability of learned policies [10].
These varied applications collectively underscore simulation’s pervasive and in-
dispensable role in contemporary robotics.

Conclusion

Robotics research heavily relies on simulation to overcome physical limitations
and accelerate development. Digital twin technology offers real-time monitor-
ing, predictive maintenance, and optimized control for robots, bridging virtual and
physical domains. Simulation environments are vital for advancing Reinforce-
ment Learning (RL) in robotics, providing platforms to train complex robot behav-
iors while avoiding damage to hardware. Key challenges include the ”sim-to-real”
transfer, which techniques like domain randomization aim to address for deploying
learned policies on physical robots.

Simulation plays a crucial role in Human-Robot Interaction (HRI), facilitating the
design and evaluation of HRI systems bymodeling human behavior and robot kine-
matics. It also provides a controlled and repeatable environment for evaluating and
comparing different motion planning algorithms for robotic manipulators, ensuring
efficiency, collision avoidance, and path smoothness before physical deployment.
Modern toolchains like ROS 2 and Gazebo enable complex robotic system design,
testing, and validation, including distributed computing and multi-robot coordina-
tion.

Specialized simulation environments are essential for surgical robots, supporting
surgeon training, validating new procedures, and developing advanced control al-
gorithms with high-fidelity models. Similarly, simulation is indispensable for de-
signing and controlling collaborative robots (cobots), optimizing workspace layout,
validating safety protocols, and developing intuitive interaction strategies. Simu-
lating swarm robotics systems presents unique challenges, requiring scalable envi-
ronments to model numerous interacting robots and accurately represent physical
constraints and communication delays. Realistic sensor simulation is also critical
for robot learning, especially in perception and navigation, by generating synthetic
data and replicating real-world sensor noise to improve sim-to-real transferability.
Overall, simulation is a foundational tool across diverse robotics applications, from
fundamental research to complex industrial and medical deployments.
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