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Abstract: The rapid advancement of digital technologies has established digital twin platforms as 
crucial tools for industrial modernization. Integrating this technology into robotic practice teaching 
facilitates the construction of an intelligent educational paradigm that bridges virtual and physical 
realms. This integration overcomes traditional teaching limitations, including constrained physical 
resources, operational risks, and confinement to single-use scenarios. The Rabo robot digital twin 
system combines a robotic dynamics simulation engine with an intelligent control system, enabling 
real-time data interaction and synchronized control with physical entities. Its key functionalities 
include virtual simulation and remote operation. Through practical teaching applications, this sys-
tem enhances the efficiency of robot algorithm verification and motion control, thereby significantly 
supporting robotic experimental education and technical validation. Furthermore, it plays a pivotal 
role in cultivating students' innovative practical skills. 
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1. Introduction 
Digital Twin technology involves creating a digital representation of a physical entity 

within a virtual space. By leveraging physical models, sensor data, and other information 
it facilitates multidisciplinary, multi-physical, and multi-scale simulations, offering novel 
insights for robotic practice teaching [1-3]. 

Accordingly, we designed and developed a robotic experimentation platform based 
on digital twin technology. This platform integrates virtual simulation, real-time commu-
nication, and 3D visualization to achieve real-time monitoring, remote control, and vir-
tual-physical synchronization for sorting robotic arms. Using this platform, students can 
simulate and control robots via a computer interface without relying on traditional teach 
pendants. This approach effectively lowers the learning barrier while enhancing compre-
hension and practical skills in robot design and control, providing an efficient and inno-
vative solution for robotics practice education [4-6]. 

Beyond its direct application in robotic teaching, the integration of digital twin tech-
nology into educational platforms reflects a broader trend in engineering pedagogy, 
where immersive, interactive, and data-driven tools are increasingly emphasized. The ca-
pability to merge theoretical knowledge with hands-on experimentation in a seamless 
manner allows students to bridge the gap between abstract learning and real-world prob-
lem-solving. Furthermore, as robotics continues to evolve with artificial intelligence, ma-
chine vision, and human-robot interaction, embedding digital twin frameworks into 
teaching practices prepares learners for complex interdisciplinary challenges. This align-
ment with emerging industrial demands highlights the dual role of digital twins, not only 
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as a technological advancement but also as a pedagogical innovation that fosters adapta-
bility, creativity, and critical thinking among students. 

2. Rabo Digital Twin Robot Platform 
As shown in Figure 1, the Rabo system is a Browser-Server (B/S) architecture digital 

twin platform comprising a robot dynamics simulation engine and an intelligent control 
system. It provides a rapid prototyping environment where users can construct 3D virtual 
worlds with defined physical properties (e.g., mass, joints, friction coefficients). Users can 
incorporate passive objects or active entities termed "robots." These robots can adopt var-
ious locomotion schemes (e.g., wheeled, legged, or aerial) and be equipped with sensors 
and actuators such as LiDAR, cameras, force/torque sensors, IMUs, and motors. Users can 
then program control logic for each robot. Beyond virtual simulation, Rabo executes user-
written control programs on physical hardware via its intelligent control system. 

 
Figure 1. Rabo Digital Twin Robot Platform. 

During development, cloud technology was integrated to consolidate hardware and 
software resources on servers. Instructors distribute login accounts, allowing students to 
access the Rabo platform via a web browser on a campus LAN to create simulation models 
and write control programs without requiring local software installation or environment 
configuration. 

The hardware system consists of a cloud server, an on-site server, a central router, 
edge control computers (industrial PCs), power supplies, motors, motor controllers, and 
sensors. The cloud server is primarily responsible for data computation for the web-based 
simulation system. The on-site server collects and stores local data and communicates 
with the cloud server. The central router establishes the local network environment, en-
suring all controllers and motors reside on the same LAN, enabling control of motors and 
sensors upon receiving commands from the web interface. The edge control computer is 
an industrial PC running a ROS2 environment, responsible for communicating with and 
controlling the actuators and sensors. 

The combination of these components not only ensures efficient simulation-to-reality 
synchronization but also establishes a scalable infrastructure capable of supporting in-
creasingly complex robotic experiments. By integrating cloud computing with edge con-
trol, the platform achieves both high computational efficiency and low-latency interaction, 
making it suitable for real-time educational scenarios. Moreover, the modular design of 
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the Rabo system allows future extensions, such as incorporating advanced perception al-
gorithms, multi-robot coordination mechanisms, or AI-driven adaptive control. From an 
educational perspective, this design philosophy provides students with exposure to a re-
alistic, industry-aligned environment, preparing them to engage with modern robotic sys-
tems that rely on distributed computing, networked control, and cyber-physical integra-
tion. 

3. Robot Structural Design 
To facilitate the design and practical use of robotic arms, the platform provides three 

joint motors, enabling the design and digital twin control of a three-degree-of-freedom 
robotic arm. Two joint motor types are provided: the PP11L-36_V3, weighing 517g with a 
rated power of 72W and a maximum output torque of 12Nm, and the PP08-36_V3, weigh-
ing 190g with a rated power of 36W and a torque of 1Nm. The former offers robust driving 
power and stability, while the latter minimizes additional system inertia while meeting 
torque requirements. 

The robot mechanism employs a parallel four-bar linkage. Driving the robot with two 
active links enables arbitrary positioning of the end-effector within the workspace while 
maintaining a constant end-effector orientation. 

As shown in Figure 2, the two active links are marked in red. According to the par-
allelogram principle, the green link on the left is parallel to the red active long link. Be-
cause the lower hinges of both the left green link and the red active long link are fixed, the 
orientation of this parallelogram remains constant. Furthermore, as the upper green tri-
angle is a rigid body with a fixed left-side orientation, the orientation of its right side is 
also fixed. Consequently, the orientation of the right parallelogram's sides is fixed, ensur-
ing the yellow end-effector maintains a constant posture. By actuating the two red links, 
the robot performs arbitrary planar positioning operations within the workspace without 
altering the end-effector's orientation. This design is highly beneficial for drawing and 
table tennis picking operations, as it eliminates the need to actively manage the end-effec-
tor posture; a pen can be fixed vertically to the end-effector, and similarly for a gripper. 

  
(a) Robot arm in the lowered position         (b) Robot arm in the raised position. 

Figure 2. Parallel quadrilateral mechanical arm model. 

From an engineering perspective, the use of a parallel four-bar linkage not only sim-
plifies the control logic but also reduces the computational burden typically associated 
with inverse kinematics. This makes the system more efficient and accessible for students 
who may be encountering robotic mechanisms for the first time. Furthermore, the con-
stant orientation of the end-effector is particularly advantageous for educational scenarios, 
where learners can focus on trajectory planning, control algorithms, and system integra-
tion without being constrained by complex orientation management. In future implemen-
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tations, additional degrees of freedom could be introduced to extend the platform’s ap-
plicability to more sophisticated tasks, such as assembly, object manipulation, or multi-
robot cooperation. Such expansions would further enhance the platform’s value as both a 
teaching tool and a testbed for advanced robotic research. 

We also incorporated a rotatable single-degree-of-freedom base, motor mounting 
plates, and gear reduction mechanisms. Two gear reductions were designed: a larger re-
duction for the base joint and a smaller one for the arm linkages. The larger mechanism 
uses a 1mm module gear for a 1.5:1 reduction ratio, while the smaller mechanism uses a 
0.5mm module gear for a 2:1 reduction ratio. Bearing supports enhance the smoothness 
and precision of the arm's movement. The implementation of these gear reduction mech-
anisms and bearing supports not only improves the mechanical efficiency of the robotic 
arm but also provides more precise control over the motion of both the base and the arm 
links. This allows students to observe and analyze the direct relationship between gear 
ratios, torque output, and movement accuracy in a tangible way. From an educational 
standpoint, such a setup demonstrates fundamental mechanical principles, including lev-
erage, rotational dynamics, and load distribution, within a real-world context. Further-
more, the modularity of the base and gear design allows for future modifications and ex-
perimentation, such as testing different reduction ratios, integrating alternative actuators, 
or exploring more complex robotic configurations, thus enriching the platform's versatil-
ity for teaching and research purposes. 

Using the Tuozhu Lab X1 3D printer, the robot prototype was fabricated from inex-
pensive, lightweight, yet sufficiently strong PLA material. This approach significantly 
shortens the manufacturing cycle from conceptual design to physical prototype while en-
suring the dimensional accuracy and surface quality of components with complex geom-
etries. 

Through precise 3D modeling and optimized printing parameters (e.g., layer height, 
printing speed, infill density, support structures), the dimensional fits of key functional 
parts, such as shaft-hole interfaces, meet usage requirements. 

As Figure 3 shows, the movement of each joint in the assembled manipulator proto-
type is smooth and fluid, without significant sticking or abnormal noise. The end-effec-
tor's posture maintenance function is stable and reliable throughout the entire workspace. 
The gear transmission system operates smoothly with adequate accuracy, and the bearing 
fits are precise, exhibiting low and uniform rotational resistance. 

 
(a) Robot base mechanical structure. 
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(b) Parallel Four-Bar Robot Arm Design. 

 
(c) Completed 3D printed mechanical arm. 

Figure 3. Overall structure of the robotic arm. 

The use of 3D printing for prototyping not only accelerates the design iteration pro-
cess but also provides an accessible platform for students to explore mechanical fabrica-
tion techniques firsthand. By directly engaging with material selection, print orientation, 
and parameter optimization, learners can observe how design decisions impact the func-
tional performance of the manipulator. Moreover, the combination of rapid prototyping 
with digital twin simulations allows for a full-cycle educational experience, where theo-
retical design, virtual testing, and physical validation are seamlessly integrated. This ap-
proach enhances students’ understanding of the interplay between CAD modeling, man-
ufacturing constraints, and mechanical performance, thereby bridging the gap between 
classroom learning and real-world engineering applications. 

4. Rabo Robot Simulation Scene Construction 
In the Rabo system, robots are composed of "parts" and "joints." Parts define visual 

models, collision models, and physical properties for each entity, while joints specify con-
nection types (e.g., revolute, prismatic), axes of rotation, limits, and dynamics. Rabo sup-
ports the URDF format for importing robot models, enabling efficient configuration. 

As the manipulator contains several parallel four-bar linkages, which are challenging 
to model directly in the simulation platform, an equivalent simplification was necessary. 
This configuration was equivalent to a 3R elbow manipulator, with a fourth joint intro-
duced to maintain the end-effector's horizontal orientation. As shown in Figure 4, the ex-
ported URDF model was imported into the simulation platform. The position and axis 
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direction of each joint were verified for correctness. Position motors were added to each 
joint for control, alongside motor position sensors. 

 
(a) Importing URDF robot model into simulation environment 

 
(b) Set up joint drive motor and position sensor. 

Figure 4. Rabo Digital Twin Robot Platform. 

By adopting this equivalent simplification, the platform reduces the complexity of 
simulation without compromising the accuracy of motion representation. This approach 
not only accelerates model verification and control development but also allows students 
to understand the principles of kinematic simplification and the trade-offs between mod-
eling precision and computational efficiency. Additionally, importing URDF models 
streamlines the integration of theoretical designs into the simulation environment, rein-
forcing the connection between CAD-based modeling, virtual testing, and physical proto-
typing. From an educational perspective, this process exposes learners to industry-stand-
ard modeling practices, promoting a deeper comprehension of robotic configuration, joint 
dynamics, and the practical challenges of simulating multi-link mechanisms. 
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5. Rabo Digital Twin Practice 
In practice, the system generates default files including main.py (the core entry point), 

a readme file, and requirements.txt, as shown in the figure 5. Program logic can be ex-
tended by modularizing code into multiple files to manage complexity. The platform en-
ables motor control and sensor data processing, utilizing callback functions to listen to 
sensor data. 

 
Figure 5. Rabo Digital Twin Robot Platform Controller. 

As shown in Figure 6 and Figure 7, using the drawing of an arc trajectory as an ex-
ample, the manipulator's end-effector in the simulation can rapidly move to a specified 
point within the workspace. It can trace a straight line between defined start and end 
points and move horizontally along a circle of a specified center and radius. 

 

 
Figure 6. Robot draws an arc in the Rabo Digital Twin Robot Platform. 
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Figure 7. Remote-controlled robot draws an arc. 

During physical operation, the manipulator's end-effector successfully performed 
these tasks. However, the position control was initially slow, with noticeable stuttering at 
path segmentation points. After further debugging and adjusting temporal parameters, 
the system executed trajectories such as circles more smoothly. 

This modular and structured approach to program design not only simplifies the de-
velopment and debugging process but also provides students with a clear framework for 
learning software engineering principles in robotics. By separating core functions, sensor 
handling, and motor control into distinct modules, learners can focus on individual com-
ponents without being overwhelmed by overall system complexity. Moreover, the ability 
to simulate precise trajectories, such as arcs and lines, offers hands-on experience in tra-
jectory planning, motion control, and real-time feedback processing. Such capabilities en-
hance understanding of the interplay between software logic, robotic kinematics, and sen-
sor integration, thereby bridging theoretical concepts with practical implementation. This 
design also lays the foundation for future extensions, including more complex trajectory 
algorithms, multi-robot coordination, and adaptive control strategies, further enriching 
the educational and research potential of the platform. 

6. Conclusion 
The development of the Rabo digital twin robot practice platform introduces a novel 

approach to robotics education, delivering functionalities such as virtual simulation, real-
time control, and status monitoring. Through its virtual-real synchronization technology, 
the platform lowers the threshold for experimental operations, enhances system interac-
tivity and real-time performance, and improves the intuitiveness of the teaching process. 
The Rabo platform demonstrates high virtual-real consistency and operational stability, 
accurately reflecting the physical system's motion state. It serves as a valuable new tool 
for experimental teaching with sorting robots, aiding in the development of students' en-
gineering practical abilities and systems understanding, thereby possessing significant 
teaching application value. In addition, the Rabo platform exemplifies the integration of 
emerging digital technologies with traditional engineering education, fostering a learning 
environment that encourages experimentation, problem-solving, and critical thinking. By 
providing immediate feedback on virtual and physical operations, students can iteratively 
refine control strategies and design choices, reinforcing theoretical knowledge through 
hands-on experience. Furthermore, the platform's modular architecture and compatibility 
with various robotic configurations allow for scalable educational scenarios, from basic 
manipulator training to complex multi-robot coordination tasks. This adaptability not 
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only enhances the platform's pedagogical value but also prepares students for industry-
standard practices in robotics, automation, and cyber-physical systems, bridging the gap 
between academic learning and professional application. 
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