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1. Introduction 

Applying new technologies to the production process enables many benefits such as reducing risks 

and increasing competitiveness for the manufacturers. Among the advanced technologies, digital twin 

(DT) allows manufacturers to improve the production quality by reducing errors. Recently, the 

application of DT has increased very rapidly thanks to the significant progress of technologies such as 

robotics, cloud computing, internet of things and especially artificial intelligence. In DT technology, a 

system or real object is virtually represented. In the digital realm, it is comparable to a mirror image. 

DT enables us to forecast the performance of the physical device, understand how it functions, and even 

improve its design by simulating its behavior with this virtual counterpart.  

The latest research from Japan's AIST [1] presents a summary of software platforms and tools 

proposed for human-robot interaction applications aimed at developing DT engineering systems. The 

paper surveys and presents VR/AR/MR technology solutions that humans can control and interact with 

physical robot systems using extended reality devices, as described in the most recent published articles. 

However, these studies are quite general and do not highlight specific applications. In the studies 

mentioned in [2], there are surveys on the development trends of intelligent manufacturing systems with 

the application of DT technology. The applications of this technology have been successfully 

implemented in various fields such as product manufacturing, management, and real-time diagnosis of 

the status of production equipment. The paper also points out that DT technology applied in robotics 

will be a necessary development direction in the near future with the era of Industry 4.0. 

The combination of DTs and robotic arms offers numerous benefits, especially in manufacturing. To 

delve deeper into this approach, scientists at a Russian research center [3] have created a 3D model of a 

UR10e robotic arm in a digital environment using the Unity3D tool. This model will be linked and 

controlled with its physical counterpart using the ROS (Robot Operating System) platform. The paper 
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employs 3D scanning technology to display the system as point clouds, accurately determining the 

position of the actual robot in the workspace. By linking the robot within a synchronized digital 

environment, information from the real system is synchronized. The results show that tasks can be 

planned and trajectories can be executed accurately in both the simulated and real robot environments. 

The paper also integrates AR/VR technology, allowing users to control the robot system in a visualized 

workspace. 

Recognizing the significance of 3D modeling and development in a virtual environment, the work in 

[4] developed a 3D robotic system model in a virtual environment where humans can interact through 

VR/MR technology. The 3D robotic system in the virtual environment utilizes Unity3D for design and 

modeling, and communicates with VR/MR devices and the actual robotic system through ROS. 

Additionally, an application of DT technology for industrial robots performing metal welding tasks [5] 

provided valuable insights for further research. This is a virtual robotic arm system equipped with a 

welding torch, developed using Unity3D, allowing users to interact through a virtual reality (VR) 

integrated controller. This virtual system is digitized and synchronized in real-time with the actual 

welding robot system, enabling the inspection, evaluation, analysis, and recording of the user's welding 

process. Furthermore, the paper applies machine learning methods to classify the skill levels of different 

users from the welding process data stored by the virtual system. From this, the welding path can be 

planned and refined in the virtual environment before being applied to the actual welding robot system. 

The results of the paper demonstrate the effectiveness of the proposed method by ensuring that each 

user with different skill levels can complete the same welding task consistently. 

Methods for connecting the virtual environment to the real work environment by studying relevant 

articles on applications in manufacturing are explored in [6], [7]. Paper [6] proposed a method for 

connecting robots in a virtual environment to real robots based on an improvement to the ROS platform 

called the ROSIE adapter. The results of the paper demonstrated the ability to connect and respond 

quickly and easily to platforms such as AR/NSI. Additionally, [7] addressed the issue of real-time 

monitoring of an industrial robot system that does not have a built-in monitoring system. The paper 

proposed using Unity3D to create a DT of the industrial robot process for planning and monitoring the 

system. This digital system is connected to the industrial robot system through ROS communication to 

perform monitoring tasks. On the other hand, applications of DTs and robotic arms are also widely used 

in the medical field [8], [9]. A prime example is the design and control of robotic manipulation systems 

for non-contact remote diagnosis in otolaryngology [8], which has been presented in detail and is highly 

applicable in special conditions such as during the COVID-19 pandemic. Regarding user health, a very 

beneficial DT-related study on the combination of DTs and the Metaverse for consumer health using a 

typical research approach [9] is relevant. The paper described this typical research as follows: virtual 

health consulting supported by DTs in the Metaverse, surgery training supported by DTs in the 

Metaverse, and self-health assessment supported by DTs in the Metaverse. The authors used inverse 

dynamics to recreate the process of converting physical movement into movement in the virtual world. 

These typical studies have demonstrated the functionality and feasibility of combining DTs and the 

Metaverse for consumer health. 

Overall, the integration of DTs with robotic arms offers significant advantages across various sectors, 

particularly in manufacturing and healthcare. However, research on the effectiveness of DT frameworks 

for collaborative robotic arms remains limited, especially within manufacturing applications. Existing 

DT applications in robotics often lack comprehensive validation that bridges simulation and real-world 

performance, particularly concerning position deviation and processing time for each stage of tasks in 

specific applications. This study addresses this gap by investigating the efficacy of a DT framework 

through a case study involving an industrial pick-and-place task using the UR10e collaborative robotic 

arm. The work examines the position discrepancy between the DT and the real robot by employing 

metrics such as RMSE, MAPE, and R2. The processing time for motion planning and real robot task 

execution in each stage of the pick-and-place application is reported. Position performance testing is 

conducted in accordance with ISO 9283 to validate synchronization between the DT and real robots in 

different scenarios. The findings provide insights into improving the planning and visualization of 

production processes, particularly in relation to 3D printing. Consequently, this work advances the 
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understanding of relevant processes and establishes a foundation for further exploration and 

development in this area.  

The remainder of the paper is structured as follows: In Section 2, the study procedures to develop a 

DT framework and a case study utilizing DT technology for collaborative robot arms are reported. In 

Section 3, the analysis of the framework’s performance through the pick-and-place case study and ISO 

9283 performance testing is described. In Section 4, the paper summarizes the results and methods 

implemented and proposes future work. 

2. Materials and Methods 

2.1. Constructing a mathematical model of DTs for collaborative robots 

According to Pieper's principle [10], if a 6-DOF serial robot has three consecutive coordinate frames 

meeting at a common origin, then there exists a solution to the nonlinear inverse kinematics problem. 

However, this issue does not arise with UR cobots, as their wrist design lacks a spherical configuration 

where the origins of the three consecutive wrist frames converge at a single point. Instead, as depicted 

in Figure 1, the offset introduced by link 5 disrupts this desirable kinematic property. Nevertheless, 

Pieper's condition does not preclude the existence of alternative analytical solutions to the inverse 

kinematics problem, even when the robot's structure deviates from this configuration. Therefore, an 

analytical solution to the inverse kinematics problem for UR cobots can still be pursued, despite the 

absence of a spherical wrist structure.  

 

Figure 1. Allocate robot coordinate frames using the DH convention. 

Numerous studies have analyzed the kinematics of UR cobots in references [11] - [13], with some 

solutions compared statistically in [14], and a recent classification method for inverse kinematic 

branches of UR robots has been proposed in [15]. Forward and inverse kinematics of robots can be 

studied using various methods. A well-known technique employs the original or modified Denavit-

Hartenberg (DH) parameters [16]. The inverse kinematics solution allows for the calculation of 

configurations leading to a specific pose, which is crucial when controlling the position and orientation 

of the end-effector. Unlike the forward kinematics solution, the inverse kinematics solution is computed 

sequentially from joints 1, 5, 6, 3, 2, and 4. The inverse kinematics solution we adopt is based on [17], 

[18]. Avoiding singular configurations in the inverse kinematics solution is beneficial for robot design, 

control, and its DT [19]. 

2.2. Building a DT framework for collaborative robot arms  

The digital model of the collaborative robot arm, including the manipulator, is built based on the 

support of CAD design technology and then converted into a URDF (Universal Robotic Description 

Format) file. This URDF format facilitates seamless integration into the Unity3D virtual environment 

and is employed in ROS to describe the robot's components and their respective properties. The URDF 

file encapsulates details about the robot's structure, geometry, DH parameters (kinematic model 

parameters), and inertia of the joint components, specifying connections between joints and links, joint 

types, link lengths, and their mass and inertia properties. The main components of UR10e, basics of 

URDF and an excerpt of the generated URDF file are shown in Figure 2. The UR10e components are 

depicted on the left, including a series of links and joints that describe the robot arm structure. For 

instance, the upper arm structure consists of the shoulder_link, shoulder_lift_joint, and upper_arm_link, 

denoted as (1), (2) and (3), respectively. The shoulder_link connects the rotating shoulder joint to the 

fixed base and enables horizontal rotation. The shoulder_lift_joint provides vertical rotation to the arm 
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by rotating the upper_arm_link. The upper_arm_link extends from the shoulder to the elbow, acting as 

a rigid connection that links movement from the shoulder_lift_joint to the next joint in the kinematic 

chain. 

For each link (cp. Figure 2 - link box), a link origin defines the position and orientation of the visual, 

collision, and inertial relative to the link’s reference frame of the link, which is determined by its joint. 

For each joint (cp. Figure 2 - joint box), a joint origin specifies the transform from the parent link to the 

child link. The joint is positioned at the origin of the child link. Therefore, the origin represents the 

relative position and orientation of the child frame with respect to the parent frame. The joint axis is 

defined within the joint frame. 

 

Figure 2. An excerpt of the generated URDF file for UR10e robot arm. 

The link tag (cp. Figure 2 - excerpt of link and joint tags in URDF - upper_arm_link) describes a 

rigid body with visual features, collision properties, and inertia characteristics. Specifically, the visual 

element defines the shape of the link used for simulations or visualizations. The collision element 

describes the geometry employed for collision detection. The inertial element specifies the mass and 

inertia of the link, which are crucial for simulating dynamics such as gravity or torque. The joint tag (cp. 

Figure 2 - excerpt of link and joint tags in URDF - shoulder_lift_joint) describes relative motion between 

parent and child links. Different joint types can be defined such as revolute or prismatic. The axis 

element, for instance, specifies the rotation, as shoulder_lift_joint is revolute. Additionally, the limit 

element defines constraints on the movement of the joint. For example, the effort attribute can be used 

to specify maximum torque or force applied at the joint. Finally, the dynamic element specifies the 

dynamic properties used during simulation, with the damping attribute representing how much the joint 

resists movement when it is moving. 

The CAD-based models visually represent the link's geometry are shown on the right of Figure 2. 

The geometry elements refer to two mesh-format files which represent 3D objects by defining their 

shape and surface details using vertices, edges, and faces. The collision is usually a simplified version 

of the robot’s actual shape (e.g. boxes or cylinders) to make physics and planning computations more 

efficient. The CAD-based collaborative robot arm model is initially converted to the URDF file format 

containing only geometric properties (meshes). This initial URDF file allows for visual representation 

of the robot in Unity3D, verifying the geometric accuracy of the CAD model. Additional parameters, 

such as joint mass, geometric inertia, joint types, and link connections, are subsequently added and 

adjusted to reflect manufacturer specifications. Configuration files are also incorporated to define joint 

limits, initial positions of links and joints, and constraints based on the model. As a result, this digital 
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collaborative robot arm model accurately represents a physical system on a digital platform. Figure 3 

shows a screenshot of the robot arm model rendered in Unity3D, demonstrating the visual fidelity of the 

DT. 

 

Figure 3. Physical robot arm and its virtual replica in Unity3D environment. 

Unity3D communicates with ROS via the ROS-Unity3D bridge, enabling real-time data exchange 

and visualization. For robot arm motion control, MoveIt [20] is employed. Built on top of ROS, MoveIt 

is an open-source platform which provides key functionality for robotics manipulation. There are some 

planners available in MoveIt such as Pilz (pilz industrial motion planner) or OMPL (open motion 

planning library). The OMPL supports many sampling-based algorithms such as RRTConnect, EST, 

RRTstar, RRT. The pilz_industrial_motion_planner supports linear (LIN), circular (CIRC), or point-to-

point (PTP) motion planning. 

The UR10e collaborative robot offers a 1300 mm reach, defining a substantial work volume for 

different automated operations. With up to 12.5 kg payloads and 0.05 mm repeatability, the UR10e 

provides consistent and precise task execution. Therefore, the robot is a suitable candidate for 

applications that require both stable operation and flexible integration into diverse industrial settings 

such as 3D printing or CNC tending. An open-source ROS driver provided by the manufacturer defines 

an interface between the robots and ROS. Consequently, the UR10e robots are fully compatible with 

ROS. The supported interface allows MoveIt – built on top of ROS, as aforementioned – to read values 

from the robot' sensors and send commands to it for following a planned trajectory. 

UR robots support some read-only broadcasters that read states from the robot and publish them as 

ROS topics. For instance, the joint_state_broadcaster publishes all joints’ positions, velocities, and 

motor currents to a topic named joint_states. To synchronize with the physical robot, a subscriber is 

implemented in the Unity3D digital environment, subscribing to the joint_states topic and updating the 

joints of the virtual robot accordingly. 

The results validate the successful development of a virtual robot arm model, which will be 

progressively refined for integration with a physical robot arm. As illustrated in Figure 3, the 

implementation and practical operation details will be discussed in the subsequent sections. 

2.3. Developing a case study of an industrial pick-and-place robot utilizing DT technology 

The results demonstrate the successful development of a robot arm model within a virtual 

environment. An outline of the collaborative robot arm DT framework and industrial pick-and-place 

robot case study is presented in Figure 4. A digital environment in Unity3D has been established to 

create a representative industrial case study, focusing on the following components: 

● Pick-and-place operations for machine tool components, specifically a 3D-printed product. 

● Integration of the collaborative robot arm's mathematical model (described in Section 2) with the 

DT framework (outlined in Section 3) to execute the industrial pick-and-place task. 

● The foundational hardware system required to implement this case study, consisting of a 

computer, robot, gripper, sensors, support frame, machine tools, and machine parts, as illustrated 

in Figure 5. The real UR10e robot sends real-time data through the ROS to a computer, the data 

can be stored in a ROS database (ROS bag) for further analysis (e.g. studying position accuracy). 
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The DT consists of a Process Twin that simulates the entire grasping process (e.g. Move, Pick, 

Move, Place) and System Twin which comprises of Components Twin (i.e. DT robot) and DT 3D 

printer. 

 

Figure 4. Collaborative robot arm DT framework and industrial pick-and-place robot case study. 

 

Figure 5. DT in Unity3D (left) and real system (right) in the 3D printer pick-and-place case study 

a) Home position, b) Pick target, c) Drop target. 

3. Evaluation Results and Discussion 

The effectiveness and applicability of the proposed framework are evaluated through the case study 

outlined in Section 2.3. Key evaluation parameters include performance, efficiency, and the scope of 

application. It should be noted that the UR10e has a built-in real-time controller running at 500 Hz which 

is considered high for most robotics applications, allowing it to execute motion smoothly and publish 

the joint_states topic in real time without relying on external commands. Additionally, since the Unity3D 

digital environment directly subscribes to the joint_states topic to update the virtual robot’s joints and 

network is controlled and stable (e.g., a dedicated local wired connection), the communication time 

between the physical and digital models is considered fixed. Therefore, latency is not in the focus of this 

work. 

The position discrepancy between the Tool Center Point (TCP) of the DT robot and the actual tool 

center of the real robot  is summarized in Table 1. The TCP is a specified point defined relative to the 
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end of the robot arm, typically located at the tip of the attached tool, such as a gripper. The position of 

the TCP in the physical robot is obtained by using MoveIt's built-in pose retrieval function, 

get_current_pose, in the MoveGroup interface, which acquires real values through the robot’ sensors. 

The purpose of the discrepancy calculation is to validate the synchronization capability between the 

physical robot and the DT robot. The joint values collected from the robot's sensors are calculated based 

on the physical robot’s kinematic model. This information is considered a reliable reference, since the 

manufacturer specifies a precision of 0.05 mm, as mentioned earlier. The joint positions are then 

published through a communication interface, typically over Ethernet. In contrast, the TCP position of 

the DT robot is calculated using a kinematic model implemented on a computer (MoveIt). The 

synchronization can be considered successful when the TCP position discrepancy is within an acceptable 

threshold. 

The position discrepancy results from both robot modeling inaccuracies and sensor noise during the 

synchronization between the DT and physical robot. The Root Mean Square Error (RMSE) quantifies 

the deviation between the DT and actual robot sensor readings, while the Mean Absolute Percentage 

Error (MAPE) measures model accuracy, lower MAPE values indicate a more accurate model. The R2 

coefficient, used in the regression model, assesses the relationship between the dependent and 

independent variables. In the context of DT, a higher R2 value signifies a better fit to real-world data. 

Table 1. Compare TCP position between DT and UR10e using three indicators: standard deviation of residual 

(prediction error) RMSE, mean relative error MAPE, and coefficient of determination R2. 

 X position Y position Z position 

RMSE 0.005 0.003 0.008 

MAPE (%) 0.492 0.702 1.182 

R2 0.997 0.999 0.992 

Table 2 details the collaborative robot motion control algorithm for a typical industrial pick-and-

place task. The default ROS ompl-RRTConnect algorithm explores random positions between the 

starting and ending points, which may result in suboptimal paths, sudden joint accelerations, or 

pathfinding failures. Specifically, the algorithm occasionally cannot establish a direct path between the 

Pre-Pick and Pre-Place positions (steps 05 and 07). To address this issue, an additional "return to Home 

position" step (step 06) is implemented, ensuring the seamless execution of the pick-and-place task. For 

fixed path scenarios, algorithms that eliminate random position exploration should be used to minimize 

the risk of collisions between the robot and the operator. 

Table 2. Key steps in the pick-and-place process in a case study. 

Step Details 

01 Starting at the robot's Home position, move the TCP to the front of the 3D printer 

02 Pre-Pick - Move the TCP into the printer 

03 Pre-Grasp - Lower the target and close the gripper 

04 Move back to the Pre-Grasp position 

05 Move back to the Pre-Pick position 

06 Move back to the Home position 

07 Pre-Place - Move to the top of the container 

08 Place - Move down and drop the target into the container 

09 Move back to the Pre-Place position 

10 Move back to the Home position 
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Table 3 presents the processing times for five typical algorithms at each step of the case study, 

averaged over three executions. The pilz_industrial_motion_planner-LIN algorithm, based on linear 

interpolation, computes trajectory planning in approximately 0.1 seconds and is suitable for low-

dimensional spaces. Conversely, algorithms from the OMPL motion planning suite, including ompl-

RRTConnect, ompl-EST, ompl-RRTstar, and ompl-RRT, are more suited for complex, high-

dimensional spaces. Among these, ompl-RRTstar generates the most optimal path but requires the 

longest computation time (~5 seconds). 

Table 3. The processing time of the algorithms (unit: seconds). 

Step 
Algorithm 

pilz_industrial_motion_planner-LIN ompl-RRTConnect ompl-EST ompl-RRTstar ompl-RRT 

01 0.117 0.159 0.160 5.022 0.078 

02 0.031 0.195 0.690 5.038 0.066 

03 0.022 0.167 0.127 5.033 0.076 

04 0.021 0.176 0.149 5.029 0.058 

05 0.034 0.179 0.096 5.023 0.074 

06 0.110 0.151 0.364 5.038 0.061 

07 0.054 0.170 0.332 5.043 0.096 

08 0.022 0.145 0.207 5.035 0.056 

09 0.022 0.158 0.22 5.023 0.081 

10 0.052 0.144 0.237 5.031 0.068 

Table 4 shows the execution times for each stage of the task in the case study. With the robot speed 

set at 28% of the maximum allowed velocity, execution times for each step were approximately uniform 

(~18 seconds), as a result of the default ROS time interval setting being applied. These times can be 

adjusted by modifying the ROS time interval parameter. The consistency in execution times may also 

be attributed to the simple environment of the 3D printer pick-and-place task, where objects are fixed 

and there are minimal obstacles. 

Table 4. Real robot task execution time (speed: 28%, unit: seconds). 

Step 
Algorithm 

pilz_industrial_motion_planner-LIN ompl-RRTConnect ompl-EST ompl-RRTstar ompl-RRT 

01 18.494 18.510 18.512 18.494 18.526 

02 17.904 17.904 17.904 17.904 17.904 

03 18.952 18.952 18.948 18.950 18.951 

04 17.904 17.904 17.904 17.904 17.904 

05 17.904 17.904 17.904 17.904 17.904 

06 17.954 17.954 17.954 17.954 17.954 

07 17.904 17.904 17.904 17.904 17.904 

08 18.951 18.951 18.951 18.950 18.948 

09 17.904 17.904 17.904 17.904 17.904 

10 17.904 17.904 17.904 17.904 17.904 
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Figure 6 displays the robot's active or work area, determined by parameters such as the reach radius 

of the robot arm, as provided by the manufacturer. Initial performance evaluation demonstrates 

promising results with low RMSE, small MAPE, and high R2, indicating a strong fit to real-world data. 

However, errors due to sensor noise and modeling inaccuracies persist. Future improvements could 

involve implementing path-fixing algorithms to reduce collision risks and enhance overall operational 

efficiency. 

 

Figure 6. The sphere in Unity3D shows the robot's active area. 

In addition to the pick-and-place scenario, a position performance testing is conducted in accordance 

with ISO 9283. The standard describes suitable measurement positions located in a plane placed inside 

a cube (cp. Figure 7-left) within the robot’s working space. As the positions P1–P9 were specified in the 

Cartesian space, the MoveIt’s built-in function for computing Cartesian paths is employed to plan the 

trajectory for the performance test. This function facilitates the computation of a series of waypoints 

that enable the end-effector to travel in segments of a straight line that correspond to the position-

specified poses. The test also includes two different circles whose centers shall be P1. The large circle 

is inside the defined plane and as large as possible. Its diameter shall be 80% of the cube side length. 

The small circle diameter shall be 10% of the large circle diameter. Thus, the positions include P1–P9 

and discretized points along the circles. A comparison of TCP position between DT and real robots is 

illustrated in Figure 7-right. Collected data indicates a quite good synchronization between the DT and 

real robots. Thus, the performance test results would seem to confirm the findings from the pick-and-

place case study in which the trajectory is planned in the joint space, but future research is necessary to 

further validate the obtained outcomes for, e.g., other industrial case studies or settings. 

 

Figure 7. Performance testing: ISO 9283 cube (left); TCP position compared between DT and real robot (right). 
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In summary, the system was tested with operational conditions at a speed of 28% in two scenarios: 

a pick-and-place application and a recommended trajectory following ISO 9283 cube. Consequently, 

further system tests under different operational conditions could be developed in future work. 

4. Conclusions 

This paper explores the effectiveness and applicability of a digital framework in the context of an 

industrial pick-and-place robot case study. The small error between the DT and physical robot arm –   as 

demonstrated by the evaluations using prediction error RMSE, mean relative error MAPE, and 

coefficient of determination R2 indicators – validates the effectiveness of the proposed framework for 

accurately mirroring real-world robotic behaviors. By employing real-world data integration and ISO 

9283-compliant testing, a reliable virtual replica capable of predicting physical robot performance is 

established. In addition, the comparative analysis of some motion planning algorithms allows further 

optimization potential for the framework. Furthermore, these results confirm that DT technology offers 

a robust method for validating, optimizing, and enhancing the efficiency and reliability of industrial 

robotic applications before physical implementation. 

Future research will focus on expanding the investigation of intelligent control algorithms, which 

includes enhancing existing algorithms and developing new ones to improve control efficiency. These 

algorithms will undergo simulation and verification using mathematical models and numerical 

simulations to evaluate their feasibility and stability prior to implementation on collaborative robot arms. 

Additional experiments with different equipment (e.g., CNC machines or injection molding machines) 

will be conducted to gather and analyze further data, enabling a more comprehensive assessment of the 

system's performance and reliability. This will ensure the results meet both scientific and industrial 

standards. The collected data will serve as a foundation for further algorithm refinements. 
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