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Abstract

Introduction: the development of trajectory programming and control platforms for collaborative robots has significantly advan-
ced with the integration of emerging technologies such as virtual reality.

Objetive: the primary objective of this study is to develop and implement a virtual reality platform that enables the programming
and control of trajectories for a UR3 robot. Additionally, the study aims to improve system accessibility and usability by allowing
users to define Cartesian trajectories through visual interaction and by integrating a digital twin of the robotic arm.
Methodology: the system was developed using Unity 3D, enabling the creation of an interactive visual interface for users. A
digital twin of the UR3 robot was integrated, which synchronizes with the Meta Quest 2 VR headset to provide an immersive
experience. Users can define linear trajectories by placing control points, with the ability to easily add or delete points within the
virtual environment.

Results: the implementation of the platform allowed users to effectively define and control trajectories within a virtual reality
environment. It was observed that users were able to interact with the system intuitively, creating trajectories without prior ro-
botic programming knowledge. Moreover, the use of the digital twin provided an accurate real-time visual representation of the
robot’s behavior..

Conclusions: this study demonstrates that the integration of virtual reality with collaborative robot trajectory control enhances
user accessibility and interaction with the system. This approach not only facilitates learning and trajectory programming but also
lays the foundation for future improvements in the graphical interface and control functionalities, enabling system customization
according to specific user needs.

Keywords: Virtual Reality, System Trajectory Programming, Industrial Robotics and Digital Twin.

Resumen

Introduccion: ekl desarrollo de plataformas de programacion y control de trayectorias para robots colaborativos ha avanzado significativa-
mente con la incorporacién de tecnologias emergentes, como la realidad virtual.

Objectivo: eEl objetivo principal de este estudio es desarrollar e implementar una plataforma en realidad virtual que permita la programa-
cion y el control de trayectorias de un robot UR3. Ademas, se busca mejorar la accesibilidad y usabilidad del sistema, haciendo posible la
definicion de trayectorias cartesianas a través de la interaccién visual y la integracion de un gemelo digital del brazo robético.

Metodologia: el sistema fue desarrollado utilizando el motor de Unity 3D, permitiendo la creacién de una interfaz visual interactiva para los

usuarios. Se integré un gemelo digital del robot UR3, que se sincroniza con el casco de realidad virtual Meta Quest 2 para ofrecer una expe-
riencia inmersiva. Los usuarios pueden definir trayectorias lineales mediante la colocacién de puntos de control, pudiendo agregar o borrar
puntos de forma intuitiva en el entorno virtual.

Resultados: la implementacién de la plataforma permitié a los usuarios definir y controlar trayectorias de forma eficaz en un entorno de
realidad virtual. Se observé que los usuarios pudieron interactuar con el sistema de manera intuitiva, creando trayectorias sin la necesidad
de conocimientos previos en programacién robética. Ademas, el uso del gemelo digital proporcioné una representacion visual precisa del
comportamiento del robot en tiempo real.

Conclusiones: el estudio demuestra que la integracién de la realidad virtual con el control de trayectorias de un robot colaborativo mejora
la accesibilidad y la interaccion de los usuarios con el sistema. Este enfoque no solo facilita el aprendizaje y la programacion de trayectorias,
sino que también sienta las bases para futuras mejoras en la interfaz gréfica y en las funcionalidades de control, permitiendo una personali-
zacién del sistema segun las necesidades especificas de los usuarios.

Palabras clave: Realidad Virtual, Programacién de Trayectorias, Robética Industrial y Gemelo Digital.
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Contribution to the literature
Why was it done?

The study focused on developing and implementing a virtual reality (VR) platform to support the programming and trajectory
control of the UR3 collaborative robot, which has six degrees of freedom. This work aligns with the principles of Industry 4.0,
emphasizing the integration of cyber-physical systems and emerging technologies like VR to enhance human-robot interac-
tion. The research aims to improve accessibility for new users by providing an intuitive system that enables the visual defini-
tion and modification of Cartesian trajectories, setting down a way for future advancements and customizations.

What were the most relevant results?

The most significant outcome was the implementation of a system enabling robot control in both joint and Cartesian modes.
This was achieved using a digital model developed in SolidWorks and transferred to Unity 3D via Blender. Integration with vir-
tual reality devices, such as the Meta Quest 2, provided an intuitive interface for creating and modifying trajectories, allowing
users to evaluate movements from multiple perspectives. The application supports joint and Cartesian modes within the VR
environment, enabling precise adjustment of each robot joint using the Calculated Torque Control (CTC) algorithm with ade-
quate accuracy.

What do these results contribute?

These results contribute to enhancing the accessibility and usability of path programming systems, particularly for users
with limited experience in industrial robotics. The platform offers a safe and controlled environment for programming and
validating movements before physical implementation, thereby minimizing risks and optimizing processes. Additionally, it

Move your hands to define points in space

control the robot’s movement
since via VR APP
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Introduction

Industry 4.0 is one of the most prominent technological trends worldwide, characterized by
integrating of cyber-physical systems into logistics and manufacturing processes. This trend
arises due to of the development, use, and adoption of emerging technologies, such as the

use of robotics and virtual reality systems in industry (1) (2). Its primary goal is to use advanced
technologies to assist humans in making decisions and performing tasks that may be exhausting,
tedious, or repetitive (3) (4). One way to integrate robots into industry is through collaborative
robots, also known as Cobots (5).

Cobots can be easily programmed using trajectory programming systems, which play a critical role
in automation by enabling the programming and control of robot motion in production lines using
visual tools (6). These visual systems allow operators to define precise trajectories by specifying
points in virtual space that the robot can later emulate in physical space, all without having to write
a single line code, this allows for better interaction between the operator and the robot/machine

@.

As a result, these systems are considered user-friendly because they do not rely on code to
operate and do not require expert programmers to operate (8). In addition, the system must

have a good immersion system to fix the trajectories of the robot, allowing a more accurate
dimensioning of the workspace within a virtual environment (9). In this context, Virtual Reality (VR)
emerges as the ideal solution for robot programming and control (10), as it allows a more natural
and precise interaction with the virtual environment (11), facilitating trajectory programming and
the visualization of movements in an immersive three-dimensional space (12) (13).

Because of the above, it is appropriate to integrate the use of trajectory execution systems

for Cobots with virtual reality systems, as these are immersive and offer easy-to-understand
models (13). Unlike traditional designs based on 2D systems (tablet or computer screen), three-
dimensional systems (VR goggles) allow better analysis of the robot's movements and design,
providing a broader and more detailed perspective through navigation in the virtual world. This
makes it possible to fully analyze the designed model and its workspace, and to program Cartesian
points to execute trajectories that connect them in three dimensions (14). In this way, a new
perspective is offered from the operator’s point of view, as this new approach allows errors to be
detected and corrected before moving on to the production phase (11).

Related work

In the last decade, there has been a continuous and growing interest in research on trajectory
programming systems. Various researchers have presented different approaches and methods for
implementing virtual/augmented reality technologies within these systems. For example, in (15),
augmented reality (AR) is used to project a robot onto a given surface through a smartphone,
and it performs a movement using markers that indicate the start and end points. In the same
way, in (16), this technology is used with a tablet to validate different human-robot interactions

in an automotive environment, highlighting the discomfort of the operator who has to hold the
tablet while using a tool. This issue, although not mentioned in the document, is crucial since

the user must hold the phone at all times, making this technology one of the least viable for
implementation.
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On the other hand, among the technologies that use mixed reality (MR), (17) offers certain
advantages over virtual reality (VR), allowing the real space to be accurately mapped within the
virtual space. Users can directly perceive and interact with the system'’s input information, spatial
sound, and location by combining virtual objects within the real world with which they can interact
(10). However, this could also be considered an advantage of virtual reality, as this technology
operates in a controlled environment, preventing external factors such as sunlight or the distance
between the glasses and the object from affecting the trajectory programming. In addition, it

is always possible to replicate real objects in virtual space with the same dimensions, as shown

in (11). Nevertheless, according to (18), when using a mixed reality system, the digital twin seen
through the glasses must be positioned over the same robot visible in reality, which can cause
uncomfortable overlapping for the operator.

Consequently, virtual reality systems offer unique features. As mentioned in (19) and (20), an
advantage of VR systems is their use in teleoperation tasks, allowing robots to be controlled
without physical presence, which facilitates industrial safety as mentioned in (21). The operator
can control the robot without risk and without stopping production on the assembly line (22). In
addition, the consistent support of major technology companies and the decreasing cost of virtual
reality glasses have encouraged the use of virtual reality applications. In recent years, research

has shown a trend toward this type of technology, as reflected in articles (23), (24), (25) and (26),
where virtual reality glasses are used together with digital twins that replicate the movements of a
manipulator robot. In (23), a KUKA KR10 robot is used; in (24), a FANUC M-10iA robot; and in (25)
and (26), a Mitsubishi Movemaster RV-M1 robot to create their digital equivalents in virtual space,
developing applications in an immersive environment that adequately represents their movements,
which will be replicated in real space.

Thus, the exploration of VR, AR or MR technologies has allowed the identification of various
opportunities and challenges in trajectory programming, with applications in several industrial
fields. Augmented reality, although promising, has practical limitations that hinder its viability,
especially in the need for portable devices and the lack of comfort they offer when used with
other tools. On the other hand, mixed reality offers a more precise integration of the real and
virtual environments, but still faces technical challenges such as visual overlap and limited control
over different environments. In this way, virtual reality, with its controlled environments and
growing support from large corporations, stands out as a solid alternative, especially in the field
of teleoperation and industrial safety. The growing trend in the research and application of VR
systems, as evidenced by recent studies, suggests a significant potential for the development
of innovative and efficient solutions in robot automation and control. In this context, the use of
digital twins in immersive environments positions itself as a key tool to optimize human-robot
interaction and improve the efficiency of production processes.

Methodology

For the experimental setup used in this project, the activities have been divided into two main
components. The first component involves the use of tools to build the digital model of the robot.
The second component focuses on the tools for building the trajectory programming system,
which is the main focus of this document.
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Digital model creation

To create the digital model, it is essential to use a tool that can create three-dimensional
models. SolidWorks was selected as the tool of choice for several reasons. First, its ease of use is
highlighted by its intuitive interfaces. Second, its extensive 3D object modeling capabilities allow
for detailed assembly design. Finally, its robustness in exporting products in various file formats
makes it the ideal choice.

Thus, this tool is used to design the robotic arm that will be integrated into the graphics engine,
inspired by the design of a UR3 robot (Figure 1) from Universal Robots with six degrees of
freedom. The result is shown in Figure 2. In this assembly, each section is divided into folders
named after the corresponding axis (Base, Axis1, Axis2, Axis3, Axis4, Axis5, and Axis6) to better
identify the parts that belong to each axis of the robot's rotation. This allows them to be exported
independently, which is needed later in the graphics engine to generate the rotations of each axis,
thus building a more functional model.

Figure 1 Universal Robots UR3 compact Cobot Fuente: Universal Robots
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Figure 2 Six Degrees of Freedom robot arm design

Since SolidWorks does not have a direct export tool for Unity, Blender is used as an intermediary
tool to read the files in the graphics engine. The objects created in the CAD tool are first exported
in PLY (Polygon File Format) and then opened in Blender, which can read this type of file. Within
this program, the first step is to define the origin of the piece, which will also be considered its
axis of rotation, essential for generating rotational motion. Finally, considering the scales that will
be used in Unity, the value in the X, Y and Z boxes is set to 0.001, with these new dimensions the
object is small enough to be manipulated and visualized in the VR project. The configurations
made for the piece can be seen in Figure 3, which replicates the same configuration for the other
six objects created and exported in FBX (FilmBox) format to open and work with them within the
graphics engine.

7 Blender [C\Users\SAT\D i blend] o X

uuuuu

Figure 3 Modifications applied for exporting Game Objects
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System trajectory program

To develop the application, the flowchart shown in Figure 4 is created, corresponding to the VR
application designed for programming and controlling industrial robots. This diagram illustrates
the process from the start of the application to the execution of actions on the robot, highlighting
the available functionalities in the articular and cartesian modes of operation.

Select J1, J2, J3,
J4, JS or J6
CTC Articular Save position
data
VR Selection Move to £ — Send
APLICATION Mode specific @ information to
e trajectory
position robot
Delete
CTC Cartesian previous data
Select X, Y, Z

Figure 4. VR application flowchart

When starting the application, the user is guided through a start menu from which the desired
operation mode is selected. The VR app provides two main control modes:

Articular Mode: This mode allows the user to select one of the robot's six joints (J1, J2, J3, J4, J5, or
J6) for adjustment. Once the joint is selected, the Calculated Torque Control (CTC Joint) algorithm
is used to calculate and adjust the Euler angles necessary to achieve the desired orientation. The
robot is then moved to the specific position determined by these calculations.

Cartesian Mode: Alternatively, the Cartesian mode allows the user to enter the X, Y and Z
coordinates and the desired rotation of the end effector. To convert these coordinates into
instructions that the robot can execute, the Calculated Torque Control (CTC Cartesian) algorithm
is used to solve the inverse kinematics and calculate the necessary joint angles. The robot is then
moved to the specified Cartesian position.

Once the robot has been correctly positioned, the system offers three possible actions:
« Save the position data, allowing it to be stored for future executions.
« Delete previous data if adjustments are required for the robot’s programming.

Send the calculated data directly to the robot, including the transfer of information to the physical
device, if present, and the execution of the programmed trajectory within the VR application.

This workflow reflects the application’s ability to provide precise and flexible control of industrial
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robots, integrating advanced trajectory control methods in both articular and cartesian space. To
achieve this level of precision and flexibility, Unity 3D is used to create the virtual environment.
Unity 3D is a graphics engine known for its ease of use through its editor and intuitive tools. In
addition, it offers robust virtual reality (VR) application development capabilities through the Open
XR library, which is essential for developing this system. Its compatibility with most virtual reality
devices and support from a large community of developers, who provide extensive information
and documentation make Unity an ideal tool for solving specific problems and optimizing complex
projects in this field.

To integrate the system with the 3D design created in Figure 2, a three-dimensional environment

is first created using Unity's editor capabilities to build the virtual world using the ProBuilder tool,
developing an immersive environment that includes a workspace based on a laboratory, as shown
in Figure 5. This lab contains a table on which the robotic arm will be placed, and using the Open

XR tool, a pair of controllers will be integrated for the use of tools and Unity systems that interact
with them to apply changes and movements to the robot.

e & & B

v Display1 ¥ FullHD (1€

Movipietto.4 ;rfa.:/a?\

Figure 5 Creating the virtual environment

To control the system, the Meta Quest 2 virtual reality headset is used, a device known for
providing a high-quality virtual reality experience that is highly portable and easy to use. It
includes two controllers and a headset with a Qualcomm Snap Dragon XR2 processor, 6 GB of
RAM, 128 GB of storage, a resolution of 1832 x 1920 per eye, a refresh rate of 60, 72, and 90 Hz,
and supports Wi-Fi and Bluetooth connections (27).

The system shown in Figure 6 aims to allow the user to define the cartesian trajectories of the
robot using the controllers provided by the Meta Quest 2 system.
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Figure 6 Virtual reality headset and controls: Meta Quest 2

Results and discussion

To ensure that the system is capable of executing the requested trajectories, the robot was
programmed to perform a series of predetermined movements to monitor the robot’s performance
and verify that the created trajectory system executes the requested trajectories, both in articular
and cartesian coordinates.

Articular movement

For execution trajectories at articular space, a CTC (Computed Torque Control) was implemented,
as shown in Figure 7. This control, developed in Simulink, regulates each of the robot’s six joints
during trajectory execution in the three-dimensional VR environment. The articular movement
function is used to adjust each joint according to the specific requirements of a programmed

trajectory.

Y(4,1)

Consignas
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Posiciones

Algoritmo
Newton Euler

Posicion deseada 1

1 salida
[instante qd2 ] »>|

Posicion deseada 2

Demux

mod_directo

salidat
Vel

rI

[instante qd3 ]

Velocidades

Posicion deseada 3 Control

Dinamico E Articular
[instante qd4 ] J_LLli

Pasicion deseada 4

[instante qd5]

Posicion deseada 5

[instante gd6

Posicion deseada 6

Figure 7 Articular CTC control
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The precision of the control system and the accuracy of the desired angles were evaluated by
comparing the data obtained during the experiment with the original angles intended for each
joint to confirm the level of precision present for each joint. This comparison is illustrated in
Figure 8 and allows us to determine the error in articular space, which, according to the graph,
shows a greater degree of error in the fourth joint, with an error of 15x10* radians (less than two
milliradians).

<107

—Em Attt

Err: Art2
Err: Art3
% ———EmAtd [~
Err: Arts
—EmAf6
N,

Error (rad)

Time (s)

Figure 8 Articular Error

The obtained data was integrated into the articular movement system, allowing precise
programming of each point in the trajectory. Figure 9 shows how the slider is manipulated to
adjust the rotation angle of the robot’s first wrist before saving the trajectory point. This process
ensures that the digital twin accurately follows the desired angle, allowing a preview of movement
to be performed in virtual three-dimensional space. This is achieved through the use of the virtual
reality headset and controllers, facilitating a comprehensive evaluation of the movement from all
possible perspectives.

Agregar Punto
e e

Borrar Puntos

Movimiento Articular

Figure 9 Generating points from articular coordinates
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Cartesian movement

In this case, the implementation of trajectories is managed using cartesian CTC control, which
offers significant advantages in terms of precision and adaptability to different load conditions, by
regulating the movements of each robot joint. The control implemented via Simulink is shown in
Figure 10, which allows the precise inclusion of values previously obtained from the CAD model of
the robotic arm, designed in SolidWorks.
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Figure 10 Cartesian CTC Control

Once the robot data is entered into Simulink, the panel for controlling the robot using Cartesian
coordinates is displayed, as shown in Figure 11. Using the controllers in the virtual world, it is
possible to manipulate the coordinates of the end effector, which determines the point to which
the robot must move. This allows the desired points to be added along the entire trajectory to
begin the test.

i
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Movimiento Cartesiano

Figure 11 Generating points from cartesian coordinates
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This data is programmed into the three-dimensional environment shown in Figure 11, and when
the Execute button is pressed, the digital twin will follow the trajectories in the three-dimensional
environment using the previously programmed X, Y, Z coordinates and orientations, ensuring at all
times that the robot is following the planned path. After the programmed motion is executed, the
data captured where the last joint was positioned is compared with the desired positions, and by
calculating this difference, the resulting error is obtained for each dimension.

To evaluate the precision of the control system and the accuracy of the executed trajectories, the
data obtained during the experiment were compared with the original desired positions. This
comparison, shown in Figure 12, shows the position error for each of the signals on the left, and
the orientation error on the right. Starting with Figure 12 (a), it is observed that the maximum
Cartesian position error is on the order of 1x10* metros (one millimeter) and the Cartesian

orientation error, seen in Figure 12 (b), is on the order of 5x10~° radians (less than 50 microradians).

This level of accuracy indicates that the implemented CTC control is relatively low for use in
industrial applications.

Figure 12 Cartesian error position (a) and orientation (b)

Therefore, we can consider that the use of VR devices in trajectory programming systems

would facilitate the intuitive creation of Cartesian trajectories, allowing users to easily add and
modify desired points. This approach could improve the accessibility and usability of trajectory
programming systems for new users and provide a robust framework for future improvements and
customizations.

Conclusions

This paper presents an application developed in Unity 3D for handling and controlling the
trajectories of a digital twin. SolidWorks was used for modeling, creating a six-degrees-of-freedom
model based on Universal Robots’ UR3. Subsequently, parts were exported to Unity via Blender,
allowing for effective integration into the virtual environment. In addition, a control system was
used in both articular and cartesian modes using the CTC algorithm to achieve sufficiently precise
movements.
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The application developed in Unity implemented the use of a virtual reality system through the
Meta Quest 2 headset and controllers, which allowed interaction with the digital twin through
buttons and sliders. In the articular mode, each joint was controlled individually, while in the
cartesian mode, points were defined in both position and orientation for X, Y, and Z at final joint.

In addition, the development of this system demonstrated a flexible approach to trajectory
programming, highlighting the usefulness of virtual reality in creating and modifying trajectories, as
it allows the evaluation of the point’s position in space from all possible angles, allowing the pre-
planning of trajectory execution. Therefore, future work proposes to build and test the system on a
physical prototype with a six-degree-of-freedom robot to evaluate its performance with Cartesian
movements and to compare the trajectories programmed by the user with those executed by the
real robot.
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