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Towards a lightweight ROS—CoppeliaSim simulator
for the BEATRIX robotic education platform

Janaardhanan Alagarraja', Adrian Rubio-Solis? and Uriel Martinez-Hernandez'

Abstract— This work presents the design and de-
velopment of BEATRIXsim, a simulation environ-
ment for integration into the educational BEATRIX
robot platform. BEATRIXsim is implemented in Cop-
peliaSim due to its support for kinematics and low
computational load. Both the physical robot (BEAT-
RIX) and digital robot (BEATRIXsim) are inter-
faced using an Arduino Mega microcontroller and the
Robot Operating System (ROS) using the rosserial
protocol. Custom-built ROS messages, services and
a bridge are developed for synchronised operation,

communication, control and real-time feedback of

both the physical and digital robots. This simula-
tion environment includes a Graphical User Interface
(GUI) to allow users to simultaneously control both
the physical hardware and the digital robot, but also
their individual control. BEATRIXsim serves as a tool
for experimentation and testing processes without the
need for its physical counterpart, reducing risks, costs
and development time. Overall, this work shows that
an affordable humanoid robot for education purposes
can be enhanced by the use of digital technology,
providing a robust platform for real-time control,
experimentation and teaching in robotics.

[. INTRODUCTION

Humanoid robots have been a subject of fascination
and innovation in robotics, primarily due to their poten-
tial applications in fields such as healthcare, education,
research and human-robot interaction [1], [2]. Humanoid
robots are equipped with a variety of sensors, actuators,
and control systems that allow them to replicate human
movements. Even though they are designed to mimic
human movements and behaviours, humanoid robots
present numerous challenges in terms of their mechanical
complexity, the need for precise control systems and
accurate simulation environment [3]. Robots typically
offer a digital version or simulator of the physical robot.
This digital technology is particularly useful to perform
experiments and analyse the robot capabilities without
the need to have the physical counterpart [4], [5], [6].

Robotics simulators —virtual representations of physi-
cal systems that are updated in real-time based on data
from the actual robot [7]. They allow for the simulation,
testing, and analysis of robot operations without physical
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Fig. 1.

BEATRIX robot and its simulator BEATRIXsim.

wear and tear on the hardware [8], [9], [10]. By enabling
virtual experiments, robotics simulators can significantly
enhance the design, control, and optimisation processes.

This work focuses on developing BEATRIXsim the
first-ever digital robot or simulator for BEATRIX [11] —a
platform for education in robotics (Figure 1). The aim
of this robotic simulator is to enable real-time control
and simulation of the physical robot. This simulation
environment serves as a platform for testing and refining
the robot behaviour in a safe, virtual environment before
deploying it in physical scenarios.

BEATRIXsim is built in the simulation environment
CoppeliaSim [12], [13]. The digital robot is interfaced
with the physical robot using an Arduino Mega board
and the Robot Operating System (ROS) [14], [15], [16].
Custom-built packages are implemented for communi-
cation of the robot actuators and sensors between the
digital and physical robots. This allows to know the
state of the physical and digital robot in real-time for
precise control and feedback. A Graphical User Interface
(GUI) implemented in the simulation environment allows
the user to work either simultaneously or individually
with the physical robot and its digital version for real-
time communication, robot state and send control sig-
nals. BEATRIXsim is tested sending control signals,
enabling/disabling functionalities, synchronising move-
ments and observing the response of both the physical
and digital robots. Overall, the experiments show that
BEATRIXsim offers a robust and lightweight tool for
experimentation without the need of the physical robot.
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II. METHODS
A. BEATRIX robot platform

The physical BEATRIX humanoid robot, shown in
Figure 1 is developed for educational purposes and to
explore aspects of human-robot interaction. The robot
is constructed using 3D printing technology and off-the-
shelf components. BEATRIX features a neck mechanism
with three degrees of freedom (DOF), enabling it to per-
form head movements in pitch, yaw, and roll orientations.

1) Mechanism overview: The robot mechanism fea-
tures a set of components ensuring coordinated head
motion (see Figure 2A). Base and arm links: The base
of the robot serves as the anchor point for the neck
mechanism. Attached to this base are three arm links,
each equipped with internal gears. These arm links are
connected to the base via spur gears, which are driven
by stepper motors mounted on the base. Connecting rods
and skull mount: Each arm link is connected to a twisted
connecting rod, which is attached to the skull mount
of the robot. This configuration creates a closed-loop
kinematic system, ensuring that any movement in one
arm link results in movement across all the connecting
rods. Gear mechanism: Each stepper motor is connected
to a spur gear, which drives the motion through an
internal gear linked to the neck’s arm. The driven spur
gear has 26 teeth, while the driving internal gear has
68 teeth, resulting in a gear ratio of approximately
2.615:1. This mechanism ensures that both accurate and
controlled head movement in any direction.
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Fig. 2. BEATRIX robot platform. (A) Mechanical design. (B)
Sensing components. (C) Control and communication.

2) Sensors and actuators: BEATRIX is equipped with
sensors and actuators to interact with its environment
(see Figure 2B). Cameras: Two RGB cameras are used
for visual processing tasks. The cameras are configured
to operate at 480 px resolution at 30 frames per second
(fps). These cameras provide visual input for tasks such
as object detection and facial recognition. Microphones:
Two microphones are integrated in the robot, however,
they have not yet been interfaced. Future development
iterations will include software modules for auditory
processing capabilities. Stepper motors: Three stepper
motors (NEMA 17) allow the robot to perform reliable
and precise movements. These motors provide a step
angle of 1.8deg per step, offering fine head movement
control. The motors are connected to the robot’s arm
links via a CNC shield, which is mounted on the Arduino
Mega, simplifying the wiring and integration process.

3) Controller and communication: The BEATRIX
control system uses the Arduino Mega board with mem-
ory and processing power necessary to handle the de-
mands of the robot control routines and integration with
ROS. The stepper motors are driven via a CNC shield
(A4988 driver) mounted on the Arduino Mega. Figure 2C
illustrates the CNC shield and Arduino Mega, demon-
strating the streamlined setup that allows an efficient
stepper motors control [17]. The cameras are physically
connected to the robot frame, with USB connections to
the simulation computer. Communication between the
computer and Arduino is done by the rosserial-arduino
protocol, allowing real-time data exchange and control.

B. BEATRIXsim

1) Simulation platform: CoppeliaSim is used as the
simulation platform due to its ability to handle closed-
loop kinematics, a key feature of the robot’s neck mecha-
nism. Gazebo was considered initially, however, its higher
computational overhead makes it less suitable for real-
time simulation of BEATRIX. CoppeliaSim also provides
an efficient platform for visualising and controlling the
robot in real-time with reduced computational load.

2) Modelling in the simulation platform: The BEAT-
RIXsim digital robot is modeled in CoppeliaSim by
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Fig. 3. BEATRIXsim 3D model in CoppeliaSim. (A) Visual model

component. (B) Hidden model component.

1772



Head Mount

| 1 1
COCOCD
i 1 1

Controlled Joints (revolute)

Robot Base

(A)
Fig. 4.

importing its CAD representation and carefully con-
structing its mechanical relationships. The simulation
model consists of two key components: 1) the visual
model and 2) the hidden model, each serving a dis-
tinct purpose in the simulation process. Figure 3 shows
the two models working together to create a balance
between visual accuracy and computational efficiency.
Visual model: This model represents the external ap-
pearance of BEATRIX and includes detailed geometries
such as the neck, head and connecting rods. It is visible
during the simulation for display purposes but does not
interact with the physics engine or influence the robot’s
dynamics (Figure 3A). Hidden model: This model, used
for collision detection and mechanical calculations, uses
simplified cylinders and cubes geometric shapes. This
reduces the computational load while maintaining the
accuracy needed to simulate BEATRIX movements. The
hidden model is not visible during normal operation but
is essential for efficient simulation and accurate robot
motion calculations (Figure 3B).

3) Joints and closed-loop kinematics: BEATRIX neck
mechanism is modeled entirely with revolute joints. The
base of the robot connects to three spur gears that
revolve around the center of the base. Each gear is
connected to an arm mounted at a 45deg angle. The
arms are placed 120deg degrees apart from each other
in the initial state. Moving all the joints together at the
same speed causes the head to rotate left or right, while
moving the joints at different speeds results in the head
tilting in different directions.

Revolute joints: The joints at the robot base are ac-
tively controlled in BEATRIXsim, driving the rotation
of the arm links. These joints are controlled in position
mode, meaning the a target position is provided, and the
joint rotates to achieve the specified position. Figure 4A
provides a schematic of the closed-loop kinematic chain,
showing the interconnected joints. Closed-loop kinemat-
ics: The kinematics of BEATRIXsim is implemented
using pairs of dummies in CoppeliaSim. Two pairs of
dummies are placed at key connection points between the
head mount and the connecting rods. The dummies are
aligned to the same position at the start of the simulation
and serve to constrain the motion of the connecting rods
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(A) Kinematic chain of the BEATRIX robot platform. (B) Model tree of BEATRIXsim in CoppeliaSim. (C) GUI for control of
the interaction with the physical and digital robots.
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and the head mount in relation to the robot base move-
ments. When the base joints rotate, the dummies ensure
that the dependent joints (those in the connecting rods
and the head mount) follow suit, accurately replicating
the real-world motion of BEATRIX. Kinematic chain:
The kinematic chain formed by the joints and dummies
allows BEATRIXsim to simulate realistic motion. Only
the three base joints are controlled, while the remaining
joints respond dynamically to changes in position. This
structure enables the simulation to run smoothly, with all
joints and links moving in harmony. When running the
simulation and providing target positions, the robot suc-
cessfully moves as expected, demonstrating the efficacy
of the closed-loop kinematic system. Figure 4B shows the
model tree of the simulation in CoppeliaSim.

C. Software Architecture

1) ROS environment: ROS environment forms the
backbone of BEATRIX’s control and communication
infrastructure. The workspace is built on ROS Noetic,
enabling seamless integration between the hardware, sim-
ulation, and the GUI. Custom packages, beatriz_control
and beatriz_messages, are at the core of the ROS envi-
ronment, handling the robot’s motion commands, service
requests and the communication between different com-
ponents. Key ROS packages: beatriz_control manages the
robot’s control functions, launch files, and interface with
both the simulation and the hardware. beatriz- messages
contains custom message types (Vector3.msg) and ser-
vices (motionCommand.srv, commandService.srv) that
define the commands and responses required for robot
movement and operations.

2) ROS services and messages: To operate BEAT-
RIX’s motion and commands efficiently, custom ROS
messages and services were developed, specifically mo-
tionCommand.srv and commandService.srv, along with
the Vector3.msg message. These services handle move-
ment operations and robot control commands, respec-
tively, and play a key role in integrating BEATRIX with
ROS. Vector3.msg: Custom ROS message representing a
three-dimensional vector consisting of three fields: x, y,
and z, each of type float32, which correspond to the X, Y,
and Z motor axes, respectively. This message type is used
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to define both the position and speed for BEATRIX’s
movement along these axes. motionCommand.srv: This
service manages the movement of BEATRIX’s joints.
The parameters are: 1) absolute (boolean) which deter-
mines whether the movement is in absolute mode (target
position) or relative mode (incremental movement); 2)
position (Vector3) which defines the target position of
each axis (X, Y, Z); 3) speed (Vector3) that specifies the
speed for each axis. The service returns a boolean (result)
indicating whether the motion command was successfully
executed (true for success, false for failure). This allows
for fine-grained control over the robot’s movement, with
both position and speed specified as vectors for each axis.
commandService.srv: This service handles operational
commands for BEATRIX, using an integer-encoded sys-
tem (Int16) for command identification. The parameters
include: 1) command (int16) that specifies the command
to be executed; 2) value (boolean) which is used for
commands that require an additional parameter, such as
enabling or disabling the motors. The service returns a
boolean (result) indicating the success or failure of the
command execution.
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Fig. 5. (A) Data flow diagram for communication between the GUIL
and the physical robot. (B) Data flow diagram for communication
between the GUI and the digital robot.
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D. GUI Controller

1) GUI Layout: The graphical user interface (GUI)
for control of BEATRIXsim is designed using PyQt5,
with a layout that organises controls for joint movements,
camera views and operation modes (see Figure 4C).
The main window consists of the following components
that provide real-time feedback of the robot status and
control options. Arm control buttons: The GUI features
dedicated buttons for incrementing and decrementing the
position of each of the three arms (short, middle, and
long) individually. The buttons marked with ‘+‘ or ‘-
‘ adjust the respective arm’s position, while the "All
Arms” buttons control all three arms simultaneously.
The arm positions are managed in either relative or
absolute modes, depending on the selected mode. Stop
button: The "STOP” button halts all movement of the
robot’s arms immediately. This is a critical control for
emergency stops or to pause operations during manual
control. Speed and increment sliders: The two sliders con-
trol the speed and increment values for joint movements.
The user can adjust the sliders, and the selected values
are shown in text boxes next to the sliders. These values
directly influence how fast and far the joints move when
a command is issued. Calibration and home buttons:
The ”Calibrate” button triggers a calibration process to
reset the robot current position, preparing it for further
operations. The "THOME” button returns all the joints
to their default home position. The "ENABLE” and
"DISABLE” buttons engage and disengage the motors,
respectively. CheckBozes (Hardware, Simulation, Cam-
era): When checked "Hardware” the GUI sends com-
mands to the physical BEATRIX robot. When checked
”Simulation” commands are sent to BEATRIXsim in
CoppeliaSim. When ”Camera ON” is checked, activates
the camera views from BEATRIX’s cameras, displaying
live feed on the GUI. Position and command labels:
Real-time positional feedback of the robot’s X, Y, and
7 coordinates is displayed in the labels, which update
dynamically as the robot moves. Additionally, a label is
provided to show the last command issued by the user.

2) Control flow and data flow: The control and data
flow in BEATRIX’s system manage real-time interactions
between the GUI, hardware, and simulation. Commands
from the GUI are relayed to either the Arduino for
the real robot or to CoppeliaSim for the simulation.
Feedback, such as joint positions and camera feeds, is
returned to the GUI for monitoring. The system flow for
communication between the GUI and hardware is illus-
trated in Figure 5A. The diagram shows all the hardware
and software elements involved in the process like the
ROS nodes, serviced, the hardware and topic based data
flow. The control flow for the simulation is similar to the
hardware but routed through the simulation bridge as
shown in Figure 5B.
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Fig. 6. Experiments of communication and control of BEATRIX
(physical robot) using the GUI with ROS.

III. EXPERIMENTS AND RESULTS
A. Real robot control

1) Ezisting Firmware: The original firmware used
for BEATRIX was built around simple string-encoded
commands transmitted over serial communication. These
commands controlled the stepper motors responsible for
moving the neck joints. Upon receiving a command,
the firmware parsed the string into individual compo-
nents to determine the action to be taken. Commands
were processed as follows: 1) The string received over
serial was broken down into a 2D char array, with
each command separated by spaces and carriage return
characters; 2) Once the firmware detected a carriage
return, it constructed the 2D array, where the first word
(command) would be compared against a predefined
list of valid commands; 3) If the command matched a
valid entry, it was passed to the relevant function for
execution. 4) There were a number of valid commands
such as @MOVRX, QCALNOW, @MOVHOME, and
@STOPALL, which handled motor movements, calibra-
tion, and system status.

2) Firmware Integration with ROS: The firmware was
significantly restructured to handle commands through
ROS services and messages, ensuring efficient commu-
nication and control of BEATRIX’s joints. Motion and
general operational commands are handled using two
custom services: motionCommand.srv and commandSer-
vice.srv. Motion commands: These are processed via
the motionCommand.srv service. This service receives
a boolean parameter (indicating absolute or relative
motion) and vector parameters for the target position
and speed along the X, Y, and Z axes. The firmware then
translates these values into motor movements, precisely
controlling BEATRIX’s neck joints. The response is sent
back as a boolean, indicating whether the command was
successfully executed. General commands: Commands
such as motor enabling, calibration and moving to the
home position are handled via the commandService.srv.
Each command is encoded as an integer, making it
straightforward to add new commands in the future. The
firmware handles these commands efficiently and returns
a response (true or false) based on the success of the
operation. Real-time feedback: The firmware publishes
real-time feedback of the joint positions every second to
the /beatriz/motor positions ROS topic. This allows for

continuous monitoring of the robot’s state through the
GUTI or other ROS tools.

3) Testing and debugging the real robot: After inte-
grating ROS into the firmware, several testing iterations
were conducted to ensure that all functions performed
correctly and the communication between ROS and the
hardware was stable. Figure 6 A shows the GUI operating
the robot hardware and controlling the real robot.

Initial testing: The initial tests involved validating the
ROS services. First, the rosserial arduino communication
was verified, followed by basic motion tests to ensure the
ROS service was correctly received and executed by the
firmware. ROS logs were monitored to capture any errors
or missing communications during these tests. Motor
direction and command execution: One of the initial bugs
encountered was the reversed direction of the motors,
where the joints moved in the opposite direction to the
commanded position. This was quickly resolved by ad-
justing the sign in the motor control logic. Additionally,
some commands were not responding due to missing ser-
vice links, which were identified and fixed by inspecting
the service request and response in ROS logs. Improved
feedback: Compared to the original firmware, the integra-
tion of ROS provided more transparency in monitoring
the robot’s state. Acknowledgements for commands and
feedback from the motors could now be directly displayed
in the GUI, allowing users know when commands were
successfully executed. Final testing: Once all services
were validated, the final round of testing involved testing
the robot under real-time conditions. All motion and op-
erational commands were executed through the GUI, and
feedback was continuously monitored. The new firmware
proved to be more robust, responding accurately to
commands and providing real-time feedback.

4) Real-time feedback and monitoring: The new
firmware offers a real-time feedback loop that continu-
ously monitors the positions of BEATRIX’s joints. Every
second, the firmware publishes the current positions to
the /beatriz/motor positions topic, ensuring that the
ROS environment is always aware of the robot’s state.
This feedback loop enhances control precision and allows
the GUI to display real-time updates on the robot’s
position. Users can observe the current position of each
joint in the GUI, ensuring that BEATRIX is performing
the commanded actions accurately.

B. Control of the Digital Robot

1) Development of the Simulation Script: A Lua child
script was developed and attached to the CoppeliaSim
model of BEATRIX. This script was designed to control
the movement of the robot’s joints by setting a fixed
target position. The initial test was successful, with the
robot’s joints moving from point A to point B and then
back to point A. This Lua script showed to provide good
stability for ROS integration in CoppeliaSim.

The Lua script subscribes to ROS topics /long arm
target, /middle arm target, and /short arm target each
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(A) Experiments for communication and control of BEAT-
RIXsim (digital robot) alone using the GUI. (B) Experiments for
communication and control of both the physical and digital robots
using the GUI with ROS and CoppeliaSim.

Fig. 7.

of which receives a message of type std msgs/Float32
containing the radian values for the target position of the
respective joint. Once a message is received the actions
is triggered in CoppeliaSim, moving the joint to the
specified target position at a predefined velocity. The
movement of the robot’s head in the simulation mirrors
its physical counterpart. The connecting rods and head
are affected by the movement of the arm links, with
all joints moving in response to the command of any
individual joint. This approach ensures that the closed-
loop kinematic structure is properly simulated within
CoppeliaSim. Testing the simulation script involved pub-
lishing motion commands to the ROS topics directly from
the terminal and observing the joint movement.

2) Development of the simulation bridge: The next
stage involved the development of the simulation bridge
program, written in Python, which links ROS to Cop-
peliaSim. This bridge was required to ensure that BEAT-
RIXsim can receive commands from the ROS network
and respond with feedback, just like the real robot.

The bridge program subscribes to joint command top-
ics and sends these commands to the CoppeliaSim model
by setting the target positions of the joints. It publishes
the current joint positions from the simulation back to
ROS, providing real-time feedback on the robot’s state.
This feedback is essential to ensure that the movements

in the digital model accurately reflect those of the phys-
ical robot. The simulation bridge operates by launching
service servers for motion control and general commands.
When a motion command is received from a ROS service
client (via /simulation/motion command), the bridge
processes it and sends the appropriate target positions
to CoppeliaSim.

3) Testing the digital robot control: Validation of joint
movement: Commands for joint movements were sent
via the GUI and terminal, and the corresponding joint
movements in CoppeliaSim were monitored. The posi-
tions published in ROS were checked to ensure that
they matched the target positions. Figure 7A shows an
example of the simulation robot successfully tested using
only the digital robot alone. Synchronisation with real
robot: One of the critical tests involved comparing the
movements of the physical robot with those in the sim-
ulation environment in CoppeliaSim. An example of the
testing setup and results of controlling both the digital
and physical robots is shown in Figure 7B. The system is
designed such that the simulation in CoppeliaSim moves
first, providing the user with a visual preview of how the
real robot will behave. Then, the command is sent to the
physical robot, which executes the same movement. Al-
though both the digital and physical robots perform the
same movements, the simulation typically moves slightly
ahead of the physical robot. This is due to differences in
processing speed between the software simulation and the
hardware execution. The time difference is intentional,
as it allows for early detection of any potential issues
in the robot’s movements, providing an opportunity to
abort or modify the command before it is sent to the real
hardware.

Feedback accuracy: The real-time feedback loop was
tested by continuously publishing the joint positions
from the simulation. This feedback was compared against
expected values to ensure that the simulation accurately
reflected the commands sent by ROS. These tests con-
firmed that the digital robot in CoppeliaSim functioned
as expected, providing a reliable platform for simulating
BEATRIX’s movements and control behaviours.

IvVv. CONCLUSIONS

The development of BEATRIXsim has successfully
created a functional platform, combining real-time simu-
lation with physical control, for robotics education. Using
CoppeliaSim and integrating ROS has established an ef-
ficient communication bridge between the physical robot
and its simulation. This enables seamless control via a
GUI, allowing real-time tracking and comparison of both
the digital and physical systems. The final system pro-
vides an adaptable platform for further improvements,
such as sensor integration for precise feedback and better
synchronisation between the physical and digital robots.
Overall, this work lays the foundation for the continued
development of the BEATRIX robot education platform.
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