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Resumen

Este trabajo presenta la integracion de un sistema de adquisicion original y de c6digo abierto, desarrollado para un sensor fuerza-
par JR3 de seis ejes gestionado por un microcontrolador Mbed, y el brazo manipulador colaborativo CRB 15000-5 “GoFa” de
ABB. La caracteristica Externally Guided Motion (EGM) del fabricante es aprovechada para producir comandos de alta frecuencia
mediante un dispositivo externo y la realimentacion del sensor. Una arquitectura distribuida de componentes software es orquestrada
por el middleware ROS 2 usando paquetes y librerias de Python. El sistema ha sido validado en simulacién con RobotStudio y
sobre el robot real mediante tres aplicaciones de alto nivel que emplean la realimentacion de fuerza: control de admitancia (guiado
kinestésico), control de impedancia y ejecucién de trayectorias predefinidas con aplicacién de presion constante. Se muestra un
caso de uso de la tltima aplicacién para realizar dibujos con el robot. Futuras extensiones de este sistema pueden ser aplicadas en
escenarios que involucren teleoperacion y realimentacion héptica.

Palabras clave: Sistemas embebidos y aplicaciones de control por computador, Sistemas de control de movimiento, Percepcion y
sensorizacion, Tecnologias robdticas, Manipuladores robdticos

Abstract

This work presents the integration of an original and open-source acquisition system, developed for a six-axis JR3 force-torque
sensor managed through an Mbed microcontroller, with the ABB CRB 15000-5 “GoFa” collaborative manipulator arm. The
vendor-specific Externally Guided Motion (EGM) feature is leveraged to achieve high-frequency motion commands originating
from an external control device and sensor feedback. A distributed architecture of software components is orchestrated by the
ROS 2 middleware through Python packages and libraries. The setup has been validated in simulation via RobotStudio and the real
robot through three high-level applications augmented with force feedback: admittance control (kinesthetic guidance), impedance
control, and predefined trajectory execution with fixed pressure. A drawing task performed by the robot is presented as a use case
of the latter application. Future extensions of this system can be applied to teleoperation scenarios and haptic feedback.

Keywords: Embedded computer control systems and applications, Motion control systems, Perception and sensing, Robotics
technology, Robots manipulators

1. Introduction This work iterates over previous developments which ex-
plored ABB’s solutions for remote command generation, and
also introduces the low-level acquisition and treatment of force-
torque sensor data from a specific vendor, paving the way for
the integration in an ABB robot. Even though it is of the col-
laborative kind (“cobot”) and contact forces on the tip can be
estimated via intrinsic torque measurements per axis, directly
obtaining forces and moments via an external sensor on the tool
flange was deemed best for developing new applications.

Stiff position controllers enable industrial robots to follow a
path with great accuracy and speed. However, compliant behav-
ior proves best for scenarios in which readiness for contact with
the environment is assumed, for instance, due to expected or
unexpected obstacles along said path. Force feedback, achieved
via internal or external sensing modules, allows robotic systems
to adapt either online or offline trajectories to live and chang-
ing external conditions. In addition to solving new problems,
damage to the work object, the tool, or the robot itself can be Recently explored educational contexts could be targeted by
prevented altogether with compliant controllers. the tools described next (Lukawski et al.| 2026).
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This document is organized as follows. Section [2] summa-
rizes similar and related works. Section [3 lists the hardware
components involved in the setup. Section 4 describes the pro-
posed architecture, whereas its experimental validation is laid
out in Section[5] Finally, conclusions are drawn in Section [6]

2. Background

Physical interaction of robots with the environment, in-
cluding surrounding people, has been extensively studied, even
more so since the advent of collaborative robots, which share
their workspace with human operators. Real-time collision de-
tection algorithms, along with control strategies that promote
safe robot reaction, are widely adopted in numerous robotic
research-oriented and commercial systems to tackle this prob-
lem (Haddadin et al.[2017).

In the context of this work and the RoboticsLab research
team it is set in, the TEO humanoid robot has long served as a
versatile development platform (Pérez Martinez et al., 2010). It
features four JR3 force-torque sensors in two models: smaller
ones mounted on the wrists, and larger ones mounted on the
knees. The former model has been used in the present work.

Early studies of TEO’s interaction with its environment
stem from locomotion-oriented tasks. During bipedal gait, a
whole-body balance controller based on a simplified humanoid
model was designed to avoid overturning, introducing the defi-
nition of several stability zones (Monje et al., 2018]).

Focusing on manipulation tasks, TEO was also devised as
a robot waiter that serves beverages on a tray it is holding
with one hand. An extension of the whole-body controller
was proposed to leverage the force-torque sensor located at
the wrist (Garcia-Haro et al,[2020). Besides, sensor fusion of
force-torque measurements and distance information acquired
by a depth sensor was investigated in terms of a dual-arm lift-
ing task. Wrist sensors played a role in the adequate grabbing of
boxes and similar objects with both TEO’s hands. Reinforce-
ment learning techniques helped characterize the elasticity of
grabbed objects and enabled the identification of a small subset
of those (Hernandez-Vicen et al, 2024)).

This work has also a strong focus on ABB robots and a
specific commanding technique: the Externally Guided Mo-
tion (EGM) controller feature. Its language-agnostic nature en-
ables its inclusion in varied contexts depending on the task and
requirements at hand. For instance, the “EGM Research In-
terface (EGMRI)” library was used while interfacing with an
ABB YuMi robot through the Julia programming language to
apply motion correction (Bagge Carlson and Haagel [2017). On
a similar note, a Simulink package was developed to integrate
motion control and path correction with force feedback from
an external force-torque sensor mounted on an ABB IRB 2400
industrial manipulator. It showcases the need of an supplemen-
tary controller due to incompatibilities between EGM and the
“Force Control” feature, which uses joint torque measurements
to estimate forces on the tip (Obal and Gierlak], [202T).

Lastly, a range of EGM-based applications have been re-
cently developed at RoboticsLab with the aim of exploring its
suitability in educational contexts, seeking the introduction of
force control in industrial robotics laboratory sessions for un-

dergraduate and graduate students (Eukawski et al., 2025a)).

3. Materials

3.1. Force-controlled drawing tools

Figure [I] depicts a set of tools involved in the drawing
scenario. At the core of this setup lies a JR3 6-axis force-
torque sensor (model SOM31A3-125-DH 100NS, depicted in
Figure[I(a)). In order to mount it on the robot, due to incompat-
ible diameters, a pair of adapters have been 3D-printed to inter-
face between the robot’s mounting flange and the sensor on one
side, and the sensor and a tool on the other one. The selected
tool is a pen holder with a marker inserted in it (Figure [I(D)).

Data acquisition from the sensor is achieved with an Arm
Mbed NXP LPC1768 microcontroller, receiving data and clock
serial streams through a pair of RS-485 transceivers. The Mbed
interfaces with external devices either through a wired USB
connection or an HC-05 Bluetooth module. Figure [I(c)| depicts
a 120x80 mm PCB manufactured via chemical etching that ac-
commodates the components and their associated electronics.

(a) Force-torque sensor (b) Pen tool (c) PCB

Figure 1: Tools mounted on the end-effector flange.

3.2. ABB “GoFa* collaborative robot

The ABB CRB 15000-5 “GoFa” collaborative industrial
manipulator is the robotic platform adopted in the proposed ar-
chitecture, featuring six position-controlled axes and intrinsic
safety measures enabled by a torque monitoring system imple-
mented on each joint. Although it is possible to estimate the
contact forces and torques measured on the tool tip by means of
said torque measuring units, better results are expected with the
external JR3 force-torque sensor mounted on the tool flange.
Figure 2] depicts the GoFa robot with the pen-sensor tooling at-
tached to it, and its virtual model in the RobotStudio simulator.

(a) Real robot

(b) RobotStudio model

Figure 2: ABB CRB 15000-5 “GoFa”.



3.3. Grasping tools

In addition to the main drawing task, kinesthetic guidance
was devised as an alternative means to test the software imple-
mentation through direct and constant user supervision. It was
aimed to help in the validation of tool compensation routines
and high-frequency motion commands prior to executing tra-
jectories on a predefined path. For that purpose, a handle-like
tool was obtained through resin 3D print, for improved robust-
ness, and attached to the tool flange as shown in Figure 3]

(a) 3D-printed handle

(b) Grasping-ready GoFa robot

Figure 3: Main components of a grasping robotic setup.

4. System architecture

4.1. Externally Guided Motion (EGM) and ROS 2 layers

This work expands on the architecture proposed in earlier
studies (Fukawski et al., [2025a). A distributed network of soft-
ware and hardware elements is arranged to take advantage from
reusing existing components, to leverage available resources,
and to facilitate expanding the system with new enhancements
in future developments. Well-established frameworks and spe-
cialized controller capabilities are empowered to build new low-
and high-level applications on top of the base hardware building
blocks introduced in the previous section.

Figure [4] depicts the proposed system architecture and out-
lines the connections between its fundamental components.
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Figure 4: Proposed system architecture.

The system aims to adopt force feedback in position-
controlled tasks, using the force-torque JR3 sensor mounted on
the ABB GoFa’s tool flange to directly measure external reac-
tion forces being exerted by the environment on the robot. Two
main tasks are devised, supported by the available tooling at-
tached to the robot’s end effector: manual grasping and draw-
ing. While the former assumes that a human operator would
perform kinesthetic guidance to manually place the tool at the
desired pose, the latter can be executed either autonomously
(which is in the scope of this paper) or via teleoperation. There-
fore, these tasks rely on the high-frequency generation of robot
motion commands, originating from two sources: either the hu-
man operator exerts an external force to manually guide the
robot, or a trajectory generator produces a predefined path while
applying corrections calculated using JR3 force-torque sensor’s
measurements.

At the core of the system lie two communications frame-
works. Robot Operating System 2 (ROS 2) is a widely-adopted
open-source robotics middleware that leverages TCP/UDP pro-
tocols to enable a distributed network of software components
connected through communication channels named “topics”,
that is, ports in ROS jargon. It is a de facto standard in the
robotics community and has seen progressive implantation in
the industry in recent years. On the other hand, Externally
Guided Motion (EGM) is an accessory feature of ABB’s Robot-
Ware controller to achieve high-frequency (250 Hz) UDP data
transfer for state and motion command streams, implementing
Google’s protobuf library for language-agnostic message defi-
nition and transmission. Besides ABB’s proprietary program-
ming language RAPID used for initiating EGM communica-
tion at the client side (robot), Python and its ROS bindings
have been chosen as the primary medium for developing the
described software components.

Force-torque data acquisition occurs at the Mbed microcon-
troller, which receives data and clock serial streams via RS-
485 transceivers from the JR3 sensor. Incoming pulses are pro-
cessed and filtered, then transmitted through a serial bus to an
external device. To avoid obstruction, the onboard Bluetooth
module can replace USB wires for that purpose.

On the external device, the ROS 2 “jr3_driver” package
instantiates a serial channel to communicate with the Mbed
through the custom “Jr3Manager” class. Additionally, the
“abb_egm_driver” ROS 2 package starts an EGM communi-
cation channel with the robot controller through UDP. A sim-
ple RAPID application must be running on said controller to
receive and process incoming commands, and to stream robot
state to the EGM server executed on the external device. If
working in simulation, the virtual robot controller runs on the
same device within a RobotStudio simulation instance.

Both ROS 2 processes allow to expose sensor data acqui-
sition routines and motion control commands through standard
ROS 2 interfaces and messages, thus enabling code reuse. By
leveraging ROS 2 middleware capabilities, a higher-level appli-
cation materialized as a ROS 2 client, interfacing with said pro-
cesses through ROS 2 topics, might be executed on the same
machine as those or on a different computer connected to the
same local network. This capability paves the way to integrat-
ing components with specific hardware requirements, and in-
troducing teleoperation scenarios.



Table 1: Serial protocol adopted for interfacing with the Mbed controller.

command code direction payload (bytes) description/details
acknowledge <01> out 1 status: 0x00 — sensor ready, 0x01 — not initialized
. 2 LSB bytes: low-pass filter cutoff frequency in 0.01 Hz (integer)
start <02> mn 6 4 MSB bytes: period in us (integer)
stop <03> in 0 despawn sensor acquisition and publish threads
zero offsets <04> in 0 all FT values are set to zero and subtracted from next measurements
set filter <05> in 2 low-pass filter cutoff frequency (see “start’)
get state <06> in 0 retrieve sensor state (ready, not initialized)
get full scales <07> in 0 calibration data as queried from the sensor’s firmware
reset <08> in 0 restart Mbed and acquire calibration data from sensor
(6x) 2 LSB bytes: Fx, Fy, Fz, Mx, My, Mz (integer, signed)

<09> . ;
read FT data 09 out 14 2 MSB bytes: frame counter (integer, unsigned)
bootup <10> out 0 indicates that the sensor has started up

4.2. Serial protocol for Mbed-PC communication

The underlying data acquisition and processing (including
low-pass filtering) of raw sensor data was described in a previ-
ous work (Lukawski et al.,[2024)). The original Controller Area
Network (CAN) communication protocol between the Mbed
and the TEO humanoid robot has been adapted to expose a sim-
ilar set of instructions over a serial channel (USB or Bluetooth)
to interface with a wider range of external devices. Table T]lists
the supported commands with their associated code, direction-
ality, data payload and description. The associated C++ imple-
mentation of Mbed’s firmware has been uploaded to a public
GitHub repository

A separate protocol was developed to describe messages
flowing between the Mbed and the external PC through a se-
rial channel. Each message is delimited by the “<” and “>”
start and end characters, respectively. A two-character wide
numeric command code is placed between those delimiters, fol-
lowed by a binary byte array describing the message payload,
if supported. Command codes are string-encoded to facilitate
manual interpretation and handling. Messages are stored in
receive and transmission buffers and can be read and sent in
batches for improved performance.

To ensure robustness, all incoming commands (marked as
“in” in the previous table) generate an acknowledge message
right upon reception, to be transmitted to the external device
and processed by the “Jr3Manager” class.

4.3. Jr3Manager Python library

On the external device side, a client Python library has been
introduced to communicate with the Mbed via a serial chan-
nel. The command set was translated into Python code for
ease of development of new high-level applications, such as
the “jr3_driver” ROS 2 package introduced in this work. Strict
compatibility has to be maintained with the protocol imple-
mented on the Mbed side.

Figure [5] depicts the Unified Modeling Language (UML)
class diagram of the “Jr3Manager” class, showcasing its Appli-
cation Programming Interface (API). Python-specific features
have been leveraged, such as tuple data structures.

'https://github.com/roboticslab-uc3m/jr3-mbed-firmware-uart

Zhttps://github.com/roboticslab-uc3m/jr3_driver

Jr3Manager

+ close(): None

+ start(cutoff_freq: float, period_ms: float): (bool, Jr3State)
+ stop(): (bool, Jr3State)

+ zero_offs(): (bool, Jr3State)

+ set_filter(cutoff_freq: int): (bool, Jr3State)

+ get_state(): (bool, Jr3State)

+ get_fs(): (bool, list[int], Jr3State)

+ reset(): (bool, Jr3State)

+ read(): (bool, list[float], list[float], Jr3State)

Figure 5: UML class diagram of the Jr3Manager Python class. Jr3State is an
enumeration exposing the “ready” or “not initialized” states.

Aside from the “close” method, devised to gracefully join
the internal read thread and close the serial channel, most meth-
ods produce a RPC-like (Remote Procedure Call) request that
awaits an acknowledged response (<01> command code) from
the Mbed with a predefined timeout. If successful, among other
data if applicable, each method signals a Boolean “true” as
the first member of the returned tuple, along with the Mbed
controller state (“ready” or not “initialized”) encoded in the
“Jr3State” enumeration.

When “start” is invoked, a background thread is started to
process a constant stream of FT data arriving from the Mbed.
The “read” method queries the last FT value stored internally.

4.4. ROS 2 packages

The new “jr3_driver” ROS 2 Python package accommo-
dates an instance of “Jr3Manager” in order to expose its inter-
face over the ROS 2 network. For compliance with client appli-
cations, the standard “geometry_msgs/Wrench” message type
was adopted. In addition to the main publisher node, the pack-
age also hosts high-level applications that rely on it. Besides, it
contains a trajectory generation module derived from the origi-
nal C++ implementation of Orocos Kinematics and Dynamics
Library (KDL), which lacks its corresponding Python bindings
at the time of writing. The source code is available on GitHub/


https://github.com/roboticslab-uc3m/jr3-mbed-firmware-uart
https://github.com/roboticslab-uc3m/jr3_driver

Another ROS 2 package, “abb_egm_driver”, was intro-
duced to expose EGM commands over the ROS 2 network. Its
main node depends on the “ABBRobotEGM” Python library
contributed by F. Lobert. All EGM capabilities are leveraged
by this dependency: position state streaming (from the robot to
external devices), position guidance (for sending motion com-
mands from external devices to the robot), and path correction
(for tweaking a coordinate based on the measurements of an
external device such as a force-torque sensor)ﬂ

Similarly, standard ROS 2 message types have been cho-
sen such as “geometry_msgs/Pose” to denote Cartesian position
and orientation. The source code has been uploaded to GitHubE|

5. Applications and experiments

5.1. Validation in a simulated environment

Prior to conducting experiments on a real GoFa robot, the
“Jr3Manager” library and the Mbed firmware were tested on a
virtual environment using the RobotStudio simulator. A sim-
plified setup was prepared consisting on the electronics and
a self-standing JR3 sensor, whereas the chosen robot was an
ABB IRB 1200 model (reach: 0.9 m, payload: 5 kg). The sce-
nario consisted of a predefined rectangular path on the horizon-
tal plane which the robot needed to follow cyclically with an
attached training tool. During the execution of the trajectory,
the user exerted a force by pressing the mounting flange of the
force-torque sensor, thus emulating an obstacle that a real robot
would sense thanks to this sensor being mounted at its flange.
The application applies a correction in the vertical direction up-
wards, proportional to the force exerted by the user.

Figure [6] depicts the setup. The middle plot represents live
Z-axis force measurements obtained from the sensor, which are
mapped to the height (along the positive Z axis) the robot is
commanded to lift while the user presses the sensor.

Figure 6: Path correction with force feedback on a simulated ABB robot.

5.2. Admittance and impedance control

Once mounted on the robot’s flange, the sensor and accom-
panying 3D-printed adapters, along with the tool itself, must be
treated as a fixed link with a non-negligible mass that need to
be accounted for by the system. Otherwise, said mass would
be added to the external forces and moments detected by the
sensor during the interaction with the environment.

3https://github.com/FLo- ABB/ABB-EGM-Python
4https://github.com/roboticslab-uc3m/abb_egm_driver

Algorithm [I] describes the compensation routine that re-
moves the contribution of the tool from the sensor measure-
ments. Given the gravity constant g and tool mass m, the
wrench *W expresses its weight in the inertial frame 0 (robot
base). The vector ® p,,, defines the center of masses of the tool
in the sensor frame S . This routine uses the current joint config-
uration 6 to obtain the pose of the tool center point (TCP) OHrcp
via forward kinematics, which is pre-multiplied by the transfor-
mation between the sensor and the TCP frames 5 Hy¢p to find
the tool wrench expressed in the sensor frame, SW, without
affecting its reference point (only rotations are applied). Its 3-
axis moment vector 5 ‘W|m is multiplied by 5 p¢,,, to express
the moment of the tool’s weight at its center of masses. Finally,
said weight S ‘W and the initial sensor measurements 5 7 |l:0 are
subtracted from the current sensor measurements 5 F to obtain
the actual external forces and moments exerted at the origin of
the sensor frame.

Algorithm 1: Tool compensation routine.

Data: g, m, S Hrep, S peoy
OW «[0,0,-g - m]
Function compensate_tool (6, SF, S(fltzo):
OHyep « forward_kinematics(0)
SW —SRrcp - CRrcp)™ - "W
SWim —SWilm +SWIf -5 peoy
SF «SF-SW-5F| _,
return 5 F

Since the center of masses of the assembly is a rough es-
timation, non-zero force-torque measurements may occur after
applying the compensation, even though no external contacts
are registered. To account for these spurious readings, a small
deadband is introduced and compared against the norm of the
force and moment vectors separately, assuming any measure-
ment is to be considered null if falling within said deadband.

The previous features were implemented in an admittance
control application on the handle tool setup to ensure proper
communication between all involved components, and to vali-
date the tool compensation routine. It was deemed cautious to
test the setup in a user-controlled kinesthetic guidance scenario
prior to letting a trajectory generation module and the force
compensation take over the motion of the robot while being
uncertain about the outcome of the intermediate calculations.

The admittance controller builds a displacement vector
from the compensated force-torque measurements in the tool
frame, acquired through the “jr3_driver” node, and sends a po-
sition command via EGM and the “abb_egm_driver” node to
the robot. A factor can be applied to the linear and angular mo-
tion exerted by the user on the handle, before translating it to
commanded robot motions. As a variation of this, an impedance
control application was derived to implement a spring-like be-
havior with optional damping.

Both applications have been tested on the GoFa robot. The
estimated mass and center of masses have been verified, and the
software architecture has been validated against a real robot.


https://github.com/FLo-ABB/ABB-EGM-Python
https://github.com/roboticslab-uc3m/abb_egm_driver

Figure 7: Drawing task with path correction using external force-torque feedback. The normal force component is depicted using the “rqt plot” tool.

5.3. Drawing task with controlled pressure

A third high-level application was developed to fully test
the behavior of the proposed force-feedback architecture on a
predefined complex path. The targets of the trajectory were
programmed and stored in the robot controller as RAPID code,
then connected through precise EGMMoveL and EGMMoveC linear
and circular motion instructions, respectively. The RAPID pro-
gram runs an EGM client that expects path corrections to the
Z component to be supplied by the application. Sensor mea-
surements, provided by the “jr3_driver” node and compensated
thereupon, are used to calculate said component and send it to
the robot controller through the “abb_egm_driver” node. The
path correction ensures that the tool exerts a configurable and
fixed pressure on the paper surface.

Figure [7]shows a sequence of the experiment during which
the attached drawing tool was used to reproduce a non-
continuous regular sketch with straight lines and circular arcs.
The trajectory involves lifting the pen and moving it to a differ-
ent position in order to complete the drawing. The application
was validated with multiple trajectory speeds, up to a velocity
of the tip of 500 mm/s.

6. Conclusions

This work presents a controller architecture for EGM-
compatible ABB robots, specifically the CRB 15000-5 “GoFa”,
integrating a JR3 six-axis force-torque sensor managed by an
Mbed NXP LPC1706 controller, and orchestrated by the ROS 2
middleware through newly contributed Python-based nodes.

The proposed setup and its hardware and software compo-
nents have been validated through two high-level tasks: man-
ual (kinesthetic) guidance and execution of predefined trajecto-
ries with path compensation. Experiments have been conducted
with real sensor data both on a virtual model in RobotStudio
and the real robot.

Future work is expected to extend the capabilities of the
system with the teleoperation architecture introduced in previ-
ous works (Eukawski et all, [2025b). Haptic feedback can be
taken advantage from to provide the user with improved sens-
ing of the environment the robot is interacting with. For in-
stance, a 6-axis haptic device could be integrated to teleoperate
the robot and to draw on a surface using the pen tool. Sensor
measurements can be used to generate a feedback on the device
so that the operator is able to perceive the reaction forces of the
environment on the tool, and apply the right pressure over the
drawing surface during the task.
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