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Resumen

Nuestros trabajos previos introdujeron una arquitectura de teleoperacion para brazos robéticos orquestada por el entorno de
trabajo e intermediario YARP. Un esquema distribuido de componentes software facilit6 la adopcién de nuevos periféricos para
teleoperacion, explorando miltiples modos de control. En este trabajo, proponemos un nexo entre los elementos de YARP ya
disponibles y el ecosistema de paquetes y herramientas de Robot Operating System (ROS). Nuestro controlador cartesiano y sus
interfaces C++ han servido como base para la nueva implementacién, exponiendo comandos del robot y su configuracién 3D en
la red de ROS 2. Esto ha sido materializado en forma de una aplicacién de teleoperacion para el ratén 3D SpaceMouse de bajo
coste, y una aplicacién web construida con la librerfa React en JavaScript. Ambos componentes han sido probados y validados
sobre robots reales y en simulacién: sobre la plataforma robética humanoide TEO y el brazo asistencial AMOR.

Palabras clave: robots humanoides, manipuladores robdticos, teleoperacion, interfaces humano-robot, interfaces web.
Abstract

Our previous works elaborated on a teleoperation architecture for robot arm manipulators orchestrated by the YARP robotics
framework and middleware. A distributed layout of software components eased the adoption of new peripherals for teleoperation,
and different control modes were explored. In this work, we propose a bridge between existing YARP elements and the Robot
Operating System (ROS) ecosystem of packages and tools. Our custom Cartesian controller and C++ interfaces underpinned the
new implementation, exposing robot commands and 3D configuration over the ROS 2 network. It took the form of a teleoperation
app using the low-cost SpaceMouse 3D joystick, and a web app built with the React JavaScript library. Both have been tested
and validated in real robots and simulation: on the TEO humanoid robot platform and the AMOR assistive robotic arm.

Keywords: humanoid robots, robot manipulators, teleoperation, human-robot interfaces, web interfaces.

1. Introduction

Teleoperation in robotics, or telerobotics, has been defined
as an “extension of human sensing and manipulating capa-
bility by coupling through communication means to artificial
sensors and actuators” (Sheridan, [1989). It can be also per-
ceived as a basic mode of operation. As a matter of fact, con-
necting an external peripheral (such as a joystick) with a robot
control system poses a direct and intuitive way to validate the
robot’s motion capabilities and perform basic tasks such as
pick-and-place demonstrations.

*Corresponding author: blukawsk @ing.uc3m.es
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In the context of this work, a controller architecture has
been developed in recent years to provide a teleoperation
framework with a generic approach: compatibility is sought
across multiple robot platforms (real or simulated), using var-
ied peripherals. It has been implemented using YARP, a
robotics framework comparable to the more widely adopted
ROS 2. This work migrates the existing YARP architecture
to ROS 2 to take advantage of the codebase and community-
developed tools of the latter. An additional tool, a web-based
command and diagnostics interface, is also presented here to
showcase another use-case resulting from said migration.
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This document is structured as follows. Section[2]provides
a background on the main related technical topics. Section 3]
describes the hardware and software tools, expanding on the
implementation of the latter in Section @ The applications
are validated on different robot platforms through experiments
covered in Section[3] and conclusions are drawn in Section [6}

2. Background

Teleoperation tasks in robotics require the intervention of
a human operator; although certain degree of autonomy can be
achieved, these systems are never fully autonomous. The per-
son relies on visual feedback, either direct (via eye contact) or
through cameras, to remotely guide the robot in a supervised
manner. Supervision can be partial in case the robot system
aids the user in completing the task, through negotiated or
shared control strategies. Since the first master-slave manipu-
lators in the 1940s, teleoperated robots have succeeded in sev-
eral fields which, for instance, require precise motions e.g. in
surgical contexts (telesurgery), or entail any hazard to humans
like the handling of nuclear materials, in addition to space and
underwater exploration. Recent years have seen the introduc-
tion of virtual and mixed reality, in which simulated robots re-
quire some sort of human control. In parallel, telepresence ap-
plications help operators project themselves through the robot,
thus feeling like being present at the teleoperation site where
the robot is located (Lichiardopoll 2007).

Teleoperation has been adopted in multiple fields of
robotics. Some studies categorized this area in the topic of
mobile robotic platforms in the following manner (Moniruz-
zaman et al.| 2022)): direct teleoperation of unmanned ground
(UGV) and aerial (UAV) vehicles and remotely operated ve-
hicles (ROV), relying on visual feedback transmitted from the
mobile robot; supervisory teleoperation in which control duty
is shared between the operator and the system; and multi-
modal teleoperation with the aid of multiple sensor interfaces
to increase situation awareness. In contrast, humanoid teleop-
eration poses an additional challenge (Darvish et al.| [2023)): it
needs to account for human kinematics, dynamics and phys-
iology in order to adapt the robot’s higher versatility to the
available motion control and feedback devices, e.g. depth and
Light Detection and Ranging (LIDAR) sensors, haptic and
tactile sensors, electroencelography (EEG) sensors, etc.

Other studies delved into bilateral and multilateral con-
trol systems to analyze teleoperation scenarios beyond the
communication between the operator and the robot (Shahbazi
et al.| 2018)): multiple operators and/or multiple robots. In an
assistive context, a shared control system was developed com-
bining an eye-in-hand visual servoing controller with proxim-
ity sensors (Ona et al., 2020).

Some works explored the ROS framework and its ecosys-
tem. For instance, the SpaceMouse device used in this
work was previously adopted in the TIAGo service mobile
base (Calzada et al.| |2024). Regarding user interfaces, a link
was established between ROS robot description files and inter-
face design in teleoperation contexts (Mortimer et al., [2017).
Finally, a study can be cited in which three teleoperation
modalities have been implemented on the JAKA Minicobo
arm and compared: graphical user interfaces, hand gestures
and a virtual reality controller (Chen et al., 2023).

3. Robot Platforms and Tools

3.1. Robots

The proposed teleoperation application has been tested us-
ing the SpaceMouse by 3Dconnexion, a low cost peripheral
aimed at computer-assisted design (CAD), depicted in Fig-
ure [I(a)] This joystick allows six degrees-of-freedom (DoF)
distributed as three axes of translation and three axes of ro-
tation, thus mapping to the exact number of axes that would
allow to translate and rotate the tool center point (TCP) of a
standard robotic manipulator arm.

All experiments have been done in simulation first, using
the OpenRAVE and Gazebo (classic and modern) open source
simulators. Two robot models have been considered: TEO
and AMOR, shown in Figures[T(b)|and respectively.

TEO is a full-sized humanoid robot platform developed
in Universidad Carlos III de Madrid (Pérez Martinez et al.,
2010). Comprised of 28 DoF (six per limb, two on the torso,
two on the neck) and modular grippers, along with sensing
technologies such as force-torque and inertial sensors, color
and depth (RGBD) cameras, and a microphone and speaker,
it allowed to explore a variety of applications: single and
dual manipulation, sensor fusion, stable gait, or sign language,
among others. In this work, the teleoperation control scheme
can be applied on any limb, although more specifically both
of its 6 DoF arms are targeted.

Besides, the commercial AMOR 7 DoF assistive robotic
arm was also available for testing and therefore has been used
to validate the application on a slightly different arm topology.

(a) SpaceMouse (b) TEO humanoid (¢) AMOR arm

Figure 1: 3D mouse peripheral and OpenRAVE robot models.
Figure [2] illustrates the real robots on which the applica-

tion was launched after an initial validation was completed on
their simulated counterparts.

(a) TEO humanoid (b) AMOR assistive robot

Figure 2: Real robot platforms.
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3.2. YARP and ROS 2 Frameworks and Middlewares

On the software side, YARP (Yet Another Robot Platform)
is used extensively in the low-level implementation and high-
level connectivity layers. This framework empowers the de-
velopment of single-responsibility components that fit in a
distributed architecture, rendering it convenient for building
robotic applications (Metta et al.l 2006). As it is written in
C++, developers can implement their own building blocks for
motor control, sensing (e.g. through force-torque, inertial, and
camera sensors), audio broadcast, kinematic operations, etc.,
using a wide collection of C++ interfaces or introducing their
own. These blocks are consolidated as dynamically loaded li-
braries (plugins), also called “devices” in the YARP jargon.
It is standard to encapsulate the low-level code, having direct
access to the hardware in one device, then expose its interface
over the YARP network via pairs of devices denoted as “net-
work wrapper server” (NWS) and “network wrapper client”
(NWC), respectively. The middleware capabilities of YARP
are leveraged to handle the communications between compo-
nents across a local network through a range of inter-process
communications (IPC) techniques involving system ports.

On the other hand, ROS (and its modern iteration ROS 2)
provides its own set of framework and middleware capa-
bilities (Quigley et al.l 2009). Most importantly, messages
(for one-way communication) and services (used in two-way
request-response scenarios) are described in their own defini-
tion files and compiled into C++ code. Then, communications
channels known as “topics” allow to either send those mes-
sages (via topic publishers) or listen to them (via topic sub-
scribers), thus connecting remote processes or “nodes” over
the local network. Moreover, additional tools such as a pa-
rameter server allow to extend and modify the configuration
of the robot both on initialization and on runtime.

ROS 2 has erected as the de-facto standard in modern
robotics, hence compatibility is sought between the existing
YARP codebase and the ROS 2 ecosystem. The goal of this
project is to re-use the existing YARP implementation, and
to introduce a thin layer of communications over the ROS 2
network to expose those underlying interfaces.

4. Proposed Architecture

Figure [3] illustrates the proposed architecture, iterating
over a previous solely YARP-oriented work (Lukawski et al.,
2023). The user initiates the teleoperation task by two means:
either acting upon a joystick-like peripheral (e.g. the Space-
Mouse), or via a web application (for PC, tablet or phone).

(" YARP APP ) /YARP SERVER
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CLIENT
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Figure 3: Proposed architecture. New components are highlighted.

The robot platforms, either real or simulated, lay on the
other end of this control scheme. A motion controller man-
ages robot state and motor commands, typically composed of
a joint controller and a Cartesian controller on top of it, and
implemented as one or several YARP devices. This low-level
implementation is “wrapped” or called by the thin communi-
cations layer that exposes its interface over the network, the
NWS device. Still in YARP jargon, it is possible to “attach”
the implementation device to one or many NWS devices, such
as the YARP and ROS 2 ones, to communicate with the motion
controller from the outside through their respective networks.

Client applications close the gap between the NWS and
the peripherals handled by the user. On this layer, in contrast,
frameworks are not being mixed to avoid unnecessary depen-
dencies and hindering code maintenance. For YARP applica-
tions, the NWC device communicates with the corresponding
server. For ROS 2 applications, the usual tools and facilities
provided in this framework need to be adopted: topic publish-
ers and subscribers, and service and parameter clients.

In this work, the base YARP controller interfaces are ex-
posed over a newly developed ROS 2 NWS device, which
communicates over this network with a pair of new teleop-
eration applications: one that accepts motion commands from
the SpaceMouse joystick, and another that provides a graphi-
cal user interface (GUI) for robot control and state monitoring.

4.1. C++ Cartesian Control Interface

Figure E] summarizes ICartesianControl, a custom
YARP interface designed in the RoboticsLab software ecosys-
tem for enabling motion commands and state inspection in the
Cartesian space through an underlying kinematics solver. Its
methods are organized as follows:

e Remote procedure call (RPC) low-frequency com-
mands and services that return either an acknowledge
value (success or failure) or the result of a kinematic
computation (e.g. inv obtains the inverse kinematics).

o Streaming high-frequency commands that override the
internal trajectory generation.

o Configuration accessors to retrieve and modify in-
ternal controller parameters such as the duration of
point-to-point trajectories or the Proportional-Integral-
Derivative (PID) gain.

ICartesianControl

streaming_ commands

RPC commands
+ stat(x: vector, state: int, ts: double): bool + pose(x: vector): void

+ inv(xd: vector, q: vector&): bool + twist(xdot: vector): void

+ movj(xd: vector): bool + wrench(w: vector): void

+ movl(xd: vector): bool configuration accessors

+ movv(xdotd: vector): bool + setParameter(vocab: int,

+ forc(fd: vector): bool value: double): bool

+ getParameter(vocab: int,
value: double*): bool

+ gemp(): bool

+ wait(timeout: double=0.0): bool
+ setParameters(params:

+ stopControl(): bool
map<int, double>): bool

+ tool(x: vector): bool
+ getParameters(params:

+ act(command: int): bool mapx<int, double>&): bool

Figure 4: Unified Modeling Language (UML) class diagram of the Cartesian
control YARP interface. Methods are grouped by their purpose and usage.
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Most notably, the following RPC methods are highlighted
due to its inclusion in the ROS 2 NWS:

e stat: forward kinematics and controller state.

e movj: isochronous motion to a pose target with no im-
posed restrictions on the resulting Cartesian space path.

e movl: linear motion to a pose target.

e movv: linear motion with a given velocity.

e forc: constant force to be applied by the TCP.
e act: open or close the gripper, if any.

An internal control loop is backed by a trajectory genera-
tor to ensure the path is accurately followed. Therefore, in this
mode all targets are to be interpreted as setpoints and should
be sent at lower frequencies. In contrast, streaming commands
are issued in a high-frequency fashion, hence they are best
suited for continuous teleoperation with joysticks:

e pose: instantaneous motion to a pose target.
e twist: instantaneous speed followed by the TCP.
e wrench: force and torque applied by the TCP.

The real TEO robot features joint motion control drives
next to each motor. Before switching between pose and
twist commands, for instance, the internal mode has to be
set accordingly. This process is not instantaneous and there-
fore must occur before the next batch of streaming commands
is processed. For this reason, the internal parameter manager
(accessed through the setParameter and getParameter
methods) is used to preset the current streaming command
mode. In addition, this manager also allows to specify the
frame all input parameters are referred to: either the robot’s
base frame (default), or the TCP frame.

4.2. ROS 2 Network Wrapper Server

In order to expose the methods of ICartesianControl
over the ROS 2 network through the new NWS device, a map-
ping must be established first between the available interface
methods described in the previous section, and the ROS 2 top-
ics and services that will relay all incoming messages to their
respective callbacks. Table|[I|reflects those mappings.

Table 1: ICartesianControl methods mapped to ROS 2 message types.

method ROS 2 message or service YARP usage

stat geometry_msgs/msg/PoseStamped
inv custom

movj geometry_msgs/msg/Pose .

movl geometry_msgs/msg/Pose RPC service:

movv geometry_msgs/msg/Twist request +
response or

forc geometry_ms g§/ms g/Wrench command +

gcmp std_srvs/srv/Trigger acknowledge

stop std_srvs/srv/Trigger

tool geometry_msgs/msg/Pose

act std_msgs/msg/Int32

pose geometry_msgs/msg/Pose streaming

twist  geometry_msgs/msg/Twist commands

wrench geometry_msgs/msg/Wrench (one-way)

Most methods map to ROS 2 one-way communication
topics (implemented as subscription callbacks, i.e. the mes-
sages arrive at the NWS) despite being marked as two-way
request-response or command-acknowledge RPC services on
the YARP side. That is, the YARP usage assumes that the
Cartesian controller returns a status flag about the success
or failure of the command, whereas our NWS implementa-
tion doesn’t enforce that returning message to be sent back
to clients. This has been done on purpose since, in the ROS
ecosystem, services are meant to convey more of a request-
response interchange such as querying the state or doing cal-
culations. Consequently, a custom service was implemented
for the inv command to perform inverse kinematics: the input
data is of type geometry_msgs/msg/Pose, producing an out-
put of type std_msgs/msg/Floato4MultiArray. In addition, a
simple trigger-like service was added to gcmp (enable gravity
compensation) and stop (stop controlling) commands.

Besides the topic subscription, the NWS also features a
background thread publishing continuous robot state as ob-
tained through the stat method. Lastly, the internal param-
eter management is exposed via the ROS 2 parameter server.
Clients can use it to preset the streaming command and change
the current reference frame.

4.3. SpaceMouse Controller Application

The proposed controller architecture and the previous
components are materialized in the overall scheme presented
in Figure E} A collection of distributed processes, both in the
YARP realm as devices and in the ROS 2 ecosystem as nodes,
are combined and coordinated through their corresponding
middlewares, ranging from low-level joint controllers to high-
level application execution.

The ROS 2 NWS communicates with the Cartesian
controller implementation, either BasicCartesianControl for
generic robots (including TEO), or AmorCartesianControl for
the real AMOR robot. In turn, the former manages an in-
stance of the Cartesian solver (KdlSolver) that performs kine-
matic calculations, using the Kinematics and Dynamics Li-
brary (KDL), and the NWC counterpart of the joint controller
the result of these calculations are forwarded to.

geometry_msgs/msg/PoseStamped

INPUT DEVICE 1

sensor_msgs/msg/Joy

Ispacenav](—{ SpaceMouse ‘

m—————

geometry_msgs/msg/Pose ’ CARTESIAN CONTROL S

geometry_msgs/msg/Twist  #
geometry_msgs/msg/Wrench !

Icartesian_control_server_ros2 (NWS) ]

1

1

I 1

Std_msgs/msg/int32 . 2 i ICartesianControl :

ROS 2 NETWORK : 1

1 1

YARF NETWORK ! ‘ BasicCartesianControl ‘ ‘ AmorCartesianControl :
1

4 JOINT CONTROL e e :
1

1

‘ control board (NWS) }«—l—{ control board (NWC) ‘ ‘ KdiSolver ‘ 1

\\ - - ’I

OpenRAVE or Gazebo plugins AMOR API
ACTUATION 5

GENERIC
ROBOT

Figure 5: Teleoperation architecture for the SpaceMouse. ROS 2 nodes have
been bolded out. Arrows indicate direction of data flow and message type.
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The main ROS 2 application is configured either at
start or during runtime to operate in either pose, twist or
wrench mode, communicating the user’s choice to the pa-
rameter server of the NWS device. It subscribes to a topic
the community-maintained SpaceMouse node publishes into,
continuously transforms the incoming data accordingly using
the ROS 2 transforms library (tf2), and forwards it as Carte-
sian commands to the NWS using the corresponding publisher
topic and message type. Robot state is received once at start to
fetch the initial configuration used by the pose command, in
which case a virtual reference point is actually being applied
the desired motion before converting it to a robot command.
Since the SpaceMouse node streams at high frequency (circa
1 ms) and hence performance might be impacted, all process-
ing is slowed down to 50 Hz by a timer callback in which the
aforementioned process occurs. Button state is also forwarded
to the NWS to invoke the act command of the underlying
Cartesian controller, thus opening or closing the gripper.

4.4. Web Application

An additional application has been developed, targeting
web browsers for any compatible devices: personal comput-
ers, laptops, tablets, smartphones. It is based on a React server
application written in JavaScript, which serves HTML web
pages with dynamic elements managed by client-side han-
dlers, offering a GUI for users in order to perform teleop-
erated motion control and status monitoring. In the back-
end, the WebSockets technology is leveraged through the “ros-
bridge_server” ROS 2 packageﬂ to enable communication be-
tween the NWS nodes and the React application. In addition
to the Cartesian NWS, a ROS 2 NWS device also wraps the
YARP joint controller, thus exposing joint space commands
and state on both YARP and ROS 2 networks.

Besides joint and Cartesian space commands and state,
this web app was also devised to expose varied sensor data
such as RGBD camera frames, force-torque and inertial sensor
time-series plots, and audio frame playing and recording, to
either stationary or handheld screen-based devices, using their
integrated sensors if available. Since it runs on web browsers,
maximum compatibility across device vendors is sought, also
accounting for an adaptive design on smaller screens.

Figure [6] shows the web application’s interface as dis-
played on the user’s device.

Mode Switch My

[lore,
4

Teleoperation

(a) Main web application’s window

(b) Teleoperation mode

Figure 6: Graphical interfaces of the proposed web application.

Ihttps://github.com/RobotWebTools/rosbridge_suite

Among the provided functionalities, a slider-based inter-
face allows issuing motions in the joint or Cartesian spaces.
The latter can be configured to follow either linear or unre-
stricted paths, mapping to the movl and movj commands, re-
spectively. A 3D viewer is presented alongside the sliders,
showing a dynamic representation of the robot through its vir-
tual model designed in Blender. Whenever the user modifies a
slider value, the desired robot pose is shown on said viewer
prior to acknowledging and sending it to the NWS. In ad-
dition, a smartphone-only teleoperation mode was added to
replicate the device’s motion (as captured by the integrated
gyroscopes) on the robot’s TCP in a dynamic fashion.

Planned enhancements include a text-to-speech (TTS) in-
terface for voice synthesis using TEO’s speaker, and a demo
application launcher for executing predefined actions.

5. Experiments

A set of experiments have been conducted on the available
robot platforms (TEO and AMOR) and the simulators (Open-
RAVE and Gazebo) to validate the proposed applications.

5.1. Teleoperation with TEO

Figure [7] depicts real TEO’s left arm being issued pose
commands. This control mode requires a fast and efficient in-
verse kinematics (IK) solver, which has been implemented in
the KdISolver device (wrapped by the Cartesian controller de-
vice) using screw theory algorithms (Lukawski et al., [2022).
This mode was preferred due to the improved PID tuning in
the drive’s internal position control loops. It has been ob-
served that motion is accurate and highly responsive, quickly
adapting to the user’s input on the SpaceMouse.

Figure 7: Teleoperation of TEO’s left arm using the SpaceMouse device.

5.2. Teleoperation with AMOR

In AMOR, twist commands are preferred instead of
pose due to the vendor-provided library performing better
when calculating differential IK on the redundant 7-DoF arm.
In addition, this robot was also shipped with a gripper that en-
ables open/close motion to grasp objects. The side buttons of
the SpaceMouse have been used for this purpose.

Figure [§] depicts three subsequent stages during a pick-
and-place teleoperation task, i.e. the yellow cube was to be
grabbed and released at the desired destination. A little prior
practice was deemed necessary to guide the robot’s TCP as
desired due to the arm’s kinematic redundancy.
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Figure 8: Pick-and-place teleoperation task with AMOR.

5.3. Teleoperation via Web Application

Figure[D(a)|shows the slider interface in the joint command
view. The user is allowed to preview the motion before send-
ing the appropriate command to the robot. This application
was tested on the simulated Gazebo robot as shown in Fig-
ure[0(b)} Cartesian commands in both movj and movl modes
have been also validated. The robot model embedded in the
GUI accurately depicts the current state during operation.

Saggital Left shoulder

Axial Left Shoulder
51.6 0 o
Frontal Left Elbow.
® s01er £)
01.1 0 06
Axial Left Wrist
o 000 * #)
101 0 64

Frontal Left Wrist

133

(a) Slider interface for joint control

(b) TEO model on Gazebo

Figure 9: Joint control via sliders using the web app GUI.

6. Conclusions

This work further expands on existing teleoperation-
related and Cartesian controller libraries and utilities devel-
oped in RoboticsLab. A first step into exposing current in-
terfaces over the ROS 2 network and ecosystem was vali-
dated, paving the way for exploring new applications, extend-
ing the existing ones that currently rely on YARP, and adopt-
ing community-developed tools.

The source code of the kinematic controllers and devicesﬂ
the web applicationﬂ and its reusable React componentsﬂ have
been published on GitHub.
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