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Abstract

The concept of robotic teleoperation is based on the idea of controlling
machines as humanoid robots or manipulators, to perform delicate,
dangerous or otherwise inaccessible tasks in remote environments with
respect to the operator’s location. The arise of new technologies such
as virtual reality headsets, brought the development of innovative
solutions in this sector, that propose different approaches to perform
teleoperation in more intuitive and immersive ways.
The aim of this thesis is to develop an intuitive architecture to perform
remote manipulation with TIAGo++ humanoid robot, making use of
virtual reality technology to provide visual feedback and to ensure
a superior user experience. The idea is to obtain a portable system
that allows the operator to control the robot simply by moving their
upper body, without the need for external devices or joysticks. This is
achieved with the help of the Oculus Quest 2 headset, which extracts
the information about the human’s head and hand movements, and
shows the robot’s point of view via a Zed Mini stereo camera mounted
on the robot’s head. The intuitiveness and usability of the developed
system is eventually evaluated with some experiments, in which a
group of participants is asked to perform simple pick and place tasks
by moving their hands to control TIAGo. The results show that people
who are not familiar with the topics and the instruments addressed
in this thesis are still able to control the robot correctly, proving the
ease of use and efficiency of the architecture.
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Chapter 1

Introduction

In today's world, robotics is playing an increasingly important role in the de-
velopment of new technologies and fundamentally changing the way we interact
with our environment. One of the most promising and constantly evolving areas
is that of Robotic Teleoperation, also known asTelerobotics .

Such sector is receiving more and more attention also thanks to the modern
development ofVirtual Reality systems, that enable a superior user experience
and a unique level of immersion within telerobotics applications.

For these reasons, the focus of this thesis is to develop an intuitive and immer-
sive way to teleoperate a humanoid robot, making use of virtual reality technology
as visual feedback. Yet, for better understanding the reasons behind this project
and its development, a brief introduction to the topics of teleoperation (sec. 1.1)
and virtual reality (sec. 1.2) may be useful. In addition, a brief explanation of
commonly usedterminology (sec. 1.1.1) may prevent confusion in understand-
ing the concepts and reading the here proposed work.

1.1 Teleoperation

Teleoperation is de�ned by T.B. Sheridan (1987) as the \extension of a person's
sensing and manipulating capability to a location remote from him".

This concept of remote control of robots consists in the idea of controlling
machines like humanoid robots, manipulators or automated systems via a remote
connection, using advanced technologies like computer networks, high-speed com-
munications and precision sensors.

The history of such technology goes back to the the 1950s when Raymond
C. Goertz (1954) carried out his nuclear research, creating teleoperation systems
that allowed humans to safely handle radioactive material while remaining behind
a protective barrier, as shown in the following �gure 1.1.

1



1.1 Teleoperation

Figure 1.1: R.C. Goertz teleoperation system for nuclear research purposes.

Telerobotics setups in fact are basicallycontroller-responder systems di-
vided into two sites: thelocal site includes the human operator (controller) and
any elements necessary to support the system's connection to the user, such as
sensors, joysticks, monitors, or other input/output devices; theremote site in-
stead, which can be in the same room of the user as well as in a di�erent country
or even planet, includes the robot, (responder), supporting sensors and controls,
and the environment to be manipulated.

Such methodology combines human's dexterity and intelligence with robot's
accuracy and robustness. Moreover, it enables human operators to perform del-
icate, dangerous, or otherwise inaccessible tasks without the necessity of being
physically present in the same space where the robot is located, thus ensuring
high portability and safety at the same time.

Remote control comes extremely useful for all those tasks that can not be per-
formed by humans due to safety, costs, or complexity, and concurrently that can
not yet be performed autonomously by robots, because of insu�cient reliability
or knowledge required.

In particular, the degree of automation that is shifted to the robot, and the
resulting role of the human operator in the loop, can vary from case to case
according to the control architecture employed. The three main strategies from
this point of view are identi�ed by Niemeyer et al. (2016) as direct, shared or
supervisory control.

ˆ Direct control (or manual): here the operator does not receive any \au-
tomated help" from the system, which is therefore directly moved through

2



1.1 Teleoperation

position velocity or acceleration commands.

ˆ Shared control : the middle strategy between the direct and the super-
visory ones. This method in fact combines the reliability and sense of
presence given by manual control with the autonomy and \intelligence" of
the robotic system. Here, for instance, the user may receive corrections in
motion commands by the slave robot, which can apply corrective forces or
restrict positions to obtain faster results and more accurate operations.

ˆ Supervisory control : this in the end represents the other extreme, based
on the same concept of supervising a human subordinate sta� member.
Here in fact the autonomy is more and more shifted to the robotic system,
while the human role is that of giving high-level directives and receiving
summary feedback. The supervisor decides what to do, and the robot closes
an autonomous control loop to achieve its goal. Additionally In case of
unexpected problems the operator can intervene quickly by controlling the
robot directly to handle \uncovered" circumstances.

The choice among these approaches is based on the technology available, as
more autonomy for a robot entails more sensors and actuators, and most impor-
tantly, on the speci�c use case for which the system is intended.

Besides that, the applications of remote robotic teleoperation span a wide
range of sectors, going fromspace applications for on-orbit servicing, Flores-
Abad et al. (2014), to the manufacturing industry for conducting assembly
and material processing operations, Liptonet al. (2018). Another area of inter-
est is certainly that of Medicine : surgical robots as the \Da Vinci", Pugin
et al. (2011), combine the skills of highly trained surgeons with the precision and
robustness of manipulators; on the other handtelenursing applications allow
front-line healthcare workers to prevent exposures to infectious diseases, while
still guaranteeing the needed assistance. Such topic has become of particular im-
portance after the recent and sudden outbreak of Covid-19, which has triggered
new robotics applications towards this direction, Panget al. (2021), especially
related to humanoid robots.

1.1.1 Terminology

In the literature, the terms \teleoperation" and \telepresence" are often used in-
distinctly in di�erent contexts, so a slight di�erentiation might be useful, Sheridan
(1995):

ˆ Telepresence , also calledtelexistence, refers to the technology that allows
human users to virtually be present, (\exist"), in a remote location through
an avatar, experiencing real-time sensations from the remote site.

3



1.2 Virtual Reality

ˆ Teleoperation , on the other hand, indicates the technology that allows
human operators toconcretely perform tasksin a remote location through
an avatar. When the task to perform requires manipulation skills such as
for grabbing or releasing an object we de�ne it as \Telemanipulation ".

Thus, we can state that the teleoperation concept adds an \active" com-
ponent with respect to telepresence, for which the operator and the avatar
do not simply share their existence within an environment, but they also
share a common goal to reach. In other words, we have a more task-related
exchange of information between the two endpoints. In these cases both
the remote environment and the avatar can be virtual or real.

ˆ When such avatar is represented by a semiautomatic system (like a hu-
manoid robot or a manipulator for instance) we can speak ofTelerobotics .

Having clari�ed these terms and their main di�erences, and in order to simplify
the reading, \telerobotics", \teleoperation" and \telemanipulation" will be used
interchangeably throughout this thesis.

1.2 Virtual Reality

Virtual reality, often referred to asVR , is a technology that has seen a tremendous
surge in recent times, mainly as the equipment became more widespread and
a�ordable. Although considered by many to be an innovative technology, it has
long been present in the thoughts of the general public especially thanks to fantasy
books and movies.

From a scienti�c and technological perspective, a signi�cant early development
of this technology, according to Mazuryk & Gervautz (1996), goes back to the
beginning of 1990s. One of its earliest de�nitions is given in Gigante (1993),
where we can read that:

"Virtual reality is an interactive, participatory environment that could sustain
many remote users sharing a virtual place. VR is characterized by the illusion
of participation in a synthetic environment rather than external observation of

such an environment".

In other words, virtual reality allows users to be in a di�erent place with
respect to the one where their body is actually located at, by substituting the
input of our primary senses with arti�cial (\synthetic") data. The crucial aspect
is that of the Interactivity of the environment as well as of theperception
of participation of the user. To achieve these two goals, virtual reality typi-
cally uses 3D computer graphics supported by input/output devices likehead-
mounted displays for immersive visual simulations, surround sound systems
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1.3 Objectives

for three-dimensional audio e�ects, and haptic devices such as \data gloves" and
\data-suits" for detecting user movements.

At this stage, the connection between this topic and telerobotics becomes evi-
dent, as virtual reality serves as an excellent means to provide immersive feedback
to users that want to operate on a remote environment.

Recently, in fact, a growing number of researchers have combined VR and
robotics to explore the possibilities of remote teleoperation, Chenet al. (2023).
Here the main limitation is represented by the motion sickness that it can generate
in some individuals, Saredakiset al. (2020), due to content (scene setup), human,
or hardware factors, which in turn dictates the usage time to be reduced.

1.3 Objectives

The idea of this thesis is to develop an intuitive and immersive way to teleoperate
a humanoid robot for manipulation tasks, and it is based on previous theses works.
To be more speci�c, such works have successfully developed a framework based on
a Leader-Executor architecture to control the robot's joints, in which the posture
and the movements of the operator (Leader) were directly replicated on the robot
(Executor). Concerning the Leader, the monitoring process of its movements has
been implemented by means of solutions capable of extrapolating the key points
of the human body, using avirtual reality treadmill , which guaranteed the
possibility of taking the user motion as input for guiding the robot in space.
These works were then focused on teleoperating only the mobile base of a robot,
extracting information from the lower limbs of the user. Moreover, they were
designed for a speci�c robot calledPepper , developed and manufactured by
Softbank-Robotics (2023).

My thesis work aims toimprove such existing projects andovercome their
main limitations , that consist of the movement of the operator's upper limbs
not being taken into account, and the need for an external PC to be connected
to the robot. In greater detail the key points of this thesis are:

ˆ Using additional hardware (Oculus Quest 2) to detect the motion of the
upper limbs of the operator, in order tointegrate the hands' motion
into the loop, with the �nal aim of manipulating objects in the remote
environment.

ˆ Using thevirtual reality technology to provide real-timevisual feedback
to the user and to control robot's head.

ˆ Developing aportable system , to be obtained byreplacing the onboard
computer with an Nvidia-based Jetson Xavier board, and opting for the
least possible usage of external components.

5



1.4 Thesis Organization

ˆ Deploying the project on adi�erent robot with enhanced manipulation
skills. The chosen humanoid platform is that of \TIAGo++ ", developed
by Pal-Robotics (2023), which perfectly combines mobility, perception, ma-
nipulation and human-robot interaction capabilities.

For this project I worked at the DIBRIS Department of Computer Science,
Bioengineering, Robotics and System Engineering of the University of Genova,
speci�cally at the RICE Lab (Robots and Intelligent systems for Citizens and
the Environment) and at the EMARO Lab (European Master on Advanced
Robotics Lab in Genova).

1.4 Thesis Organization

After this brief introduction to the main topics of this thesis, the remainder of
this work is organized as follows:

ˆ Chapter 2: State Of The Art. Here I show how the main aspects of
telerobotics have been addressed in literature, presenting di�erent solutions
to the problems addressed in this thesis.

ˆ Chapter 3: System Architecture. Here I explain the personal solution
developed during this thesis, describing the hardware used, the software
developed and the overall framework obtained for the smooth functioning
of the �nal architecture.

ˆ Chapter 4: Experiments. The detailed description of the experiments car-
ried out to evaluate the �nal architecture in terms of usability, intuitiveness
and e�ciency.

ˆ Chapter 5: Results. The data collected during the experiments are shown
and discussed in detail.

ˆ Chapter 6: Conclusions. Here I propose my �nal considerations on the
work done and on the results obtained.

6



Chapter 2

State Of The Art

As breviously descripted in chapter 1.1, telerobotics envelops a wide range of
possible applications, leading to an increasingly rich and diverse state of the art.

The focus of this work, however, is on the teleoperation ofhumanoid robots ,
especially regarding thedirect control of upper body motions, (upper limbs and
head), for manipulation tasks, with a particular emphasis on the topic ofvirtual
reality and the possible links between these technologies. For this reason this
chapter is going to investigate the main researches in the state of the art related
to such topics. To be more clear, the following image (in �gure 2.1) taken from
Darvish et al. (2023), presents the principal modules that generally compose a
telerobotic architecture for humanoid robots. The goal is to show how these
main aspects, (i.e.Human motion measurement , Retargeting and Human
Teleperception ), have been addressed in literature, describing di�erent possible
solutions proposed along with their strengths and weaknesses.
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2.1 Human Motion Measurement

Figure 2.1: Principal modules of a telerobotic architecture for humanoid robots,
Darvish et al. (2023).

2.1 Human Motion Measurement

As the image 2.1 shows, the �rst module of telerobotic architectures refers to the
human motion measurements phase, where speci�c information is extracted from
the user to control the robot. Before looking in detail at \how " the data are
collected, we should understand \what " kind of speci�c information needs to be
considered. When we talk about human movements, in fact, we can distinguish
three main types of data:

ˆ Kinematic , which include the body's acceleration, velocity, and position
in space.

ˆ Dynamic , which instead describe the forces and torques that cause move-
ments.

ˆ Electromyographic , (also called \physiological data"), that are signals
pertaining to the contraction of the muscles used to carry out a motor task.

The most commonly used method in the context of telemanipulation for hu-
manoid robots is the measurement of the users'kinematics , (Darvish et al.

8



2.1 Human Motion Measurement

(2023)). This is because it provides anatural mapping between the human's and
the robot's limbs, thanks to the similarities of their anthropomorphic geometries.
For basic teleoperation scenarios, kinematics measurements could be provided
via elementary interfaces like mouse and keyobards, or joystick commands . Yet
those basic interfaces might not be su�cient for more complicated systems such
as humanoid robots, particularly if the user needs to exercise a higher level of
control on the system.

According to the state of the art found during my research, this topic has
predominantly been tackled in two distinct manners: either by usingexternal
optical sensors (such as depth sensors, RGB-D stereo cameras or optical motion
capture systems), or by placinginertial sensors directly on the user (e.g.
accelerometers, Inertial Measurement Unit), using special gloves or even suits.
As it can be seen from the given examples, these two categories also present a
variety of possible implementations.

In the following subsections I am going to illustrate the most recurring so-
lutions in literature about these two methods, and those found to be of greater
interest for this thesis work. Please note that hereonly the motion capture
parts of existing studies are going to be deeply investigated, while further details
about the data processing to reach control commands will be given later in the
dedicated section, (see section 2.2).

2.1.1 Optical Motion Capture

Balmik et al. (2022) proposes a framework for the teleoperation ofNAO hu-
manoid robot based on optical sensors. More in detail it relies on theMicrosoft
Kinect V2.0 camera to measure human motions, later recognized through the
usage of Hidden Markov Model (HMM).

Kinect optical sensor is widely used by researchers since it is cheaper compared
to other alternatives on the market, and its price-performance ratio represents
a good compromise in the telerobotics context. The here proposed images (�g.
2.2) are taken from the cited paper and they show respectively: the experimental
setup of the study, (sub�g. 2.2a), and the information that is obtained by the
Microsoft Kinect v2.0 sensor, (sub�g. 2.2b).
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2.1 Human Motion Measurement

(a) Experimental setup (b) Skeleton Joints

Figure 2.2: Experimental setup for a Kinect-based NAO teleoperation (a) and
Human skeleton joints captured by Kinect v2 (b), Balmiket al. (2022).

As we can see, the setup requires the user to stand in front of the camera at
about 2 metres from it in order to optimize the detection. The Kinect then cap-
tures the skeleton of the human body and saves the 3D position of each skeleton's
joint. The rest of the framework of this paper includes interpolation, joint an-
gles estimation, moving average �lter and data augmentation blocks, the hidden
markov model component and in the end the NAO robot to control.

The interpolation phase is needed to reduce the noise from the captured data
in order to estimate better the position of human joints, while the later stages
improve the e�ciency of the HMM machine learning technique in motion recogni-
tion. The obtained �nal positions are eventually sent to the robot which imitates
human motions.

In Dajles et al. (2018) we can read of a similar approach again deployed on
NAO humanoid robot, that substitutes the Kinect sensor with a more complex
infrared optical motion capture system calledOptitrack . This method allows
to collect data through the motion tracking of multiple retrore
ective markers
installed along the human operator's body within aspecial suit, captured by the
Prime 41 cameras of Optitrack. The here proposed images (�gure 2.3) show the
motion capture setup, with markers placed on the whole body of the operator,
including the head.
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Figure 2.3: Markers placement for an Optitrack motion capture system, Dajles
et al. (2018).

The �rst visualization of collected data is then obtained within the virtual
3D space generated by a particular software called \Motive". Among the dif-
ferent possibilities for representing the tracked markers in the 3D space, this re-
search opted for arigid-body based model with 6 rigid bodies. Rigid bodies are
generated in the software by connecting 3 or more points according to distance
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constraints. This allows to separate the di�erent chains of human body, (e.g.
torso from right arm), and also grants rotational information. Such representa-
tion needs a high number of markers, with a minimum of 3 per chain e�ector, but
anyway less than the ones required to represent tracked markers with askeleton
model. Applying a total of 27 markers they managed to obtain a teleoperation
system to let NAO imitate user's limbs and head movements.

In the end in Hirschmanneret al. (2019) a di�erent strategy is proposed,
this time based onOculus Rift Virtual Reality headset and theLeap Motion
Controller . The former is used to display robot's camera feed and to control
directly robot's head, while the latter is a small optical sensor for hand tracking
used to detect user's arm movements. More in detail this sensor consists of a
consumer-grade stereo infrared camera, which provides 3D positions of the user's
�nger joints.

The following �gure 2.4 presents thehardware setup of this study: as we
can clearly see this time the architecture is thought for the humanoidPepper
robot, and The Leap Motion is mounted on the VR headset.

Figure 2.4: Hardware Setup showing Pepper and Leap Motion mounted on VR
headset, Hirschmanneret al. (2019).

Thanks to these elements they manage to obtain a teleoperation system in
which the robot imitates as close as possible user's arm pose.
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One of the main limitations of the �rst two proposed studies is thelow porta-
bility of the setup. In fact they rely on external infrastructures and additional
sensors, that can be expensive and cumbersome, making it di�cult to deploy the
system somewhere else with respect to the prede�ned laboratory environment. In
addition to that, the Kinect approach does not present an e�cient way of map-
ping user's head motions and rotations, so additional hardware may be required
for a teleoperation task. The last proposed study, instead, only requires a VR
headset and Leap Motion as external tools, which are small and easy to relocate,
but still presents somemain issues generally related tooptical motion cap-
turing : possible occlusions and limited �eld of view . The occlusions issue
means that any movement, gesture or external objects that obscure part of the
tracking body, could cause errors as the sensors struggle to accurately track part
of the hands or arms for instance. The restricted tracking area instead refers to
the fact that the cameras and sensors have limited and speci�c working ranges,
outside which it becomes impossible to track motions.

2.1.2 Intertial Motion Capture

In Arduengo et al. (2019) we can �nd a whole-body teleoperation framework for
human motion transfer speci�cally designed forTIAGo humanoid robot. In or-
der to extract data from the operator's movements they useXsens MVN inertial
motion capture suit. It includes 17 Inertial Measurements Units (IMUs ) that
permit to acquire a body con�guration and a real time estimation of the human
posture. MVN Studio provides a dedicated software for processing raw sensors
data and then estimating body segment position and orientation. In particular,
they capture the motion capture data of23 body segments, yet excluding the head
from the loop to focus more on upper and lower limbs.

Figure 2.5 is taken from this study, and shows the experimental setup em-
ployed. On the left side we see TIAGo robot that is simulating amanipulation
task to help people with reduced mobility in getting dressed. On the right in-
stead, there is the user teleoperating the robot thanks to the Xsens MVN inertial
sensors, that are placed on his hands as well as on his forearms and upper arms.
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Figure 2.5: Experimental Setup showing Tiago and Xsens MVN inertial motion
capture suit worn by the operator, Arduengoet al. (2019).

Additionally we can see that no visual feedback is given to the user, which
therefore is forced to share TIAGo' s location in order to teleoperate him. This
lack also leads to a more di�cult teleoperation as the operator does not share the
same angles of view of the robot. This represents a major topic in telerobotics'
context, and researchers have been investigating more and more strategies to
implement it exploiting new technologies (see section 2.3).

Wang et al. (2021) proposes a similar approach using again aXsens MVN
Link suit for motion capture, but it adds the usage of an anIndex Valve VR
headset to includehead motion capturing in the loop, allowing to let robot's
move along operator's head. The VR is used also to provide the operator with
real time feedback from the robot. More in detail, the user is given a 3D �rst-
person point of view thanks to a stereo camera mounted directly on the robot,
streaming real-time images to the headset. The overall data collection is therefore
much similar to that of previous study simply improved with the head component,
and this time tested for manipulating tasks with the human-sized humanoid robot
BHR-6 .

The main alternative to wearable sensors for inertial motion capturing is that
of using joystick or controllers, as developed in Stilmanet al. (2008). Such re-
search consists of a teleoperation architecture for manipulating heavy objects with
the HRP-2 humanoid robot, where the operator holds athree-axis joystick to
send motion commands. The user chooses among 3 di�erent modes of interaction
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through a speci�c button: hand, object and robot centered. According to the
selected modality the operator is then able to specify the target velocity for dif-
ferent reference poses or frames, controlling the translation and rotation of either
the robot or the hands or the grabbed object rigidly attached to end-e�ectors.

The following image (�gure 2.6) taken from this paper, shows the operator
controlling the HRP-2 robot in 4 di�erent situations, that are: pulling, turning,
grasping and pushing a wheeled table. In the middle of the �gure we see the
speci�c joystick used for the experiment.

Figure 2.6: Stilman et al. (2008) experiment showing HRP-2 robot interacting
with a heavy object and controlled with a three-axis joystick.

However, as previously described, the usage of simple interfaces like keyboards
and joysticksmight not be su�cient for complicated system such as humanoid
robots, especially if a higher level of control is desired. In the given example, in
fact, the operator's control is limited to a prede�ned sets of commands, and
the overall structure is only speci�cally designed for the illustrated task. In
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addition to that, they make it di�cult to obtain an immersive and intuitive
teleoperation system, especially if related with the other alternatives showcased
up to this point. In general, non-expert users may �nd it more di�cult to interact
with humanoid robots using interfaces that don't consider the anthropomorphic
similarities.

To conclude, Inertial motion capture compared to the majority of camera-
based systems does not rely on external infrastructures, allowing it to be used
anywhere more easily. Yet the main approaches still require wearable sensors that
can be more \cumbersome" for the operators with respect to cameras.

2.2 Retargeting methods

After having performed human motion measurement with one of the previously
described methods, the second part of a telerobotic architecture is that ofmor-
phing such information into robot commands , (Figure 2.1). This topic is
known in literature as correspondence problem , Arduengo et al. (2019), and
consists of creating an appropriate mapping between the human's actions and the
imitator agent, deciding what and how to imitate.

The retargeting policies may vary according to the task and system require-
ment, as well as, of course, to the type of input received from human measure-
ment. However, when dealing withupper-body retargeting , the state of the
art presents two main methods to perform such operation: working either in the
Cartesian space or in the Con�guration Space , Darvish et al. (2023).

ˆ In the Cartesian Space (or \ Task space"), the cartesian pose or velocity
of human limbs get mapped to the corresponding values for the robot's
humanoid limbs. This means that the operator does not have full control
of each joint of the robot but rather directly controls a speci�c part of
it. The most commonly used approach for this strategy is mapping the
operator wrist with the robot end e�ectors . In other words, the user
speci�es the desired position and orientation of the end e�ector without
providing information about how to reach it. Such problem is solved by the
robot through the inverse kinematic (IK) computation, that is a relation
between points in the 3D space, (position and orientation), and joint values
in the joint space of a kinematic chain. It minimizes a cost function based
on the robot model while keeping into account the actual constraints of its
limbs, obtaining the joints con�guration required to match the end e�ectors
with the human's wrist.

ˆ In the Con�guration Space ( or \ Joint space"), instead, the joint angles
and velocity of the humans joints are captured anddirectly mapped to
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the corresponding joints of the robot. This method comes particularly use-
ful when the operator and the humanoid robot share the same degrees of
freedom and similar joint orders. Here, in fact, the robot \imitates" human
motions as closely as possible. Unlike the previous case, there is no direct
control over the position and orientation of the end e�ector frame, which is
reached anyway thanks to the control of the kinematic chain.

In the following subsections I am going to illustrate some examples present
in literature found to be of greater interest for this thesis, in order to get more
into details and to show how these retargeting methods have been implemented
in di�erent ways.

2.2.1 Planning in Cartesian Space

The paper Alonsoet al. (2022) discusses the implementation of an architecture to
teleoperate NAO robot through a VR headset and its controllers. The user can
move the robot's head thanks to the movements tracked by the head mounted
display sensors, while the VR remotes are mapped to move the robot's hands and
arms.

Regarding the head control, they extract information about the rotation of the
headset using theUnity game engine. These are initially expressed as quater-
nions so a conversion into Euler angles (Roll pitch and yaw) is required. Since
the robot's mobility and joint constraints di�er from those of humans, these val-
ues are mapped so that if the user moves his head and surpasses the physical
limit of the robot, the robot sets the joints angle to the relative maximum limit.
After this check, only the \pitch" and \yaw" components are sent to the robot
to directly control its head joints.

For the arms they present a control method based on thecartesian space .
From the Unity engine they retrieve the pose (position and orientation) of the
VR controllers handled by the operator, and use this information directly to
specify the goal pose to the robot. To do this they use aninverse kinematics
mechanism provided in the NAO's operating system API (NaoQi ), which solves
the IK problem through the iterative Jacobian approximation . At this point
the robot computes the joint con�guration that it needs in order to have the
end-e�ector placed correctly. The images proposed in �gure 2.7 show the results
obtained with this method in controlling the robot. As we can clearly see, NAO
is reaching the desired pose with its end e�ectors, even though its arms do not
actually mimic those of the operator. The elbow joints angles are in fact visibly
di�erent. This is the so-called redundancy problem , caused by the fact that
the operator is not giving speci�c information about how to reach the goal, so
robot's solution may di�er from the performed motion.
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Figure 2.7: Human operator controlling NAO robot's end e�ectors with VR con-
trollers, Alonso et al. (2022).

In Cousinset al. (2017) a similar approach is used to controlBaxter collab-
orative robot from Rethink Robotics. Here the hand tracking is performed with
a Leap Motion controller that is able to produce articulated computer models of
user's hands by tracking individual �nger joints. In order to obtain useful data
in Baxter's frame leap motion they apply di�erent conversions between frames
to the values obtained from the Leap Motion. After that they compute the in-
verse kinematics on robot's model to let its end e�ector match user's hand in the
three-dimensional space.

The main disadvantage of these methods is represented by thecomplexity
of the Inverse Kinematic computation, which can easily fall intosingularities ,
(e.g. when the determinant of the Jacobian matrix is zero in the case ofiterative
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Jacobian approximation), leading to the robot getting stuck or damaged. In
addition to that, the main issue is that of the previously citedredundancy
solutions . This means that the same goal in three-dimensional space, could be
reached with many di�erent joints con�gurations, leading to possible ine�cient
poses or, in any case, to an ambiguity perceived by the operator as the robot
might move in unexpected ways.

2.2.2 Planning in Joint Space

In the previously introduced study of Arduengoet al. (2019), the data collected
through the Xsens MVN motion capture suit is used to directly control each
joint of Tiago's robotic arm in the con�guration space , (see �gure 2.5). To do
this, they propose a solution for thecorrespondence problem that takes into
account the di�erences in the kinematic chains and joint limits between the robot
and human's body. They consider the operator's pose to be equivalent to that of
the robot if the pose of the person's right (or left)wrist, elbow, chest and pelvis
projection onto the 
oor with respect to an arbitrary �xed reference frame is as
similar as possible to the equivalent robot's frames pose.

In the proposed Figure 2.8 we can see a more intuitive and schematic rep-
resentation of such correspondence. The variousT j

i in the picture represent the
homogeneous transformation matrices from reference i to j, while red, green and
blue arrows respectively represent the x, y and axes of each reference frame.

De�ning po, pf, pt, ps, pe and pw as the person arbitrary origin, virtual
footprint , torso, shoulder, elbow and wrist reference frame, the correspondent
robot pose is fully determined byT rf

ro , T rt
rf , T re

rs and T rw
rs , whererf , rt , rs, re, rw

are the equivalent robot links.
The speci�c relations between the translational and rotational components

are strictly related to TIAGo's geometry structure, as for example the individual
links' length with respect to human's arm. Moreover, we can see that in this
case robot's torso frame is equivalent to that of the shoulder, as the particular
morphology of this version of TIAGo robot presents one only arm placed as in
�gure.
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Figure 2.8: Mapping for an equivalent pose between a human model and the
TIAGo robot, Arduengo et al. (2019).

In the end, considering the equivalence relations just presented, they propose
the following task hierarchy to control the robot:

1. Joint limit avoidance.

2. Self-collision avoidance.

3. Torso position control.

4. End-e�ector pose admittance control.

5. Elbow pose control.

Such hierarchy allows to obtain correct end e�ector goal tracking and arm
posture imitation while still granting high priority to safety aspects. As we can
deduce, such solution is highly robot-dependent and could be hardly deployed on
a di�erent system with di�erent geometric structures.

The study of Hirschmanneret al. (2019) is particularly interesting since it
extracts human hands' motion with theLeap Motion controller , (see �gure
2.4), but instead of using such information to control Pepper's end e�ector in the
cartesian space, they process it to compute directly robot'sjoint angles . Here
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in fact, di�erently from the cases of the previous chapter, there is not an inverse
kinematic computation performed by the robot based on its geometry, but rather
a simpli�ed algorithm is performed on the human geometric model . From
Leap Motion in fact, they are able to capture the direction vectors of the user's
forearm and upper arm, in addition to those of the hand, as shown in the following
�gure 2.9.

Figure 2.9: Coordinate frames on the user side with the positions and directions
captured by Leap Motion sensor, Hirschmanneret al. (2019).

These data are then used to compute the robot'sshoulder , elbow and wrist
joint angles, obtaining adirect joint mapping between the operator and Pep-
per. Such a method breaks down the inverse kinematic problem into simpler
equations that can besolved analytically with trigonometry. In detail, to ob-
tain the robot's joint angles, they extract the direction vector of each joint of
the kinematic chain from the Leap Motion, then, they transform it to the as-
sociated coordinate frame through translational and/or rotational matrices and,
eventually, they use the \atan2" to calculate the values.

In general these solutions allow toovercame the redundancy issue of
cartesian-based methods, therefore increasing theintuitiveness of the manip-
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ulation and the immersion of the operator, who recognizes better robot's mo-
tions with those performed. Yet their main disadvantage is that they are strongly
robot-dependent , so the same control method could not be deployed on dif-
ferent robots easily. In addition to that they don't ensure a reduction of the
computational complexity with respect to the alternatives based on inverse
kinematics computation, as they involve solving thecorrespondence problem
which depends on the robot's morphology and that may not be trivial.

2.3 Human Teleperception

The �nal fundamental part in a telerobotic architecture is the one that, based
on robot's sensors, allows to send back to the user some perception about the
on-going teleoperation, (i.e.teleperception ). In fact, to e�ectively control the
robot, the user should make proper decisions and motions, and receiving various
feedback from the remote environment could increase his performances.

According to the task requirements and to the robot's sensors, the remote sys-
tem can provide multiple types of information, among which the most important
are certainly the haptic/force feedback andvisual feedback. The �rst ones
comes extremely useful for precision tasks such as in the medical and surgical
�elds. They allow a major control of the robot and of the remote environment,
but they require advanced technology, which may not be a�ordable for common
applications or that might be too speci�c and hardly compatible with other tech-
nologies. Some examples are the usage of sophisticatedexoskeletons to provide
force feedback (Ishiguroet al. (2020)), or speci�c haptic tools as theSensAble
Omni haptic device (Juet al. (2014)). For telemanipulation tasks these feedback
may come very useful to improve the performances and more in general user's
experience, even if they are not strictly indispensable.

On the contrary, the type of perception that must necessarily be present in
a teleoperation architecture is that ofvisual feedback . If you could not see
the robot and the environment it is in, it would obviously be impossible to con-
trol the system remotely . For this reason, researchers have proposed innovative
strategies that overcome the use of simple interfaces, such as computer screens,
to convey visual information about the remote environment to the user.Virtual
reality technology represents one of the main approaches currently adopted in
this context, as it enables a superior user experience and a unique level of im-
mersion. It can be implemented in several ways, thus, the following section will
explore some interesting examples of how VR devices have been used di�erently
in literature for this purpose.
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