
Chapter 7

Immersive Interfaces for High-level
Teleoperation

“The mind that opens to a new idea never returns to its original size.”

- Albert Einstein

This chapter addresses victim assistance using quadrupedal robots equipped with
medical equipment or communication systems, enhancing their capabilities
through manipulation systems. Furthermore, it delves into the remote

teleoperation of these robots through immersive interfaces, demonstrating how an
operator from a secure location can effectively control a complex robotic system
using gestures and virtual representations of the robots in the field, thereby

enhancing the efficiency and safety of rescue operations.

Scientific publications related to this chapter [1, 2, 3, 4].
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Chapter 7. Immersive Interfaces for High-level Teleoperation

Preamble

The final chapter of this doctoral thesis focuses on addressing advanced methods for high-
level teleoperation of quadrupedal robots in post-disaster scenarios. Up to this point,
methods for managing their mobility through joysticks—where the operator has a di-
rect line of view or through a screen using transmitted images and autonomous systems
have been discussed. However, given the inherently complex and dynamic nature of a
post-disaster environment, it is essential to have a high-level control method that enables
executing operations requiring a high degree of precision.

Specifically, two recurring situations in Search and Rescue (SAR) missions have been ad-
dressed. On the one hand, the assisted guidance of the quadrupedal robot through the
environment, and on the other hand, the second scenario involves manipulating elements.
In the latter’s case, a study, design, and implementation of a manipulation system inte-
grated with the quadrupedal robot has been performed.

A study of immersive interfaces based on Virtual Reality (VR) and Mixed Reality (MR)
has been conducted to address managing these situations. This study aims to provide
the operator with technological tools that enable direct and indirect immersion into the
scenario—via VR headsets (HTC Vive) and MR devices (Hololens). The operator can
conduct missions by guiding the robot in the environment or manipulating interesting
objects through gestures.

Exploring Digital Worlds: Mixed and Virtual Reality.

Figure 7.1 illustrates the inflexion point between the transition from the real world to
virtual environments. It aims to provide an applied perspective to the search and rescue
research theme, taking one of the test environments as a reference, such as the real en-
vironment (RE). The second instance corresponds to mixed reality, characterized by the
interaction of the RE with virtual objects through reference systems and adjacent surfaces
(such as walls or floors).

Figure 7.1: General context of real and virtual environments.

In the provided exemplification, the superimposition of a virtual legged-manipulator
robot in the real environment is shown for a manipulation task. One of the significant
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advantages of MR is that the user can recreate, anticipate, and program a sequence of
manipulation, categorizing and correcting possible failures, as they are aware of the envi-
ronment from their perspective.

On the other hand, virtual environments (VE) immerse the operator entirely in a recreated
or reconstructed world. To generate situational awareness of what is happening in the
VE, feedback from the environment in any form is necessary. This may include visual
feedback through cameras and screens integrated into the VE and the interpretation of
hand movements and gestures through sensors in the VR headset.

Both MR and VR have pros and cons that can be selectively chosen for teleoperation based
on the specific situation. Among the most notable and qualitatively categorized aspects,
specific criteria applicable to Search and Rescue (SAR) can be established, as shown in
the following Table 7.1:

Table 7.1: Qualitative Consideration Criteria for MR-VR in SAR [253].

Item MR VR

situational awareness of the
environment

High
Medium

(depends of feedback)
operation from security zone Low High
visibility perspectives High Low
precision in decision-making High Medium

One of the objectives of this chapter is to assess the effectiveness of this high-level teleop-
eration method in mission execution, compare it to conventional interfaces, and evaluate
its impact on operators through specialized tests aimed at analyzing variables such as con-
fidence levels, perceived user experience, method versatility, and other relevant factors.

This chapter is structured as follows: firstly, the MR-based method for assisted environ-
mental guidance is discussed. Afterwards, the legged manipulation systems followed by
their control through VR-MR are addressed. Finally, a comparative analysis between both
methods is conducted.
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7.1 Quadruped Robot Guidance using Mixed Reality

This subsection introduces the concept of assisted guidance for a quadrupedal robot
through an environment utilizing Mixed Reality (MR-RAS) –Mixed-Reality for Robotic
Assistance–, capitalizing on the heightened situational awareness engendered by this im-
mersive technology. This innovative methodology showcases the potential for enhanced
robotic locomotion and highlights the convergence of state-of-the-art robotic systems with
the dynamic opportunities presented by immersive MR technologies.

This section is motivated by the applicability of the guided system for assisting victims and
gathering environmental information at specific locations. In this way, ARTU-R has been
equipped with additional instrumentation in both medical and communication domains
(Figure 7.2), as depicted in Table 7.2. According to their judgment, the operator guides the
robot through points considered of interest, enabling victims to access the communication
or medical equipment anchored to the robot.

Figure 7.2: ARTU-R robot equipped with an array of sensory, communication, and medical
instrumentation

Table 7.2: The sensory and medical equipment integrated into ARTU-R.

Num Component Description

1 Robotic Unitree A1 Quadruped legged Robot
2 RPLidar S1 ToF 360◦ distance sensor
3 Thermal Camera O-PI640 640x480px [–20 2000] ◦C
4 RealSense D435i RGB-D 1920×1080px
5 First-aid kit Medical equipment
6 Radio voice intercom Communications equipment

7.1.1 Mixed Reality System

Interaction of Reference Systems

Referential Systems (R-S) determine the spatial orientation and location of elements in-
volved in experimental setups. These systems facilitate physical and virtual interactions.
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The physical R-S is established within the framework of ARTU-R and Hololens. In con-
trast, virtual R-S comprises world-referenced positions strategically positioned within the
environment. These positions include the initial location of the Leader at the commence-
ment of the task and Holograms or interactive hand points (waypoints). The Leader
deploys these virtual elements in designated zones of interest by utilizing hand gesture
recognition [59].

Figure 7.3: Variables and Coordinate Reference Systems in the Context of the World-
Robot-Leader Interaction.

Figure 7.3 illustrates distinct physical and virtual referential systems within a specific
region of the test scenario. Both the Hololens and ARTU-R systems are anchored to the
World reference. The Leader uses Target Holograms to direct the robot towards a target
point. Additionally, Figure 7.3 showcases the δ and α variables, representing the distance
and angle measured from the robot’s front to the Leader. Determining the referential
positions of targets (T) and the robot (R) concerning the world (W) involves a conversion
process between translation and rotation matrices, as described by equations 7.1 and 7.2.

W
T T =W

H T.HT T (7.1)

W
R T =W

H T.HRT (7.2)

MR Control Inferface

The R-M interface has been implemented utilizing Unity. It employs a set of elements for
the user interaction, such as buttons, sliders, and checkboxes, to construct the mission
stages, as shown in Figure 7.4; specifically, it contains these elements:

• START Checkbox: This checkbox initiates robot movement.

• Leader Tracking/Victim Assistance Toggle: offers a choice between two opera-
tional modes for the robot. In the first mode, the robot can track the first-responder
and relocate within the environment if necessary.
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• Unitree Speed Adjust Slider: is employed to adjust the overall speed of the
robot finely.

• Thermal Vision/RGB Vision Button: enables the seamless switch between
different vision systems. The image displayed in the upper right corner serves as an
indicator of the presence of victims within the field of view.

• New Victim Button: If the operator intends to add another inspection point, this
button generates a new cone that can be placed in the desired area to visit.

• Data>>ROS Button: facilitates data transmission to the central system, which
in turn uses it for path generation based on the various goals represented by the
cones.

(a) View of the Interface from a First-Person Perspective. (b) Manual Gesture-Based Way-Point Assign-
ment.

Figure 7.4: Implementation of a Mixed Reality Interface for Enhancing SAR Task Support.

Figure 4(a) provides a first-person perspective from the Hololens, showing the surrounding
environment overlaid with an interactive interface. In the upper-right corner, an inset
displays the RGB environment image featuring a detected victim highlighted by a red
rectangle. This information could be used to suggest to the operator to guide the robot
toward this region to collect additional information or assist the victim.

In contrast, Figure 4(b) showcases the process of inserting virtual cones into the envi-
ronment, each numbered to indicate the sequence for the robot’s navigation. Precision
placement of these virtual markers is achieved through recognizing thumb and index fin-
ger gestures, seamlessly integrated within the Hololens. The depth of the environment
is accurately mapped through the utilization of the glasses’ integrated depth camera.
Furthermore, the image presents a detected victim within the upper right box using the
thermal method described in Section 5.2.

Interconnection between Subsystems

An extensive system has been developed to manage various variables and subsystems at
high and low levels. These subsystems are grouped into two categories based primarily on
their operating systems: one operates within the ROS Melodic-Ubuntu-18.04 environment,
and the other is in the Unity-Windows environment. These subsystems’ integration and
communication have been achieved through a 5G network, as depicted in Figure 7.5. In
the first group, an MSI i7-10th generation computer (Ubuntu) is the command station,
while the ARTU-R robot is equipped with an onboard Nvidia Jetson Xavier-NX.
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The second group relies on another computer (Windows) with an i7-7th generation proces-
sor, functioning in the command station and wirelessly connected to the Hololens glasses.
The Jetson Xavier board control the robot’s movements, encompassing linear and angu-
lar speeds, low-level control of the robot’s actuators, sensory data acquisition (including
Thermal and RGB Images), and environment mapping.

Figure 7.5: Diagram Illustrating the Interconnections Between Subsystems, Depicting
Various Input-Output Variables and Their Linkages Between Windows (Unity) - Ubuntu
(ROS).

The Hololens glasses receive image data and position variables transmitted from the
robot in the /geometry msgs/Pose format, as highlighted in orange in Figure 7.5. Con-
currently, a published topic set is integral to the system’s functionality. Notably, the
Topic /Leader assistance topic acts as a switch, enabling the selection between two crit-
ical operational modes: Leader-Tracking and victim assistance. Additionally, the Topic
/V irtual way points channel facilitates the communication of interactive handle point
positions to the scheduler, thus aiding in victim assistance.

The command station serves as a pivotal hub, receiving data from both the robot in the
field and the Mixed Reality system. A suite of Mixed Reality Toolkit packages enables
the Hololens glasses’ Mixed Reality functionality. Additionally, a remote device holo-
graphic emulation tool is utilized in Unity, operating at 99999 kbps to ensure seamless
communication and real-time responsiveness.

7.1.2 Guidance Algorithms and Experiments

The leader in charge considers not only their judgment but also the information derived
from RGB and thermal images when placing various points (virtual cones) in the environ-
ment using hand gestures. These cones are positioned in zones of interest where potential
victims might be located.

Even though these areas may be in proximity, they could present significant risks to
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first-responders, such as structural collapse, electrical hazards, or potential gas leaks.
Therefore, in such scenarios, it is often safer and more prudent to dispatch the robot to
collect additional information, minimizing the risks to human first-responders.

Algorithm 9 provides a comprehensive pseudo-code representation of the implemented
guidance system. Its primary objective is to navigate the robot towards designated points
of interest while ensuring a collision-free path. This path is generated by a global scheduler
employing the Rapidly-Exploring Random Trees (RRT) algorithm. The planner considers
factors such as the cost map derived from previous robot movements, the systematic
storage of various points of interest, and the robot’s current position.

Algorithm 9: M-R Robotic Guidance

Data:;
map⇐ Global costmap;
P [n]⇐ Virtual Way-Points size [n];
imRGB, imTH ⇐ RGB and Thermal image size [nxm];
[switch, start, nvict]⇐ M-R System Variables;
Rpose ⇐ Robot pose;
Initial Conditions;
nvict ⇐ 0 Number of Victims;
P [n]⇐ P [x[1...n], y[1...n]];

Result [vl, vα];
if Class Detected in imTH or imRGB is victim then

Hololens← suggest victim;
end
if Leader press New Victim then

M −R Interface← new cone and nvict ++;
end
while current vict <= nvict and switch is Start do

if map not None then
Find free collition path (RRT Path planner);
Q[x[n], y[n]]← from Rpose to P [n] in map;

[vl, vα]← V el Ctrl(Rpose, Q[x[n], y[n]]);

Publish [vl, vα];

end
if error(Rpose, Q[x[n], y[n]]) < safe zone then

wait[10s] for data capture/assistance;
current victim+ = 1;
n← current victim;

end

end

To ensure the safe execution of the application, the robot’s speed has been deliberately
restricted to 0.5 m/s for linear motion and 0.9 radians per second for angular motion
despite its maximum capabilities of approximately three m/s. This limitation is enforced
to minimize oscillations, essential in scenarios where collecting visual data is a primary
objective.
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7.1.3 Results and Discussion

Assessment of Victim Assistance and MR Guidance.

Figure 7.6-a displays the outcomes of an indoor test, depicting various robot positions
within different scenarios. The optimal trajectory is highlighted in blue. The test en-
vironment contains four victims, marked in red, comprising one real person and three
mannequins. Five operators conducted these tests, each with ten repetitions, to thor-
oughly assess the system’s performance.

(a) Assisting a Victim in the Test Environment: The figure provides a representative illus-
tration of the robot’s trajectory at four distinct points within the environment.

(b) Traversal across Sandy Ter-
rain Through Five Designated
Points.

(c) Traversal across Gravel Ter-
rain Through Five Designated
Points.

(d) Traversal across Grass Ter-
rain Through Five Designated
Points.

Figure 7.6: Test performed for guidance using the MR method.

In this experiment, four distinct inspection points (Points 1, 2, 3, and 4) were defined
within a post-disaster simulation. The environment featured three mannequins partially
concealed by debris (Points 1, 3, and 4) and a seated person with minor injuries and acute
pain (Point 2). The mission strategy involved:

• Approaching each point to within an average distance of one meter.

• Pausing for ten seconds to gather and transmit visual information.

• Subsequently, moving on to the next designated point.

In the case involving Point 2, the mission allowed enough time for the victim to retrieve
the first aid kit. The overall mission efficiency exceeded 94%, calculated according to
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Equation 2, by comparing the robot’s final positions at the four designated points to the
destinations provided by the Leader through the Mixed Reality system. Additionally, the
mission had an average completion time of approximately 78 seconds, with ten repetitions.

eff =
distobj −

∑n
i=1(dist[P(xn[goal];yn[goal]);P(xn[pose];yn[pose])])

n ∗ distobj
∗ 100% (7.3)

Figures 7.6-b-c-d showcase outdoor tests evaluating interactive waypoint definition in dif-
ferent zones, where the robot navigates to waypoints [1-5] following optimal trajectories
in blue without stopping at each point.

In the outdoor tests depicted in Figure 7.6-b, the sandy terrain yielded an optimal aver-
age displacement speed of 0.4 m/s, with an effectiveness of 95%, and an average mission
completion time of 21 seconds. Similarly, Figure 7.6-c showcases the robot’s performance
on gravel terrain with light debris, achieving an effectiveness exceeding 92% and an ap-
proximate mission completion time of 25 seconds. Lastly, Figure 7.6-d illustrates tests
conducted on terrain with an approximate 30-degree slope, demonstrating a performance
surpassing 93% and an average mission completion time of 29 seconds.

Table 7.3 presents the average values of the measured variables obtained from the con-
ducted tests, both indoors and outdoors. These parameters include time and distance
travelled, the count of waypoints utilized, and the overall efficiency achieved in each sce-
nario.

Table 7.3: Results and metrics obtained from the tests guided by Mixed Reality.

Indoors Outdoors
Reconstr. Env. Sand Gravel Grass

Average time 78 s 21 s 25 s 29 s
eff 94% 92% 91% 93%

Number of Tests 10 10 10 10
Traveled Distance 16.3 m 18.6 m 8.9 m 19.5 m
Num of Average

way-points
4 5 5 5

System versatility and efficiency

The effectiveness of MR-RAS (as depicted in Figure 7.7-a) has been systematically as-
sessed by conducting a comparative analysis with conventional interfaces, exemplified by
those reliant on RVIZ (as illustrated in Figure 7.7-b). Such RVIZ-based interfaces are
frequently employed within the context of ROS to facilitate the display of images and
different variables. These interfaces find common usage in scenarios where the opera-
tor operates remotely, engaging in monitoring and decision-making activities during the
execution of missions through a dedicated monitor.

Notably, these conventional interfaces offer comparable functionality to the proposed
method, thereby enabling actions such as remote image monitoring and high-level quadruped
robot management.
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In Figure 7.8, a representation of various metrics of both interfaces is presented. After
employing both interfaces during the mission, these metrics were derived from surveys ad-
ministered to operators. A subset of these metrics has been applied following the NASA-
TLX workload questionnaire, a tool commonly employed within robotic missions (as
referenced in [114]).

(a) View of the Mixed-Reality Interface
Displaying Thermal Imaging and Robot
Destination Points.

(b) Conventional RVIZ interface display-
ing the images and map associated with
the mission.

Figure 7.7: A Comparative Analysis of Conventional and Immersive Interfaces Employed.

The primary findings from the study reveal a significant enhancement in the Leader’s
experience throughout the mission execution. To reach these results, the Leader used
both Conventional and MR-RAS interfaces and executed the mission multiple times under
identical conditions, ensuring precise quantification of the controlled variables.

(a) Box Plot Analysis to Assess
the Inmersive Experience.

(b) Box Plot Analysis to Assess
the System’s Versatility.

(c) Box Plot Analysis to Assess
the Average Time.

(d) System Efficiency Curve in Relation to
Task Complexity.

Figure 7.8: Evaluation of MR Interface in Comparison to Conventional Interfaces for the
Enhancement of Search and Rescue Task Capabilities.

The first test results, shown in Figure 7.8-a, illustrate the outcomes related to the im-
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mersive experience observed during mission development. The graph comprises red boxes
representing MR-RAS and green boxes representing the Conventional interface. The MR-
RAS method surpasses the Conventional interface by a significant margin of 48%. This
metric signifies that using the Mixed Reality system enables the Leader to engage more
effectively with the environment. This improvement is facilitated through manipulating
holographic objects and visualising variables in a mixed reality context throughout the
mission.

The second evaluation shown in Figure 7.8-b presents an analysis of parameters related
to equipment portability and time optimization during the execution of various indoor
and outdoor processes where the mission was conducted. MR-RAS exhibits an average
improvement of 20%, a noteworthy enhancement that is especially valuable for expediting
mission execution and facilitating fast decision-making actions.

The third Figure 7.8-c displays the average time necessary for the operator to complete
various missions using both interfaces. A noticeable improvement in efficiency, with an
average time reduction of 25 seconds, can be observed when employing the Mixed Reality
interface. The tests showed that the leader could make decisions more swiftly due to the
increased confidence derived from direct interaction with the physical environment.

The final metric evaluated was related to task complexity, as depicted in Figure 7.8-
d. These tasks span a range of complexities, encompassing straightforward actions like
switching between RGB and Thermal vision modes, as well as tasks of higher intricacy,
such as precisely positioning iterative handle points in areas requiring a high degree of
precision, ensuring the robot’s movements maintain a security margin when aiding victims.

Both interfaces demonstrated high efficiency when it came to executing straightforward
tasks. Nevertheless, as tasks increased in complexity, the Mixed Reality method exhibited
a significantly higher efficiency, surpassing conventional interfaces by 21%. The video
https://youtu.be/ZvhywpQzmOE shows a detailed demonstration of the results of the
presented method.

7.1.4 Comparisson Against Works in the State-of-the-art

This Section provides a comparative analysis of the most significant works in the context
of the proposed method. Table 7.4 enumerates the relevant works associated with the MR-
guidance method introduced. Seven key aspects of the proposed method are considered
in this comparative assessment. Each entry in the state-of-the-art table is annotated with
an ’X’ if it satisfies the specified criterion.

Following the specified analysis criteria, Table 7.4 demonstrates that a significant part of
research in robot control using mixed reality technology lacks several essential components
crucial for successfully executing applications in exploration missions.

The absence of both RGB and thermal image transmission represents a noticeable gap
in these works, especially given the invaluable nature of this information for operators
engaged in inspection missions.

Furthermore, the need for incorporating a multi-waypoint system is noteworthy. Such a
system is essential for expanding mission objectives across diverse target areas, enhancing
the versatility and adaptability of the robotic system.
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Table 7.4: Comparison of the works related to the proposed method.
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[176] X W
[103] X X W
[171] X W
[232] X M X
[305] X W X
[225] X W X
[177] X M X
[143] X W X
[197] X W
[306] X W
[161] X X W
[224] X W X
[167] X X M X

Proposed method X X X X Q X X

Lastly, it is worth highlighting that related state-of-the-art works often fail to conduct
comparative assessments against conventional interfaces, like mouse, screen, and keyboard.
This omission is particularly pertinent as it serves as a fundamental criterion for validating
the efficacy of immersive technology in these specialized contexts.

7.1.5 Conclusion

The application of mixed reality systems in field robotics missions has proven markedly
efficient, serving as a compelling alternative to conventional interfaces. These systems
offer an immersive experience to first-responders, facilitating mission monitoring and the
control of complex robotic systems from closer zones.

The proposed method demonstrates an average efficiency improvement of 21% over con-
ventional interfaces when applied to complex high-level control tasks. Additionally, it
optimizes time management and mission stage allocation by 26%.

The integration of RGB and Thermal imaging, coupled with Convolutional Neural Net-
works (CNN), exhibits impressive efficiency in victim detection. This capability proves
invaluable to first-responders, particularly in scenarios involving obscured victims or chal-
lenging lighting conditions.

Furthermore, MR-RAS’s high-level guidance strategies show remarkable versatility, in-
cluding interactive handle points for defining areas of interest during inspection or victim
assistance by the quadruped robot. This versatility is evident in tests conducted on various
terrains.
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7.2 Legged-Manipulator robots

Following the establishment of an initial approach and strategic framework for facilitating
the assisted movement of quadruped robots within disaster-stricken areas, with a primary
focus on aiding victims and collecting important data as outlined in Section 7.1, our over-
arching objective is to enhance the research scope. This enhancement involves integrating
a manipulation system to perform supplementary tasks directly on-site.

The expanded scope encompasses the robot’s ability to assist and incorporates the ca-
pacity for on-the-spot execution of a set of tasks. Integrating this manipulation system
enhances the robotic platform’s overall versatility and utility. This section provides a
comprehensive overview of the legged-manipulator robot’s development. It begins with
the initial phases of design and workspace calculation, where meticulous planning and
engineering considerations are considered to ensure the robot’s optimal functionality and
range of motion.

Following this design phase, the robot’s capabilities are rigorously tested and validated in
a simulated ROS-Gazebo environment. This simulation phase serves as a step in refining
the robot’s performance and identifying potential issues or limitations before transitioning
to real-world implementation. The culmination of this process involves implementing the
robot into a cutting-edge hardware-software (HW-SW) system.

7.2.1 Kinematic Modelling

The legged mobile manipulator’s model can be defined as a floating base denoted as B,
to which limbs are affixed [175]. The fixed reference systems for the quadruped and the
manipulator robots are shown in green and red in Figure 7.9-a.

(a) Assembling the legged-manipulator
robot along with the reference systems.

(b) Reference systemB in green for the
quadruped and b in black for the arm.

Figure 7.9: Assembled legged-manipulator Robot and Its Corresponding Kinematic Rep-
resentation Using Matlab.

161



Christyan Mario Cruz Ulloa

In the case of the quadruped, this system is located on the back (B), while for the robotic
arm, the local system is fixed at the base, with the x-axis aligned with its counterpart on
the quadruped, showing it is in the direction of the assembly’s forward motion.

Direct Kinematic Model (DKM)

The main objective of the direct kinematics study is to understand the workspace of
the robotic assembly. In Section 4.1.1, the kinematic model of the quadruped robot
has previously been studied independently. This section aims to integrate the robotic
manipulator into its torso to define the optimal working areas.

The Denavit-Hartenberg (D-H) method is employed, utilizing a matrix transformation
for each joint in the robot arm. Each matrix corresponds to a reference system that may
not necessarily coincide in space with the joint itself. This method involves deriving D -
H parameters, which indicate the base changes followed from the robot’s fixed reference
system to its considered end-effector. Furthermore, these parameters prove particularly
valuable for toolboxes used in the Matlab environment, as explained in the upcoming
Section 7.2.2.

The values of the link lengths of the manipulator are recorded in Table 7.5. The D -
H parameters obtained for the arm are displayed in Table 7.6. Values calculated from
equations 7.4 are useful for working with an idealized system that does not have an elbow-
like geometry between joints 2 and 3 (refer to Figure 7.10).

Table 7.5: Values of the lengths of the bars of the wx250s in millimetres.

L1 L21 L22 L3 L4 L5 L6

104.43 250 50 171.8 78.2 65 66

Figure 7.10: D-H Systems for the Manipulator. Fixed System in Red.

arc = atan(L22/L21)

d = sqrt(L212 + L222)
(7.4)
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Table 7.6: Denavit-Hartenberg parameters of the 6DOF manipulator.

Theta(deg) d(mm) a(mm) Alpha(rad)

q1 L1 0 π/2
π/2− arc+ q2 0 d 0

arc+ q3 0 0 π/2
q4 L3 + L4 0 −π/2
q5 0 200 π/2
q6 L5 + L6 0 0

Based on the D-H parameter in Table7.6, 4x4 displacement matrices A are constructed,
which are, in turn, homogeneous transformation matrices. As can be observed, the table
contains variables qi corresponding to the angle associated with each degree of freedom i.
The process begins with 0A1, representing the transformation from the fixed system 0 to
system 1, and proceeds one by one for each reference system, corresponding to each row
in the table: 1A2,

2A3, and so forth. Finally, when all the matrices iAj are obtained, they
are multiplied to get T (equation 7.5), which represents the positioning of the robot’s end
effector relative to the fixed base 0.

T =0 A1 ·1 A2 ·2 A3 ·3 A4 ·4 A5 ·5 A6
(7.5)

From Equation 7.5, the obtained matrix expression, its last column corresponds to the
position vector (x,y,z) in the associated reference frame. In the case of T, this corresponds
to the robot’s end effector. This is how the equations 7.6 that provide the coordinates
based on the values of the degrees of freedom angles are derived.

x =50cos(q1)cos(q2)− 250cos(q1)sin(q2) + 131cos(q1)cos(q2)cos(q3)cos(q5)+

250cos(q1)cos(q2)cos(q3)− 250cos(q1)sin(q2)sin(q3) + 131sin(q1)sin(q4)sin(q5)

− 131cos(q1)cos(q5)sin(q2)sin(q3)− 131cos(q1)cos(q2)cos(q4)sin(q3)sin(q5)−
131cos(q1)cos(q3)cos(q4)sin(q2)sin(q5)

y =50cos(q2)sin(q1)− 250sin(q1)sin(q2)− 250sin(q1)sin(q2)sin(q3)+

250cos(q2)cos(q3)sin(q1)− 131cos(q1)sin(q4)sin(q5)+

131cos(q2)cos(q3)cos(q5)sin(q1)− 131cos(q5)sin(q1)sin(q2)sin(q3)−
131cos(q2)cos(q4)sin(q1)sin(q3)sin(q5)− 131cos(q3)cos(q4)sin(q1)sin(q2)sin(q5)

z =250cos(q2) + 50sin(q2) + 250cos(q2)sin(q3) + 250cos(q3)sin(q2)+

131cos(q2)cos(q5)sin(q3) + 131cos(q3)cos(q5)sin(q2)

+ 131cos(q2)cos(q3)cos(q4)sin(q5)− 131cos(q4)sin(q2)sin(q3)sin(q5) + 104.43

(7.6)

Once the equations relating the manipulator’s end effector (Equation 7.6) and the legs
(Section 4.1.1) concerning the robot’s body have been obtained, it becomes feasible to
construct the workspace associated with the kinematic chain encompassing the entire
robotic system, this entails systematically varying the distinct degrees of freedom while
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considering the diverse linkages in both the quadruped and the manipulator. The following
Section 7.2.2 provides a detailed description of this process.

Inverse Kinematic Model (IKM)

The inverse kinematic model has been independently developed for both the arm and the
quadruped (as detailed in Section 4.1.1) due to their straightforward integrability using a
transformation matrix for the arm’s base system. It is important to emphasize that the
arm and the quadruped are operated as distinct entities for teleoperation purposes in the
next section.

Multiple methodologies have been employed to obtain the Inverse Kinematic Model (IKM).
Kinematic decoupling has been utilized for the robotic arm, analyzing it as two inde-
pendent problems. This approach takes advantage of the fact that the robotic arm model
conforms to the characteristics of kinematic chains where a point (referred to as the wrist
of the chain) remains invariant when modifying the last degrees of freedom. Consequently,
the preceding joints position this wrist point, while the subsequent joints do not affect its
position.

From a geometric perspective, This wrist point is located at the intersection of the ro-
tational axes associated with the final degrees of freedom (q4, q5, q6, as seen in Figure
7.11). This property allows for the independent analysis of the degrees of freedom before
and after the wrist point, with the understanding that the end-effector and the wrist are
separated by a known distance in the direction of the gripper’s approach, as illustrated in
Figure 7.11.

Figure 7.11: Location of the independent decoupling point of q4, q5 and q6.

The 6-DoF manipulator’s arm is divided into its first three DoFs, which position the
wrist, and the last three DoFs, which orient the gripper. The methodology employed
for joints 1, 2, and 3 involves a geometric analysis. Using the obtained values, joints
4, 5, and 6 are analyzed through the expressions derived from multiplying the rotation
matrices associated with the rotations from the wrist to the robot’s end effector, following
equation 7.7.
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3R6 =
3 R4 ·4 R5 ·5 R6 (7.7)

This approach is helpful because a displacement matrix 5A6, and therefore the rotation
submatrix, will never depend on joint values higher than j, allowing for expressions to be
easily derived as needed.

Regarding the quadruped, the legs are treated as kinematic chains with 3 DoF each (as
analyzed in Section 4.1.1). The methodology applied to the first three joints of the ma-
nipulator can be fully adapted to the limbs. The position of the body of ARTU-R is
entirely determined by the values obtained from the inverse model of each leg.

Following the kinematic decoupling method, Figure 7.12-a illustrates the placement of the
wrist point at the end of the extremity. Additionally, it provides a visualization of the
variables involved in deriving the inverse kinematic equations (following the geometric
method) for the first three degrees of freedom, q1, q2, and q3 (as shown in equation 7.8).

(a) Placement of the wrist point of q4, q5 and
q6.

(b) Subtraction from end-effector to wrist.
Negative in z6.

Figure 7.12: Matlab Representation of the Arm for Inverse Kinematics Definition.

q1 =atan(
y

x
)

q2 =atan(
z − L1

sqrt(x2 + y2)
) + atan(

sin(q3)L34

L2 + cos(q3)L34
)

q3 =acos(
x2 + y2 + (z − L1)2 − L22 − L342

2 · L2 · L34
)

(7.8)

Afterwards, the coordinates of the decoupling point are determined by knowing the co-
ordinates of the end effector, the dimensions of the connecting links, and the orientation
of the gripper. Simply subtracting the lengths of the links in the direction of the z-axis
(the direction of attack or operation) of the gripper is sufficient. This is illustrated in
Figure 7.12-b.

Based on the premise that the three final degrees of freedom are intended for gripper
orientation, the expression relating these parameters q4, q5, q6 (equation 7.9) is obtained
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from equation 7.10.

3RT
4 ·3 R6 =

4 R5 ·5 R6 (7.9)

0R3 ·3 R6 = T (1 : 3, 1 : 3) (7.10)

In the final step, q4, q5, and q6 were obtained using equation 7.11. On the right side
of the equation, the element (3,3) was a constant, while on the left side of the equation,
R34trans(3, 1 : 3) · R36(1 : 3, 3) depended only on q4. The equation was solved, and the
value of q4 was recorded. Using the previously acquired values, the same methodology
was applied to determine q5 and q6.

3RT
4 ·3 R6 =

4 R5 ·5 R6 (7.11)

As elucidated in this subsection, the direct and inverse kinematics are accessible within
the GitHub repository maintained by ROBCOB. In this repository, you will discover com-
prehensive resources related to these kinematic concepts. One noteworthy resource is the
interactive application designed for the legged-manipulator ensemble. This application
has been crafted using the Matlab programming environment and is a valuable tool for
visualizing the system’s workspace (that will be described in the following subsection). It
enables users to gain an intuitive understanding of how the robotic system’s end effector
moves within its operational envelope:

Legged-manipulator robot repository:

https://github.com/Robcib-GIT/legged-manipulator/tree/main

7.2.2 Definition of Articular Workspace

Based on the direct model, generating the workspace associated with the kinematic chain
is possible, achieving its visualization as a pointcloud (as shown in Figure 7.13). Each point
in space corresponds to one of the kinematically possible combinations when varying the
different joints. This is achieved through knowledge of the limit values of each degree of
freedom of the kinematic chain and creating an iterative and nested routine using Matlab.

The interface developed for visualization is shown in Figure 7.13-a. It comprises a graph-
ical representation that integrates the assembly and associated workspace parameters,
including ground clearance and manipulation area. It also incorporates an interactive
panel for independently adjusting the values of the 18 degrees of freedom (18gdl).

As depicted in Figure 7.13-a, the primary functionality involves inputting the desired
operating height for the robot. Subsequently, the system generates the corresponding
workspace based on this input.

The workspace of the wx250s is computed as manipulation operations are carried out
with the static quadruped. Therefore, a kinematic chain with 6 degrees of freedom is
used. The iteration step is set to a value of n = 0.35 rad, adequate to create a dense
pointcloud without exceeding the computational cost. With these data, it is possible to
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calculate the kinematically accessible points, resulting in a sphere truncated at its lower
pole due to self-collisions and the limits of joint rotations in the robot’s servomotors.

Subsequently, two additional constraints had been applied. First, the manufacturer rec-
ommended that the wx250s operate within 70% of its kinematically feasible range to avoid
singular points and undesirable torques. Second, for stability and operational reasons in
the future legged-manipulator system, the arm was required to operate predominantly on
the sides of the quadruped. For this purpose, an ellipsoid was defined with its longitudinal
semi-axis shorter than the others. The vertical semi-axis allowed for a maximum reach of
740mm, the transverse semi-axis reached the kinematic maximum of 636mm, while the
reduced semi-axis was set at 2/3 ∗ 636mm.

(a) A Matlab Interface Developed for Workspace Optimization: Depicting the Quadruped-
Manipulator Robot in a Lowered Height Configuration.

(b) Side View of the Model’s Workspace: The
Reference System is Positioned at the Torso’s
Center.

(c) Top View of the Model’s Workspace.

Figure 7.13: Matlab-Based Kinematic Model and Robotic Workspace Analysis.

Everything discussed is illustrated in Figures 7.13-b-c, two sections of the workspace (lat-
eral and top view are shown) of the isolated robotic arm, where different colours represent:

• Red: Kinematically accessible points.
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• Blue: Valid points while imposing the constraint that it mainly operates on the
sides of the future assembly.

• Green: Valid points while adhering to the manufacturer’s 70% of the red sphere
constraint. These points satisfy the previous constraint and are the ideal operation
points.

The kinematically reachable space had been stored in a variable PointCloudXY Z , which
had been analysed as a preliminary phase before executing a routine to verify when des-
tination points had been sent.

7.2.3 ROS Simulation and Planning

Before the implementation phase, a comprehensive simulation phase of the legged - manip-
ulator ensemble was executed. This phase served the dual purpose of verifying the overall
functionality of the ensemble and facilitating the seamless integration of planning packages.
Furthermore, it played a crucial role in the generation of collision-free trajectories.

The simulation phase involved subjecting the legged - manipulator ensemble to various
scenarios and operational conditions to evaluate its performance thoroughly. This process
not only ensured that all components of the ensemble functioned harmoniously but also
allowed for the refinement of planning algorithms.

Gazebo and RVIZ tools were employed as the visualization platforms for this simulation
stage. The ensemble was realized using the xacro language, seamlessly integrating the
quadruped robot (available in https://github.com/unitreerobotics/unitree_ros),
the robotic arm (available in https://github.com/Interbotix/interbotix_ros_arms),
end-effector tool, perception system (RGB-D camera) and the rigid coupling between
them. The TF - tree diagram in Figure 7.14 depicts a comprehensive structural descrip-
tion of all components integrated concerning the trunk(base).

With the assembled legged-manipulator set, the integration of theMoveIt Motion Plan-
ning Framework has been carried out to generate collision-free trajectories for the
robotic arm, utilizing specified target points and RRT-based algorithms. Figure 7.15-
a-b-c serves as an exemplification of the package’s functionality. In the initial scene, the
robot stands in a home position with the arm. The objective is to achieve the pose de-
picted in orange in the second scene, while the third scene exhibits the arm in its final
position. During the planning phase, the quadruped body is considered a collision element,
highlighted in red, to compute the trajectory.

Figure 7.15 corresponds to integrating the environment (as octomaps) through the RGB-D
perception system. This allows these elements to be considered part of the collision-free
trajectory generation process. It is utilized in a subsequent manipulation stage, where
Figure 7.15-f illustrates the withdrawal position of the object once it has been picked up
from the environment (Figure 7.15-e).
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Figure 7.14: TF - tree connection for ARTU-R legged-manipulator robot.

(a) Legged-Manipulator Robot
in Its Final Pose.

(b) Point-to-Point Destina-
tion Planning with MoveIt.

(c) Legged-Manipulator Robot
in Its Initial Pose.

(d) Perception system integrated
in simulation.

(e) Robot Approach for Object
Pickup in a Simulated Environ-
ment.

(f) Motion Planning for Object
Pickup.

Figure 7.15: Simulation and Motion Planning for Integrated Manipulator.
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7.3 Teleoperation of Legged-Manipulator Robots Using MR-VR

After establishing the legged-manipulator robot type and conceiving an initial strategy for
planning collision-free movements, certain deficiencies have become apparent in selecting
destination points using the conventional interface (RVIZ). These deficiencies primarily
stem from the conventional interface needing a more versatile perception of the surround-
ing environment. Consequently, significant complications emerge when determining desti-
nation points for manipulation tasks within a real-world setting.

In response to this challenge, and as discussed in Section 7.1, this section addresses im-
mersive technologies (MR-VR) as a high-level control method for teleoperating legged-
manipulator platforms. This exploration begins with the development of interfaces, the
management of hardware-software communication, and a series of experiments to assess
their significance in robot teleoperation, explicitly focusing on search and rescue opera-
tions.

7.3.1 Setup for Virtual and Mixed Reality

Interfaces for Virtual and Mixed Reality

The versatility of both immersive technologies has been evaluated using specific equipment
(described in Table 7.7). The hardware system includes the HTC-Vive (RV) glasses and
the Hololens2 (MR) glasses as integral components of human-robot interaction. The test
robot used in the evaluation is ARTU-R, equipped with a 6 DoF manipulator.

Table 7.7: Elements and robots used.

Number Component Description

1 Hololens 2 MR Classes
2 HTC-Vive VR Glasses
3 Unitree A1 Quadruped Robot
4 WX250S 6DoF Robot Arm
5 Leap-Motion Hands Detection Sensor
6 Wall-e Tracked robot with an RGB-D sensor
7 Command station Central Computer

The development of interfaces (Figure 7.16) has been conducted by leveraging Unity3D
software version 20.03, complemented by the integration of software packages such as Holo-
Toolkit for Mixed Reality system support, SteamVR for Virtual Reality system compat-
ibility, and the incorporation of RosBridge libraries to facilitate seamless communication
with robotic systems.

The design process for both interfaces started by incorporating the simulated ARTU-R
robot as a standard component. This deliberate choice ensures a unified user experience,
allowing operators to become familiar with the virtual elements consistently. As a result,
making meaningful comparisons under conditions that closely approximate one another in
terms of interface-related factors becomes possible.

In this approach, the virtual robot governs the target positions of the physical robot by
controlling its end effector. An interactive manipulation element (blue ball) has been
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(a) First-Person Perspective in a Mixed Reality
System: Assigning Destination Coordinates to the
Robot Manipulator from the Virtual Model.

(b) Implementing Robotic Arm Manipulation in a
Virtual Reality System with a First-Person Per-
spective.

Figure 7.16: Components and Interfaces Employed in the Teleoperation of the Robotic
System.

integrated into the system to facilitate this control. The operator can manipulate and
reposition this blue ball within the defined spatial constraints, which leads to the robotic
arm’s movement. These spatial manipulations are subject to the limitations imposed by
the robot’s kinematics and operational workspace.

In Figure 7.16-a, a first-person view was captured from the Hololens2 glasses within an
indoor environment. In this representation, the physical robot, depicted in black, and
its virtual recreation, superimposed in grey, are shown. Furthermore, virtual buttons for
executing actions (such as open/close gripper or arm poses) and environment elements.

The second interface created for this study is illustrated in Figure 7.16-b, which dis-
plays the operator’s perspective through the HTC-Vive glasses. This interface has been
meticulously designed to furnish the operator with a comprehensive array of tools for tele-
operation, including front screens for receiving visual feedback from the robotic systems.
The VR interface comprises several key elements:

A. ARTU-R First-Person View Screen: This screen gives the operator a first-person
perspective of the ARTU-R robot’s surroundings.

B. External View of Wall-e Robot Screen: Here, operators can access an external view
of the Wall-e robot, enhancing situational awareness from another perspective.

C. Virtual Model of ARTU-R: Within this component, a virtual representation of the
ARTU-R robot is depicted, complete with a manipulator featuring the aforemen-
tioned blue ball at the end-effector. The operator can manipulate this ball to convey
target positions to the real robot.

D. Virtual Hands: These virtual hands mirror the movements and actions of the op-
erator’s real hands, which are captured by the Leap Motion sensor affixed to the
HTC-Vive glasses.

E. Virtual Control Panel: This panel is a user interface for executing various actions,
such as controlling the gripper’s opening and closing, setting predefined positions
like “Home,” and more.
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Human-Robot Interaction Elements

The primary interaction systems involved in the teleoperation process are closely related
to the operator’s visual sense and motion actions, particularly the upper extremities.
The transducer connecting the real and virtual worlds relies on the hand motion capture
element, which replicates its virtual model, thereby enabling the manipulation of virtual
elements through actions in the physical world.

Figure 7.17 depicts the operator in different scenarios. In the first case, as shown in
Figure 7.17-a, a first-person perspective of the virtual model of the legged-manipulator
robot within the environment is presented, with the operator’s hand visible in the lower
left corner, extended to execute manipulation tasks. Hand gesture is captured by the
leap-motion sensor attached to the glasses.

Figure 7.17-b provides insight into the interaction between the operator’s hand and the
robotic arm’s end-effector. Through the overlay of the virtual model onto the real envi-
ronment, as illustrated in Figure 7.16-b, the operator’s hand can control the position of
the robot’s end-effector. In this case, the hand gesture is captured by the Hololens depth
camera.

(a) ARTU-R Robot and Operator with HTC-
vive Glasses in indoors.

(b) ARTU-R Robot and
Operator with Hololens 2
Glasses in Outdoors.

Figure 7.17: Operator Employing VR-MR Glasses and the ARTU-R legged-manipulator
Robot.

7.3.2 Connection Layout

Figure 7.18 provides an illustrative connection diagram showcasing the interrelationships
among different subsystems. This diagram serves to represent the distinct functional
groups involved in teleoperation at a macro level, organized into three primary categories:

The first group encompasses both types of glasses, HTC-Vive and Hololens, which fa-
cilitate human-robot interaction. An interconnected switch symbolizes the data exchange
between these devices for the teleoperation.

The second group is attributed to the command station, serving as the nexus that bridges
the VR-MR environments developed on Windows with the control signals directed towards
the robot. This pivotal role is fulfilled by a computer equipped with an MSI-Intel i7-10th
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operating on Windows 10 to support Unity 20.03.

The third group is dedicated to the robotic assembly, receiving position and speed com-
mands essential for executing movements. This segment is controlled by an Nvidia Jetson
Xavier-Nx card, running Ubuntu 18 alongside ROS Melodic.

Communication between the second and third groups is facilitated through RosBridge,
which enables the seamless bidirectional flow of information between the Windows-based
Unity environment and the Ubuntu-based ROS system.

Figure 7.18: Connection Layout for legged-manipulator robot teleoperation.

Action Control Loop

At the device control level, Figure 7.19 shows the block diagram utilized for controlling the
robotic assembly. This diagram categorizes distinct systems with color-coded blocks. Ref-
erential inputs, extracted from the virtual model, are sourced from the Hololens after the
operator moves to the virtual model. Different goal states are dispatched to collision-free
planners tasked with generating both the trajectory for displacement and the manipulative
arm movements.

For the quadruped robot, the variables denoting position and orientation encompass x,
y, and θ for both goal and current positions. The trajectory global planner derives a
discretized path (xi...n, yi...n) with n goal points. Simultaneously, the control decision
system computes the angular (eang) and distance (edist) errors between the current and
goal positions. Subsequently, angular (ω) and linear (v) velocities are transmitted to the
robot until the trajectory is completed.

Conversely, the control of the robotic arm follows a similar pattern. The Collision-Free
Planner receives current and target joint positions (θ1,...,θ6), along with the present state
of the quadruped robot. The planner calculates errors for each joint (eθ1,...,eθ1), which
serve as inputs for the controller. Finally, velocities (ω1,...,ω6) are dispatched to the robot.
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Figure 7.19: Structured Representation of the loop control for Robot Manipulator Tele-
operation via Mixed-Reality.

7.3.3 Evaluation Test and Events Evolution

The experiment procedures centred on a pick-and-place task for a first aid team, involving
the movement of the ARTU-R robot from point A to point B. This task was executed
using the RM-RV interfaces as the teleoperation tool for the robot. The testing process
comprised these pertinent stages:

1. Movement of the ARTU-R robot towards point A.

2. Manipulation of the robotic arm to grasp an object via the interface elements.

3. Displacement of the ARTU-R robot to a location near point B.

4. Placement of the object at point B.

Ten operators actively participated in the testing phase to ensure robust and reliable
results. Each operator repeated the task fifteen times using each interface, providing data
with high confidence. After conducting the tests, participants were asked to complete a
survey in which they assigned ratings, on a scale from 0 to 10, to various variables (as
described in the following section).

The group of participants had an average age of twenty-eight years. It consisted of male
and female individuals who possessed knowledge and experience with both immersive
interfaces and medium-sized robotic systems.

Figure 7.20 presents the dynamic progression of states and events throughout the perfor-
mance of the task traced for the experiments.

The graphical evolution, depicted in both red and black, initiates when ARTU-R is initially
positioned near the target object in Zone A and continues until the object has been
successfully placed in Zone B.

Within Figure7.20, two distinct plots are straightforward. The red plot, scaled against
the left vertical axis, illustrates the arm’s proximity to the first aid object. In contrast,
the black plot, scaled against the right vertical axis, tracks the robot’s cumulative travel
distance.
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Significant events about interface interactions are denoted in blue, including pivotal in-
stances such as the initiation of arm movement and the manipulation of the gripper’s
opening and closing actions. The time scale in this Figure7.20 corresponds to the average
duration required for these events across both interfaces.

Figure 7.20: Chronological progression of stages involved in performing the task of man-
aging and transporting an object.

7.3.4 Mixed and Virtual Reality Test Execution

The complete experiments conducted can be examined in detail by referring to the follow-
ing links:

• MR: https://www.youtube.com/watch?v=_uN22XUTWjo&t

• VR: https://www.youtube.com/watch?v=IkBJ9LsFV0w.

Figure 7.21 illustrates the sequence of events starting from manipulating the first aid kit,
its transportation, and delivery to the victims, utilizing the MR interface. This interface
can be observed from a first-person perspective in Figure 7.21-a, where the superimposition
of the virtual robot over the real one is visible. Additionally, the operator’s gesture for
relocating the blue sphere that controls the end effector on the real robot can be observed
[60].

In the second case (Figure 7.22), the collection stage of the first aid kit from an elevated
area (approximately 700 mm) in an outdoor scenario is depicted. In contrast to the
Mixed Reality (MR)-based interface, where the operator can directly perceive the entire
environment and the robot in a first-person view, here, several occlusions exist. Initially,
the front image captured by the robot becomes unusable for manipulation tasks due to
these occlusions. Therefore, external perception from a second robot (Wall-e) becomes
necessary. In this way, Figure 7.22-a displays the VR environment, the virtual robot in its
current position, the operator’s hand, and a screen in the background with the perspective
provided by Wall-e. ArUcos have been placed both on Artur’s body and manipulator arm
to provide visual signals, particularly for distance estimation during manipulation tasks.

175

https://www.youtube.com/watch?v=_uN22XUTWjo&t
https://www.youtube.com/watch?v=IkBJ9LsFV0w


Christyan Mario Cruz Ulloa

(a)

(b) (c) (d)

Figure 7.21: Manipulation tests for transporting objects (First kit aid), through MR (a)
First view person. (b) Close the griper and capture the object. (c) Object transportation
to the destination point. (d) Gripper opening to deposit the object.

(a)

(b) (c) (d)

Figure 7.22: Manipulation tests for transporting objects (First kit aid), through VR (a)
First pose for payload manipulation. (b) Robot set grabbing payload. (c) Transport pose
of the payload.
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7.4 Comparative Analysis MR vs VR

7.4.1 Metrics for evaluation

Two evaluation types have been conducted: one focusing on operator performance and the
other on interface performance. In the case of operator performance, variables related to
the user experience during mission execution were assessed using metrics derived from the
NASA-TLX workload questionnaire, a tool commonly employed in the context of robotic
missions [114]. Conversely, evaluating interface performance involves quantifying aspects
of their usage in percentage terms. The specific variables measured are detailed in Table
7.8.

Table 7.8: The variables used for analyzing both operator and interface performance are
as follows:

Operator Performance Variables Interface Incidence Variables

α Training evolution α′ Low latency
β User preference β′ Interaction with virtual objects
γ Safety feeling γ′ Autonomy
δ Confidence for decision-making δ′ Equipment weight
ϵ Inmersive experience ϵ′ Space requiered
θ Physical effort θ′ Covered field of vision
ϕ Frustration experienced ϕ′ Security for operator

The presented variables have been incorporated into the equations 7.12-7.13 formulated by
the authors to assess operator performance, quantify the outcomes, and facilitate compar-
ative analysis. Concurrently, the equations 7.14-7.15 proposed by the authors will be used
to evaluate the performance scores attributed to the VR and MR interfaces, respectively.
These diverse variables are denoted by sub-indexes 1 and 2, respectively, denoting their
association with VR and MR.

In equations 7.12 and 7.13, all coefficients are scaled within the range of 0 to 100, except
for α, which quantifies the number of training sessions required to attain a task execution
success rate exceeding 95%. Consequently, α is scaled by a factor of 10. As for the
frustration parameter, ϕ is quantified as the complementary value relative to 100.

Scoreop(V R) = β1 + γ1 + δ1 + ϵ1 + θ1 + (100− ϕ1)− α1 ∗ 10 (7.12)

Scoreop(MR) = β2 + γ2 + δ2 + ϵ2 + θ2 + (100− ϕ2)− α2 ∗ 10 (7.13)

Scoreint(V R) = α′1 + β′1 + γ′1 + δ′1 + ϵ′1 + θ′1 + ϕ′1 (7.14)

Scoreint(MR) = α′2 + β′2 + γ′2 + δ′2 + ϵ′2 + θ′2 + ϕ′2 (7.15)
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Analysis Proposed for Application in SAR Missions

In the preceding section, a general comparison of VR-MR interfaces was conducted. Never-
theless, assigning greater significance to variables directly impacting the operator’s perfor-
mance is necessary in scenarios demanding specificity, such as search and rescue operations.
As a result, variables such as δ (Confidence in Decision-Making), γ (Safety Perception),
and θ (Physical Exertion) experience an augmented weighting in percentage terms. Con-
versely, variables like α (Training Progression) do not substantially influence such cases.
In this context, we propose the introduction of new equations, denoted as 7.16 and 7.17,
tailored for assessing operator performance within teleoperation tasks in search and rescue
environments involving robotic systems.

ScoreSAR(V R) = β1 + 2 ∗ γ1 + 2 ∗ δ1 + ϵ1 + 1.5 ∗ θ1 + (100− ϕ1) (7.16)

ScoreSAR(MR) = β2 + 2 ∗ γ2 + 2 ∗ δ2 + ϵ2 + 1.5 ∗ θ2 + (100− ϕ2) (7.17)

7.4.2 Operator Evaluation

Figure 7.23 illustrates the training curve depicting the percentage of completed tasks versus
the number of attempts made by operators for both interface types. As anticipated, when
operators lack prior training, task completion does not reach 100%. However, as operators’
skills develop, this percentage notably increases. It is important to note that this growth is
not uniform across both cases. In the case of the VR interface, operators can achieve a task
success rate exceeding 95% within an average of seven attempts, based on experiments.
In contrast, achieving a similar level of proficiency with the MR interface requires a longer
training period, averaging approximately eleven attempts.

Figure 7.23: Analysis of the Progression of Task Completion Percentage concerning the
Number of Operator Training Sessions.

Figure 7.24 displays boxplots illustrating an extensive analysis of variables used to as-
sess operator performance during the legged-manipulator-type robot manipulation task.
Notably, users exhibit a pronounced preference for the VR-based interface, marking a
clear divergence from the MR alternative. This preference is primarily rooted in the im-
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mersive quality of the VR interface, which engenders a heightened sense of presence and
engagement among operators.

Furthermore, the reduced frustration experienced by operators while utilizing the VR in-
terface contributes to this preference. The immersive and intuitive design of the VR inter-
face seems to mitigate user frustration during task execution, a crucial factor in achieving
efficient and satisfactory performance. These findings emphasize immersive technologies’
pivotal role in enhancing operator satisfaction and performance in legged-manipulator-
type robot systems.

In both scenarios, the operators’ perceived level of effort and confidence in decision-making
are notably similar. However, a striking distinction arises when evaluating the sense
of security provided by the VR interface, which places the operator in a safe virtual
environment. This results in a substantial difference of approximately 44% compared to
the MR interface.

(a) User Preferences. (b) Safety Felling. (c) Confidence in Decision-
Making.

(d) Inmersive experience
preference

(e) Physical Effort Analysis. (f) Frustration Experienced.

Figure 7.24: Box Plots for Assessment of Operator Metrics in VR-MR Systems Through
Experimental Methods.

The results obtained from the analysis of equations 7.12 and 7.13 demonstrate that the
computed scores for operator performance are Scoreop(V R) = 450 and Scoreop(MR) =
245. These findings demonstrate that Virtual Reality-based interfaces outperform Mixed
Reality-based interfaces for teleoperating this legged-manipulator robotic platform.

Moreover, when examining equations 7.16 and 7.17 in a more specialized Search and
Rescue context, where the variables specifically address the preservation of the opera-
tor’s well-being during robot teleoperation in post-disaster scenarios, the findings reveal
ScoreSAR(V R) = 747.5 and ScoreSAR(MR) = 624.5 respectively. These outcomes un-
derscore the pivotal role of prioritizing key factors, such as operator safety and decision-
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making confidence, contributing to enhanced task performance with the VR-based inter-
face.

7.4.3 Evaluation of Interfaces

Figure 7.25 illustrates a radial diagram that analyses average values obtained for different
established criteria (α′, ..., ϕ′, shown in Table 7.8) for evaluating the interfaces. Notably,
the most significant criteria are those associated with non-in-situ operations, focusing on
autonomy.

Specifically, the HTC-Vive glasses, owing to their direct electrical connection, exhibit a
deficiency of usage limitations compared to the Hololens2 in terms of autonomy and re-
stricted operational space. Moreover, they offer enhanced operator security during remote
operations, which stands out. Conversely, latency and interaction with virtual objects
display relatively similar performance levels across both interface types.

Following the equations 7.14 and 7.15, which were specifically formulated to get a rela-
tionship between these variables, the following scores were obtained: Scoreint(V R) = 645
and Scoreint(MR) = 597. These numerical results provided a quantitative insight into the
performance of the respective virtual reality and mixed reality interfaces in the context of
robotic manipulation tasks.

Figure 7.25: Comparing Parameters for System Performance in VR-MR Systems.

Notably, these scores propose a relatively minor difference between the two interface types,
implying that both are proficient in efficiently facilitating the execution of robotic manipu-
lation tasks. Nevertheless, a pivotal point of distinction emerges when considering remote
operational scenarios. In such contexts, VR interfaces demonstrate a marked advantage,
significantly enhancing MR interfaces. This observation underscores the potential superi-
ority of VR-based solutions in remote teleoperation applications, a vital consideration for
future developments in the field of human-robot interaction.
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7.4.4 System Versatility

The system was complementarily evaluated by employing a dual-legged-manipulator type
platform, which was teleoperated through the VR interface (Figure 7.26-c), incorporating
the torso model with two robotic arms. The performed tasks involved the placement
of an oxygen mask on an immobilized victim (Figure 7.26-a) and the lifting of a box
(Figure 7.26-b). In both cases, the tests were completed with a success rate exceeding
95%. Each trial was repeated ten times.

Of particular note, especially in the first test, is the contribution of the quadruped robot
in positioning the arm’s end that holds the oxygen mask. This is achieved through its
ability to regulate both height and inclination by adjusting its legs.

Videos about the experiments are accessible via the following link: https://youtu.be/

w70p0YqvgT0.

(a) First view Perspective of the Dual Teleoperation Interface, dis-
playing the image captured from a perspective of the robot, also the
operator on the external side is shwon.

(b) Application of an Oxygen Mask
to a Victim.

(c) Lifting of a 500-Gram Box.

Figure 7.26: Assistance provided by a dual-legged-manipulator type robot.

7.4.5 Lessons Learned

Given the challenging conditions and terrain uncertainties in post-disaster scenarios, tele-
operating a complex legged-manipulator-type robotic setup emerges as the preferred op-
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tion.

It has been demonstrated that immersive interfaces represent a viable and sufficiently
mature alternative for controlling such robots. Drawing from the collective experience
acquired through work involving these robots and interfaces, several salient points merit
consideration, both for advancing the state-of-the-art and, more importantly, for mitigat-
ing risks to both humans and robots.

Foremost among these considerations is the need to avert collisions involving the robot.
As depicted in Figure 7.27, the bar diagrams reveal that inexperienced operators generate
a significant number of collisions, irrespective of the interface type in use. Consequently,
it is advisable to establish a comprehensive simulation and mission environment, inclusive
of a digital twin, to preempt collisions and consequent economic losses. Furthermore,
Figure 7.27 also portrays a blue interlined curve denoting mission execution time, which
is intrinsically linked to operator training.

Figure 7.27: The correlation between the evolution of falls and the time needed to accom-
plish the task as influenced by the training undertaken.

Here are additional noteworthy considerations that can be outlined to ensure the mission’s
effective functionality:

• Execute soft-slow hand movements during teleoperation, moving the virtual model.

• Limiting the linear and angular velocities of the robotic assembly is a relatively
simple solution to unforeseen sudden movements.

• The time autonomy in this quadruped robot is usually limited, even more so when
a robotic arm is incorporated as payload; it is recommended to work until 25% of
the battery charge.

• Train operators in mission simulation and recreation environments considering the
most significant number of parameters or eventualities that can be had in a real
situation.
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7.5 Conclusion

In this chapter, it has been shown how immersive interfaces, specifically Mixed Reality
(MR) and Virtual Reality (VR), were capable of maximizing an operator’s mission man-
agement capacities. These immersive interfaces demonstrated superior performance and
enhanced factors related to operator confidence compared to conventional interfaces like
keyboard-screen-mouse setups, particularly during decision-making processes. While both
types of interfaces exhibited adaptability in managing robotic systems, there are particular
situations where one becomes more relevant according to the use case. Among the most
noteworthy scenarios were:

One of the most significant impact variables taken into consideration by the operator is
their safety in a post-disaster environment. The operator prioritizes remaining in a remote
safe zone for the teleoperation of robots, although this negatively affects confidence levels
in decision-making. Conversely, MR interfaces improve these confidence levels by providing
direct visual contact with the operation but expose the operator to a certain level of risk
in the area.

Regarding spatial considerations and portability, some VR glasses models need fixed-
wired sources for communication and for determining the operator’s position within the
environment. In contrast, MR glasses require rapid recognition of the environmental
structure to initiate the mission.

Robotic assistance systems employing quadrupedal robots without and with manipula-
tion arms (legged-manipulator) have demonstrated high effectiveness in assisting victims
with medical equipment and collecting environmental information. This effectiveness was
achieved due to their versatility and integration with the implemented teleoperation MR-
VR method.

The selection between one technology or another depends on the field of application. In
this case, Mixed Reality demonstrates high performance in tasks requiring precision and
environmental interaction (such as guidance or manipulation). In contrast, Virtual Reality
is more suitable for remote operation tasks from safe zones.
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Conclusions

“A ship is always safe at the shore, but that is not what it is built for.”

- Albert Einstein.

This chapter focuses on synthesizing the main contributions
of this doctoral thesis by presenting a series of conclusions

while highlighting the advancements made in the
state-of-the-art, along with the theses that have contributed

directly or indirectly to this doctoral work.
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8.1 Conclusions

In this doctoral thesis, the focus has been on the problem of search and rescue robotics,
utilizing quadruped robots as the protagonists for missions. The development explicitly
undertaken emphasizes the relationship between perception systems and teleoperation
with these robots, covering areas correlated with the missions and the challenges pre-
sented by each. In this context, the complete development illustrates a comprehensive
sequence of search and rescue missions, from advancing through unstructured terrains to
victim identification and assistance. The principal conclusions drawn from this thesis are
summarized as follows:

1. Precise environment identification, quantifying its material composition and struc-
tural obstacles, has enabled the determination and regulation of optimal gait patterns
for advancing a quadruped robot on the terrain. Further delving into environment
perception, probabilistic terrain characterization generated based on stability
criteria from a human perspective has proven to be a powerful tool for decision-
making regarding the foothold points of the quadruped robot’s legs during each
step of advancement.

2. Different light spectra ranges have allowed for the generalization of victim detection
in challenging conditions through specific RGB, Thermal, and Multispectral
sensors. This detection has been automated to generate automatic detections in
new scenarios using CNNs. Each light spectrum range has a differentiating charac-
teristic that contributes to detection. In the first case, it leverages environmental
colour and geometry differences; the second method demonstrates high efficiency for
varying or null light conditions; and the third one, through operational spectrum
band combinations, has allowed for robust detection in both indoor and outdoor
settings.

3. Informed search criteria in unknown environments, generated from human consider-
ation, have allowed the definition of how and in which direction to orient a victim
search. This type of search was achieved by implementing an intelligent method that
defines the decision-making process of the quadruped robot based on an indirect
search that considers input from both random forest post-processing and spatial
information obtained through LiDAR. The method has shown effectiveness in opti-
mizing exploration times in the environment, as well as efficiency in finding victims
in the test settings.

4. Legged-manipulator robots have demonstrated remarkable versatility, particu-
larly in executing tasks that involve adjusting height and inclination in a static state
to reach objects and assist victims, thanks to the flexibility of their legs.

5. Teleoperation systems, on the other hand, have proven to be a more highly regarded
alternative than conventional interfaces, especially for tasks that require precision,
from guiding a robot through an environment to remotely teleoperating legged-
manipulator platforms. The additional advantages they offer are improved immer-
sive experiences and increased operator confidence levels for decision-making.
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8.2 Contributions

In this doctoral thesis, various contributions have been made, listed in this section. Figure
2 represents the axes around which the issue has been addressed, providing a more practical
description of its relationship with quadruped robots and the detailed contributions in the
Tables 8.1-8.2-8.3-8.4 within the field of search and rescue robotics.

Figure 8.1: Primary fields where contributions were made in this doctoral thesis.

Quadrupedal Robots and Perception (Fields 1-2)

Table 8.1: Contributions about quadrupedal robots and perception.

Contributions

1. Environment Perception
Primary identification and characterization of the environment for
regulating gait patterns in quadrupedal robots.

2. Probabilistic Analysis
of the Environment

Generation of probabilistic terrains based on human stability criterion
for the selection of the best support point for a quadrupedal robot.

3. Multispectral Imagery
Formulation of new indices from multispectral images for victims
identification.

4. RGB Imagery
Development of convolutional neural network (CNN) models trained
on synthetic, real, and combined data for victim identification.

5. Thermal Imagery
Proposal of a real-time victim identification method using thermal
images and trained CNNs.

6. Active Search
Synergy of deep learning techniques (CNN+Random Forest) to create
an intelligent system for active search for victims in unknown
environments.

Quadrupedal Robots and Embedded System (Fields 1-4)

Table 8.2: Contributions about quadrupedal robots and embedded systems.

Contributions
7. Modular Multi-Process
System.

Distributed Modular Architecture for Real-Time Processing of Vision,
Locomotion, Interface, and Manipulation Subsystems under ROS
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Quadrupedal Robots and Mixed Reality Interfaces (Fields 1-3)

Table 8.3: Contributions about quadrupedal robots and Mixed Reality.

Contributions

8. Mixed Reality Guidance
Assisted Guidance of Quadrupedal Robots through Unstructured
Terrains using Mixed Reality and Gestures for victim assistance.

Legged-Manipulator Robots and Teleoperation (Fields 1-5-3)

Table 8.4: Contributions about quadrupedal robots and teleoperation.

Contributions

9. Legged-Manipulator Robots
Kinematic Design, Workspace Analysis, Simulation, and
Implementation.

10. Mixed-Virtual Reality
Teleoperation

Teleoperation and Comparative Analysis of MR-VR Systems
Applied to High-Level Control of Legged-Manipulator Robots.
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8.3 Achievements

Thus far, the findings of the thesis have been documented in seven publications in Journals
indexed in Jornal Citation Report (JCR) (Table 8.5), four in international conferences
(Table 8.6), one ROSbook chapter (Table 8.7), three National Conferences (Table 8.8)
and four articles under review submitted (Table 8.9) to top quartile journals.

8.3.1 Published Articles in JCR Journals

Table 8.5: Publications linked to the doctoral thesis published in JCR Journals.

URL Title Authors Journal Year
Impact
Factor Quartile

1
Autonomous Victim Detection
System based on Deep Learning

and Multispectral Imagery.

Cruz Ulloa, C.,
Garrido, L.,
del Cerro, J.,
Barrientos, A.

Machine Learning:
Science

and Technology.
2023 6.8 Q1

2
Mixed-reality for

quadruped-robotic guidance
in SAR tasks

Cruz Ulloa, C.,
del Cerro, J.,
Barrientos, A.

Journal of
Computational Design

and Engineering
2023 4.9 Q1

3
Deep Learning Vision System
for Quadruped Robot Gait

Pattern Regulation. Biomimetics.

Cruz Ulloa C,
Sánchez L,
del Cerro J,
Barrientos A.

Biomimetics 2023 4.5 Q1

4
A Mixed-Reality Tele-Operation
Method for High-Level Control
of a Legged-Manipulator Robot.

Cruz Ulloa, C.,
Domı́nguez, D.,
del Cerro, J.,
Barrientos, A.

Sensors 2022 3.9 Q2

5
Autonomous thermal vision robotic

system for victims recognition
in search and rescue missions.

Cruz Ulloa, C.,
Prieto Sánchez, G.,

Barrientos, A.,
del Cerro, J.

Sensors 2021 3.9 Q2

6
Thermal, Multispectral and
RGB Sensors: a comparison

in SAR Robotics.

Cruz Ulloa, C.;
Orbea, D.;

del Cerro, J.;
Barrientos, A.

Applied Sciences 2024 2.7 Q2

7
RUDE-AL: Roped UGV

Deployment Algorithm of an
MCDPR for Sinkhole Exploration.

Orbea, D.;
Cruz Ulloa, C.;

del Cerro, J.;
Barrientos, A.

Sensors 2023 3.9 Q2

8.3.2 International Conferences

Table 8.6: Publications associated with International Conferences related to the doctoral
thesis.

URL Title Authors Conference Year Book

1

Design and Mixed-Reality
Teleoperation of a

Quadruped-Manipulator Robot
for SAR Tasks.

Cruz, C.,
Domı́nguez, D.,
Barrientos, A.,
del Cerro, J.

CLAWAR2022
Robotics in

Natural Settings
2022

Lecture Notes in
Networks and Systems

2

Deep Learning for Victims
Detection from Virtual and
Real Search and Rescue

Environments

Cruz, C.,
Garćıa, M.,

Barrientos, A.,
del Cerro, J.

ROBOT2022
Fifth Iberian

Robotics Conference
2022

Lecture Notes in
Networks and Systems

3
A Tracking-Guidance People
Method using a Quadruped
Robot and Artificial Vision

Cruz, C.,
Orbea, D.,
del Cerro, J.
Barrientos, A.

ICARA2024
International Conference
on Automation, Robotics

and Applications

2024
Accepted and pending
presentation and inde-

xing in IEEE

4
Mobile CDPR system

for robotic
sinkhole exploration

Orbea, D.,
Cruz, C.,
del Cerro, J.
Barrientos, A.

ICARA2024
International Conference
on Automation, Robotics

and Applications

2024
Accepted and pending
presentation and inde-

xing in IEEE
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8.3.3 ROSbook Chapter

Table 8.7: Chapter related to ROSBOOK VOL.7.

URL Title Authors Chapter Year Book

1

Autonomous 3D Thermal
Mapping of Disaster

Environments for Victims
Detection

Cruz, C.,
Torres, G.,

Barrientos, A.,
del Cerro, J.

ROSBOOK
Robot Operating System 2023

Studies in Computational
Intelligence

8.3.4 National Conferences

Table 8.8: Publications associated with National Conferences related to the doctoral thesis.

URL Title Authors Conference Location Year

1
Sistema de realidad virtual

para teleoperación de
robots tipo centauro.

Cruz, C.,
Juez, J.,

del Cerro, J,
Barrientos, A.

XLIV Jornadas
de Automática Zaragoza 2023

2
Robótica colaborativa de búsqueda

y rescate, una clasificación
basada en interacción f́ısica.

Cruz, C.,
del Cerro, J.,
Barrientos, A.

XLIII Jornadas
de Automática Logroño 2022

3
Sistema robótico inteligente de

exploración térmica para misiones
de búsqueda y rescate.

Cruz Ulloa, C.,
Prieto Sánchez, G.,
Cerro Giner, J. D.,
Barrientos Cruz, A.

XII Jornadas Nacionales
de Robótica Málaga 2022

8.3.5 Articles Under Review

Table 8.9: Publications linked to the doctoral thesis under review, sent to JCR Journals.

Title Authors Journal Year
Impact
Factor Quartile

1
Active Robotic Search

for Victims using Ensemble
Deep Learning Techniques.

Garćıa-Samartin J.,
Cruz Ulloa, C.,

del Cerro, J.,
Barrientos, A.

Machine Learning:
Science

and Technology.
2023 6.8 Q1

2
MR-VR for Legged-Manipulator

Robots Tele-operation:
A Comparison and Lessons Learned

Cruz Ulloa, C.,
del Cerro, J.,
Barrientos, A.

Virtual Reality 2023 4.2 Q1

3
Vision-based Collaborative
Robots for Exploration
in Uneven Terrains

Cruz Ulloa, C.,
A, Javier.,

del Cerro, J.,
Barrientos, A.

Mechatronics 2023 3.3 Q2

4
A Portable Artificial
Robotic-Nose for CO2

Concentration Monitoring

Cruz Ulloa, C.,
Orbea, D.,

del Cerro, J.,
Barrientos, A.

Machines 2024 2.6 Q2
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8.3.6 BSc and MSc projects Supervision

In addition, 16 BSc(TFG) and MSc (TFM) were co-tutorized with Professor Antonio
Barrientos, shown in Table 8.10.

Table 8.10: Co-tutorized BSc(TFG) and MSc (TFM) projects.

Nº Title Author Type Year

1
Estudio, diseño e implementación
de un sistema de locomoción basado
en ruedas convertibles adaptativas

David de la Peña TFG 2021

2
Reconstrucción de Entornos 3D e
identifiacción de v́ıctimas mediante
Sistema Lidar

Javier Fadón TFG 2021

3
Detección de Vı́ctimas mediante Redes
Neuronales e Imágenes Térmicas

Guillermo Prieto
Sánchez TFG 2021

4

Generación Automática de Mapas Térmicos
3-D e Identificación Inteligente de
v́ıctimas mediante Imágenes Térmicas
en Entornos S.A.R.

Guido Rafael
Torres Llerena TFM 2021

5 Robot Delta para cultivo en hileras
Vı́ctor Orihuel
Arribas TFG 2021

6
Sistema de exploración y asignación de
recursos en equipos de robots
heterogéneos

Javier Dávila TFG 2022

7
Exploración activa en entornos de búsqueda
y rescate utilizando un robot
cuadrúpedo

Jorge Garćıa
Samart́ın TFM 2022

8

Detección de Vı́ctimas en entornos SAR
usando Redes Neuronales Convolucionales
entrenadas a partir de modelos Reales
y Simulados

Miguel Garcia TFG 2022

9
Detección de v́ıctimas en zonas de desastre
mediante procesamiento de imágenes
multiespectrales con redes neuronales

Luis Garrido TFG 2022

10
Acoplamiento de un manipulador de 6dof
a un robot cuadrúpedo David Domı́nguez TFG 2022

11
Aprendizaje autónomo de modos de marcha
para robot hexápodo Ricardo Serrano TFG 2023

12
Tele-operación de un Robot Centauro
mediante Realidad Virtual Jorge Juez Alonso TFG 2023

13
Entrenamiento de un sistema de conduccion
autonoma mediante aprendizaje por refuerzo
entrenado bajo simulación

Francisco Adrian
Fernandez TFG 2023

14
Generación de patrones de marcha para
un robot cuadrúpedo en un terreno
no estructurado

Lourdes Sánchez
Losada TFG 2023

15
Robots colaborativos para superacion
de terrenos no estructurados Javier Álvarez TFG 2023

16
Sistema inteligente de percepción visual
para caracterización de terrenos y ajuste
de patrones de marcha en robots cuadrúpedos

Miguel
Zaramalilea TFG 2023

17
Reconstrucción y caracterización de entornos
mediante sistema NERF Javier Jiménez TFG 2023
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8.3.7 International Stay and Scholarship

In addition, an international research stay at CTU in Prague (Czech Technical Univer-
sity in Prague) was realized during spring 2023 at Vision for Robotics and Autonomous
Systems Research Group focused on Quadrupedal Robots. The author of this thesis
was granted a scholarship (https://www.upm.es/Investigacion/personal/Movilidad/
programaPropio?id=d5a288f9933e5810VgnVCM10000009c7648a____&fmt=detail) sup-
ported by Universidad Politecnica de Madrid to develop the stay in topics related to
quadrupedal robots and perception in Prague (Table 8.11).

Table 8.11: Scholarship awarded for the development of an international stay.

Title Beneficiary Supervisors University Year

1

Convocatoria de ayudas dirigidas
al personal investigador
en formación predoctoral
para realizar una estancia

de investigación internacional
igual o superior a tres meses

Christyan Cruz
Tomas Svoboda

Antonio Barrientos
Czech Technical

University in Prague 2023

This doctoral thesis had the financing of Spanish National projects, detailed in Table 8.13.

8.3.8 Journal Reviewer

During the Doctoral Thesis, contributions were made as a reviewer to the journals listed
in Table 8.12.

Table 8.12: Journals with participation as a peer reviewer.

Journal Year

1 IEEE/ASME Transactions on Mechatronics 2023
2 Revista Iberoamericana de Automática e Informática Industrial 2022
3 Applied Science 2022
4 Sensors 2022
5 Jornadas Nacionales de Automática 2023
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8.4 Repercusions

In a structured way, this doctoral thesis addresses approximately eighty per cent of the
existing challenges in the field of search and rescue robotics, contributing significantly to
each of the topics explored. The analysis of the implications of this thesis aligns with the
United Nations’ Sustainable Development Goals (SDGs), as depicted in Figure 8.2.

The primary focal point of the direct impact lies in using robotic technologies to safeguard
human lives in the aftermath of disasters. This encompasses search, identification, and
mitigating unnecessary risks to rescue personnel during early exploration phases. These
endeavours align with SDG-3, which pertains to health and well-being.

From an economic standpoint, as indicated by SDG-8, the deployment of rescue robots
undeniably incurs costs. Beyond the expenses associated with their acquisition and main-
tenance, there is a need for specialized programming and the hiring or training of operators
to ensure the versatility and multifaceted applicability of these robots (SDG-12). It is
essential to monitor the condition of the robots after arduous missions, as well as the
possibility of malfunctions or damage.

However, it is crucial to consider, on the other side of the equation, that the value of each
human life is immeasurable. Any imperfections, breakages, or mishaps occurring with the
robot will always pale compared to the cost of a human life. The risk is inherent in search
and rescue operations, with firefighters and law enforcement officers risking their lives
yearly to save others. Systems like those described in this thesis can potentially reduce
these numbers and promote collaborative efforts (SDG-17).

Figure 8.2: Sustainable Development Goals (SDGs) directly related to the impact of this
doctoral thesis.

The integration of these advanced robotic systems raises important ethical and social
considerations. While the automation of tasks can lead to workforce reductions, it is
crucial to recognize that, in many cases, this transition is accompanied by improved safety
standards in industrial settings, aligning with the objectives of sustainable development
(SDGs 9 and 11). Much like the paradigm shift away from human labour in hazardous
environments, the involvement of robots like ARTUR in rescue missions presents a positive
step towards ensuring the safety and well-being of responders and those in need.
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8.5 Founding

The development of this doctoral thesis has received funding from the projects detailed in
Table 8.13.

Table 8.13: Projects that provided financing for this doctoral thesis.

Nº Name of the project Funding body Code

1
GRob-UPM. RoboCity2030 Madrid
Digital Innovation Hub Comunity of Madrid S2018/NMT-4331

2
TASAR (Team of Advanced Search
And Rescue Robots)

Ministerio de Ciencia
e Innovación PID2019-105808RB-I00

8.6 Future Research Lines

Throughout the development of this doctoral thesis, different aspects of the agents involved
in search and rescue missions have been explored. While notable contributions have been
made, there are opportunities for further research in foundational areas of this thesis.
Some of these developments include:

• In the field of mobility through unstructured terrains, there is an open avenue for
control based on black-box methods (reinforcement learning) to generate gait pat-
terns on unstructured terrains.

• Within the domain of real-time processing for victim detection using multispectral
images, current limitations revolve around data transmission because of the multiple
channels (four) and high resolution, making streaming challenging. Additionally,
there is potential for expanding to other fields of vision, such as polarization imaging.

• Coupled modelling of legged-manipulator systems and dynamic control for executing
synchronous movements with systems that have a high number of degrees of freedom
(e.g., “(n>18)”).

• Joint manipulation tasks offer another area with research potential, along with arm
instrumentation, including proximity sensors for more precise manipulation.
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[12] A. Aydemir, K. Sjöö, J. Folkesson, A. Pronobis, and P. Jensfelt. “Search in the
real world: Active visual object search based on spatial relations”. In: 2011 IEEE
International Conference on Robotics and Automation. 2011, pp. 2818–2824. doi:
10.1109/ICRA.2011.5980495.
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