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Abstract 

In recent y ears, explor ation tasks in disaster environments, victim localization and primary assistance have been the main focuses 
of Sear c h and Rescue (SAR) Robotics. De veloping ne w technologies in Mixed Reality (M-R) and legged robotics has taken a big step in 

dev eloping r obust field applications in the Robotics field. This article presents MR-RAS (Mixed-Reality for Robotic Assistance), which 

aims to assist rescuers and protect their integrity when exploring post-disaster ar eas (a gainst collapse, electrical, and toxic risks) by 
facilitating the robot’s gesture guidance and allowing them to mana ge inter est visual information of the environment. Thus, ARTU- 
R (A1 Rescue Tasks UPM Robot) quadruped robot has been equipped with a sensory system (lidar, thermal, and RGB-D cameras) to 
validate this proof of concept. On the other hand, Human-Robot interaction is executed by using the Hololens glasses. This work’s main 

contribution is the implementation and evaluation of a Mixed-Reality system based on a ROS-Unity solution, capable of managing at a 
high level the guidance of a complex legged robot through different interest zones (defined by a Neural Network and a vision system) 
of a post-disaster envir onment (PDE). The r obot’s main tasks at each point visited inv olv e detecting victims thr ough thermal, RGB 

imaging, and neur al netw orks and assisting victims with medical equipment. Tests have been carried out in scenarios that r ecr eate 
the conditions of PDE (debris, simulation of victims, etc.). An av era ge efficiency impr ov ement of 48% has been obtained when using 
the immersi v e interface and a time optimization of 21.4% compared to conventional interfaces. The proposed method has pr ov en to 
impr ov e r escuers’ immersi v e experience of contr olling a complex r obotic system. 

Ke yw ords: robotics vision, quadruped robot, mixed reality, hololens, sear c h and rescue 
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1 Introduction 

Natural disasters (earthquakes , hurricanes , floods) or provoked 

ones (attacks) usually destroy buildings or cities . T he conse- 
quences of these disasters result in the loss of human liv es, man y 
of which cannot be assisted in time because they are trapped 

in hard-to-r eac h ar eas . P ost-disaster en vir onments (PDE) ar e 
c har acterized by m uc h debris and structur es at risk of colla pse,
whic h hinder r escue brigades’ inspection and displacement (Del 
Moral & Walker, 2007 ; Agarwal et al., 2014 ; Times, 2016 ; BBC, 2016 ,
2021 ). One of the main goals that hav e motiv ated the constant 
growth of the search and rescue robotics line is to increase 
the rate of victims rescued or assisted in time (Tadok or o, 2009 ; 
Delmerico et al., 2019 ). 

Among the main tasks expected fr om Searc h and Rescue (SAR),
Robots ar e: pr oviding support to r escue teams thr ough the tr ans- 
mission of audio-visual information, mapping, identification of 
victims, and assistance with first aid kits (Casper & Murphy, 2003 ; 
Kleiner & Dornhege, 2007 ). 

Various interventions with robotic systems in real scenarios 
have been documented throughout the last decades, such as those 
in the United States (Twin To w ers – 2001; Blackburn et al., 2002 ),
Japan (Fukushima – 2011; Spenko et al., 2018 ), Italy (Amatrice –
2016; Kruijff et al., 2016 ), and Mexico (Earthquake – 2017; Whit- 
man et al., 2018 ). 

Tec hnological de v elopment in sensors suc h as infr ar ed cam- 
eras or laser (Gade & Moeslund, 2014 ; Krišto et al., 2020 ), as well as 
mixed r eality de vices (Chakr aborti et al. , 2018 ; Krupke et al. , 2018 ),
have made it possible to ca ptur e and show information from the 
environment that is not perceptible to the rescuer but that it 
Recei v ed: February 8, 2023. Revised: May 10, 2023. Accepted: May 15, 2023 
© The Author(s) 2023. Published by Oxford Uni v ersity Pr ess on behalf of the Society
distributed under the terms of the Cr eati v e Commons Attribution License ( https://
distribution, and r e pr oduction in any medium, pr ovided the original work is pr ope
r ovides r ele v ant information for the mission de v elopment. The
ain adv anta ges of using these de vices in SAR missions ar e their

ortability and allowing to provide high-level commands through 

estures without dependence on a laptop. 
On the other hand, quadruped robots have shown broad ap-

licability in unstructured terrains with notable advantages over 
onventional locomotion systems such as wheels or tr ac ks, as well
s a faster response time and adaptability to different soil types
uch as sand, rocks, and debris (Catalano et al., 2021 ). Recent de-
 elopments hav e v erified the functionality of quadrupedal robots
n terrain with rough surfaces, debris and variable friction coef-
cients (Kumar et al., 2021 ). These conditions are characteristic of
DE, so these robots are currently a great alternative to carrying
ut search and rescue tasks. 

Most state-of-the-art de v elopments focus on detecting people 
ith RGB images (Cebollada et al., 2021 ; Lygouras et al., 2019 ). On

he other hand, mixed r eality focus on tr ansmitting visual infor-
ation to an operator (Llasag et al., 2019 ; Sharma et al., 2019 ). This

rticle addresses the problem of high-level robotic control (guid- 
nce) thr ough differ ent inter est zones of an envir onment (wher e
here could be victims) considered risky for a rescuer. 

Ther efor e, the main contribution of this work is focused on im-
lementing a Mixed Reality system based on ROS-Unity capable 
f providing a rescuer with high-level control through gestures 
or guidance a legged robot, as well as suggesting to the rescuer
hr ough an ima ge tr ansmitted to their glasses, ar eas wher e ther e
re potential victims. 

The authors pr e viousl y v alidated the victim’s detection system,
oth for RGB (Cruz Ulloa et al., 2021 ) and thermal images (Cruz
 for Computational Design and Engineering. This is an Open Access article 
creativecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, 
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lloa et al., 2023 ), showing high efficiency in detecting potential
ictims (partially covered by materials or debris). This detection
ystem informs the operator of the potential existence of victims.

The main functions of the robot in each area explored in-
olve assistance to victims (delivery of first aid equipment and
ommunicator) and inspection for additional victims occluded by
ebris. 

The ARTU-R (A1 Rescue Tasks UPM Robot) robot has been used
o validate this proof of concept. T hus , an A1 Unitree commercial
obot has been equipped with sensors for harsh en vironments ,
n Optris-Pi640 thermal camera, an RPLidar laser and an RGB-D
amera. The Leader rescuer uses the Hololens (first generation) to
onitor the environment information and control the robot. 
This de v elopment has been v alidated with a series of field ex-

eriments performed in reconstructed scenarios according to the
IST (National Institute of Standards and Technology) criteria (Ja-
off et al., 2001 ). The system has been validated regarding the suc-
essful completion rate of victim assistance and versatility of the
-R system mana gement, whic h has been contr asted a gainst con-
 entional r obot contr ol interfaces. 

The results show an improvement of 48% for immersive user
xperience and a 21.4% reduction in execution time of the SAR
asks when using MR-RAS (Mixed Reality for Robotic Assistance)
 gainst conv entional interfaces. Mor eov er, av er a ge efficiency is
ver 90% in performing highly complex tasks (such as placing it-
r ativ e way-points in str ategic ar eas) concerning conventional in-
erfaces. 

This paper is structured as follows: Section 2 shows the most
 ele v ant state-of-the-art works, and Section 3 describes the pro-
osed methods. Har dw are, experimental fields, and algorithms
r e intr oduced in detail, follo w ed b y the Results and Discussion in
ection 4. To conclude, Section 5 summarizes the main findings. 

This work has been de v eloped as part of the TASAR project
Team of Advanced Search And Rescue Robots), which is focused
n using ground SAR-Robots for Humanitarian Assistance and
isaster Relief (Barrientos, 2021 ). 

 Related Works 

.1 Mixed reality for field robotics control 
he interaction between mixed reality systems and robots is usu-
ll y de v eloped thr ough Robot Oper ating System (ROS) due to Its
ersatility for node and topic management systems, allowing the
ombination of commercial software such as Unity or Unreal En-
ine with ROS de v elopment softwar e (Wassermann et al., 2018 ). 

One of the most recent and r ele v ant works in tele-operation
sing a mixed reality system shows a framework to control robots
ith Hololens . T his work is limited to establishing an arbitrary
oint in laboratory conditions (Ostanin et al., 2020 ). Other similar
tudies ar e Chakr aborti et al. ( 2018 ), Krupke et al. ( 2018 ), Park et al.
 2021 ), and Liang et al. ( 2019 ). 

Other applications are focused on industry (Mourtzis, 2021 ;
driana Cárdenas-Robledo et al., 2022 ), also in simulation ap-
lied to manufacturing systems (Sha et al., 2019 ; Mourtzis, 2020 ),
hic h addr esses the sim ulation part, considering the kinematic
nd dynamic parameters. Considering the mixed reality path
lanning area, the proposed methods develop visual interfaces
n the Hololens that display information from 2D maps of the
nvir onment and tr ajectories without dir ect inter action with the
obot (Wu et al., 2018 , 2020 ). There are few developments with di-
 ect inter action thr ough the assignment of wa y points . 

Some a ppr oac hes hav e focused on the selectiv e pr esentation
f data to the operator to aim at facilitating the tele-operation of
he r obot (Liv atino et al., 2021 ). Still, they ar e limited to pr esenting
GB images (Kot et al., 2018 ). 

In these tw o w orks de v eloped by the authors, the issue of tele-
peration with the mixed reality of a 6DoF manipulator arm cou-
led to a quadruped robot is addressed, where the quadruped
 obot is teleoper ated, and MR contr ols the arm. Ho w e v er, in these
orks, the robot is teleoperated, and constraints for virtual inter-
ction, such as collisions with the physical envir onment, ar e not
onsidered in this first approximation (Cruz Ulloa et al., 2022 ; Cruz
t al., 2023a ). 

Curr entl y, tec hnologies suc h as Virtual Reality hav e been used
n the same way to carry out field de v elopments. One of its main
dv anta ges is keeping the operator in a safe area. Ho w ever, in
igh-pr ecision oper ations, execution times ar e usuall y higher due
o the uncertainty generated in the operator by not being in the
eld of operation (Steffen et al., 2019 ). From the point of view of
AR missions, the operator’s sense of perception has a significant
mplication because the irregularity of the terrain can cause col-
isions in the r obot. Hence, M-R tec hnologies ar e the best alterna-
ive for on-site operations. 

.2 Vision systems applied to search and rescue 

ost of the works described in the bibliogr a phy r elated to using
GB and thermal images involve drones for search and rescue
asks . T he main de v elopments with thermal ima ging found ar e
ocused on surveillance (Königs & Sc hulz, 2012 ; P ark et al., 2020 ),
eople tr ac king with UAVs, object detection in differ ent weather
onditions (Krišto et al., 2020 ), and face and emotion detection
Ilikci et al., 2019 ). In the same way, it occurs with works focused
n RGB images (Fung et al., 2020 ; Katsamenis et al., 2020 ) 

Se v er al works use low-resolution Thermal images to detect
eople (Gomez et al., 2018 ; Cerutti et al., 2019 ), analysing the feasi-
ility and efficiency of using v ery low-r esolution camer as, neur al
etworks for systems with few resources, increasing the detection
rocessing speed, and optimizing energy consumption. 

In some works, optical sectioning techniques identify people
ith Thermal images (Schedl et al., 2020 ). Whereas other methods
se classical vision techniques (Doulamis et al., 2017 ), optical sec-
ioning initially shows good results. Still, it is not robust against
eat or noisy sources, as usually happens in the case of fire. 

The authors have made recent contributions to the state-of-
he-art, whic h hav e been used as a basis for detecting victims
hr ough differ ent infr ar ed light spectr a. T his wa y, the use of RGB
Cruz Ulloa et al., 2023 ), Thermal (Cruz Ulloa et al., 2021 ), and Multi-
pectral (Cruz et al., 2023b ) images for this purpose are highlighted.
he first two have been used in this work since the third option
oes not work in real-time yet. 

.3 Quadruped robots for search and rescue 

applications 

AR environments’ complex and unstructured conditions usu-
lly demand specific locomotion systems, including tracks, articu-
ated wheels, or legs. The most versatile alternative of locomotion

ethods for executing explorations in unstructured terrain, due
o their potential and great dynamism, is the quadruped robots
Biswal & Mohanty, 2021 ). 

This type of robot is r elativ el y ne w for searc h and r escue a ppli-
ations since most pr e vious de v elopments focused on low-le v el
esign, construction, and control (Cebe et al., 2020 ; Liu et al., 2020a ;
hen et al., 2020 ; Tan et al., 2020 ; Xin et al., 2020 ). 

Main works focus on leader-Tr ac king by using lidar sensors (Fan
t al., 2020 ) or stereo cameras (Pang et al., 2021 ) and mapping (Liu
t al., 2020b ). 
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Figure 1: Identifications of the experimental Zones (Indoors–Outdoors) 
in ETSII-UPM. Source: Authors. 

F igure 2: AR THUR Robot (A1 Rescue Tasks UPM Robot) with sensory, 
communication, and medical equipment. Source: Authors. 

Table 1: Sensory and medical equipment of ARTU-R. 

Num Component Description 

1 Robotic Unitree A1 Quadruped Robot 
2 RPLidar S1 ToF 360 ◦ distance sensor 
3 Thermal Camera O-PI640 640x480 px [-20 2000] ◦C 

4 RealSense D435i RGB-D 1920 × 1080 px 
5 First-aid kit Medical equipment 
6 Radio voice intercom Communications 

equipment 

Figure 3: Variables and Coordinate r efer ence systems between the 
World-Robot-Leader. Source: Authors. 
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One of the most r ele v ant works within this context was de v el- 
oped by using the MIT Mini-Cheetah (Kim et al., 2020 ), capable of 
gener ating inter action with the envir onment and avoiding obsta- 
cles on irregular terrain. 

Ther e ar e some comparisons between alternative locomotion 

systems and the one pr oposed; abov e all, some de v elopments that 
seek to take adv anta ge of each one (legged, tracked, wheeled) us- 
ing convertible wheels (Zhou et al., 2018 ; Mertyüz et al., 2020 ). It is 
highlighted that one or the other turns out to be more practical 
depending on the terrain type . Moreo ver, legged locomotion sys- 
tems have shown a significant adv anta ge in ov ercoming obstacles 
and debris, conditions usually present in PDE. In contrast, tracked 

locomotion systems mainly stand out for steep slopes or slippery 
surfaces. 

3 Material and Methods 

3.1 Robotic system, instrumentation, and field 

experiments 

PDE have been reconstructed according to the orange level condi- 
tions described by the National Institute of Standards and Tech- 
nology (NIST; NIST, 2022 ). The experimental de v elopment of the 
tests to validate this work has been carried out in CAR-ARENA 

(Center for Automation and Robotics), located in (40 ◦26 
′ 
24.415 

′′ 
N–

3 ◦41 
′ 
21.553 

′′ 
W). Figure 1 shows test Zones A outdoors (y ello w) and 

B indoors (green). 
The robotic system used for the experiment phase uses the 

AR TU-R robot sho wn in Fig. 2 and its sensory system to cap- 
tur e envir onmental information. The general dimensions of the 
r obotic system ar e 0.5 ∗0.3 ∗0.6 m, a weight of 14 kg, and a maxi- 
mum speed of 3 m s −1 . Table 1 shows the robot’s sensory system 

and equipment. 
The stage (Zone B) has been reconstructed to recreate a post-
isaster scene, including obstacles, mannequins, and people who 
av e pr etended to be victims . T he guidance method was tested

n Zones A and B, while medical assistance to victims was only
ested in zone B. The difference between the guidance and assis-
ance to victims stands out in that in the latter, the robot must
ait 10 seconds to ca ptur e mor e visual information of the area
nd for the victim to r eac h the r equir ed equipment (first-aid kit,
ommunicator). 

.2 Mixed reality system 

.2.1 Interaction between r efer ence systems 
he Referential Systems (R-S) allo w kno wing the position and ori-
ntation of each element that interacts in the development of the
xperiments . T hese r efer ential systems allow physical and virtual
nter actions (thr ough hologr ams or augmented r eality elements).

The physical R-S is allocated in AR TU-R accor ding to, as well as
n, Hololens. On the other hand, virtual R-S are World Referenced
ocations placed at fixed points of the envir onment, suc h as the
nitial position of the Leader at the beginning of the task, and the
ologr ams or inter activ e hand points (or way-points), whic h will
e placed in Zones of interest in the environment by the Leader
sing the ca ptur e of his hand gestures. 

Fig. 3 shows the different physical and virtual r efer ential sys-
ems in an area of the test scenario. The Hololens and ARTU-R
ystems are taken from the World reference . T he Leader places
he Tar get Hologr ams to guide the robot to a target point. The
gure also shows the δ and α v ariables corr esponding to the dis-
ance and angle measured from the robot front to the Leader. The
 efer ential position of the targets (T) and the robot (R) concerning
he world (W) implies a conversion between rotation and transla-
ion matrices and is given by equations ( 1 ) and ( 2 ). 

W 

T T = 

W 

H T . H T T (1) 
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Figure 4: Mixed reality interface implemented to develop assistance 
operations in SAR Tasks. Source: Authors. 
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Figure 5: Connection dia gr am between the MR-RAS subsystems . T he 
differ ent v ariables (inputs-outputs) and their connections between 
Ubuntu (ROS) and Windows (Unity) are shown. Source: Authors. 
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W 

R T = 

W 

H T . H R T (2) 

.2.2 Mixed reality control interface 
mplementing a mixed reality interface seeks to improve the op-
rator’s confidence when assigning robot inspection destinations.
he scenarios and situations where this interface is favourable
r e mainl y in on-site oper ations and unstructur ed terr ain, wher e
he oper ator, fr om his perspectiv e, can define the best inspection
ites. 

The R-M interface has been de v eloped by using Unity (v2020.3).
t uses the following tools: buttons , sliders , and c hec kboxes to de-
elop the mission stages detailed in Fig. 4 . 

The R-M (Fig. 4 a) contains the following elements: 

� Checkbox START to initialize the robot movement. 
� T oggle (1) LeaderT racking /(2) VictimAssitance to select one of the

r obot’s oper ating modes . In the first case , the r obot can tr ac k
the rescuer to move to another place in the environment if
necessary. 

� Slider UnitreeSpeedAdjust to modify the ov er all r obot speed. 
� The button ThermalV ision / RGBV ision allows switching between

the different vision systems . T he image displayed in the upper
right corner indicates if there is a victim inside it. 

� Button NewVictim allows, if the operator wishes to incor por ate
another inspection point, it generates a new cone to be placed
in the area to visit. 

� Button Data > > ROS sends the data to the central system for
path generation based on the different goals (cones). 

Figure 4 a shows the first-person view of the Hololens, the en-
ironment and, superimposed on it, the interactive interface. A
ox with the RGB image of the environment and a detected victim

s shown in the upper right corner, marked with a red rectangle,
hich suggests the operator guides the robot to w ar ds that area to

ather more information or assist the victim. 
Figure 4 b shows the placement of virtual cones in the envi-

 onment, number ed according to the route order the robot must
erform. The ca ptur e of thumb and index finger gestur es, inte-
rated by the Hololens, is used to place the virtual marks. The
eshing of the environment to generate the depth is carried out

hanks to the depth camera integrated into the glasses . T he image
lso shows a victim detected in the upper right box. 

.2.3 Connection between subsystems 
 system has been implemented for the high and low-le v el
anagement of all the variables and subsystems. Two groups

ave been established, categorized mainly by the operating sys-
em (ROS Melodic-Ubuntu-18.04 and Unity-Windows) where the
r ocesses ar e executed. Figur e 5 shows the gener al integr ation
cheme between the subsystems and their wireless communica-
ion through a 5G network. 

In the first group (Ubuntu), a computer (MSI i7-10th) is used as
 command station, ARTU-R robot is equipped with an On-board
vidia J etson Xa vier-NX. In the second group (Windows), a sec-
nd computer (i7-7th) is used in the command station connected
ir elessl y to the Hololens glasses. 
J etson Xa vier board is r esponsible for mana ging the

 obot’s mov ement based on linear and angular speeds
 g eo metry _ msg s/Twist) thr ough low-le v el contr ol of the 12 robot
ctuators (gait patterns and stability), as well as the read-
ng of the sensory variables: Thermal Image and RGB Image
 senso r _ msg s/Co mpressedImag e ) marked in orange output in Fig. 5
nd Environment Mapping. 

The Hololens glasses r eceiv e the ima ge and position v ari-
bles tr ansmitted fr om the r obot g eo metry _ msg s/Po se (shown in
range in Fig. 5 ). At the same time, the published topics are
opic/Leader _ assistance , which acts as a switch allowing select-

ng between the Leader-Tr ac king or victim assistance opera-
ion modes. Topic/Virt ual _ way _ point s sends the position of the
nter activ e handle points to the scheduler to assist the victims
nd Top ic/sp eed _ adjust in r egulating the global speed of the r obot.

The command station r eceiv es the v ariables fr om both the
obot in the field and those sent from the Mixed Reality sys-
em and manages the central nodes of robot control (planning-
ontrol). Hololens glasses use Mixed Reality Toolkit pac ka ges and
 remote device holographic emulation tool at a bit rate (data-flow
er second) of 99 999 (kbps). 
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RGB and Thermal ima ges ar e pr ocessed using Convolutional 
Neural Networks for victim detection. This part of the work is bet- 
ter described in the works pr e viousl y de v eloped by the authors 
(Cruz Ulloa et al., 2023 ) and (Cruz Ulloa et al., 2021 ). In the case of 
the thermal camera, it captures the infrared emission of the bod- 
ies . T his emission is greater or less depending on whether it is cov- 
ered by some material. The camera cannot capture the thermal 
footprint if the material is thick. Some materials that adequately 
ca ptur e the thermal footprint are glass , plastics , fabric and poly- 
mers. 

3.3 Algorithms and experiments 

The experimentation phase was carried out in indoor and out- 
door environments as shown in Fig. 1 . Outdoor tests evaluate the 
guidance part of the method on unstructured terrain. Indoor tests 
e v aluate both guided and victim assistance . T hese tests were con- 
ducted in a scenario with post-disaster conditions reconstructed 

by placing mannequins and people who simulated being victims 
(Fig. 1 , Zone B). 

3.3.1 Robotic guidance through mixed reality 

The leader takes into account the victim’s information coming 
from RGB and thermal images, in addition to his criteria, to place 
different points (virtual cones) through hand gestures to w ar ds 
zones of interest where potential victims are located. 

Although the areas may be close, there could be high risk (col- 
lapse of structures, electrical shocks risk or gas leaks) for a rescuer 
in this scenario, so it is better to send the robot to gather more in- 
formation. 

Algorithm 1 M-R Robotic Guidance 

Algorithm 1 details the pseudo-code implemented for guid- 
ance . T his algorithm aims to move the robot to w ar ds each point 
f inter est thr ough a collision-fr ee path obtained fr om a global
cheduler based on the RRT algorithm. This planner considers the
ost ma p gener ated by the adv ance, the differ ent points of interest
tor ed systematicall y, and the r obot’s position. 

The robot’s speed has been limited to 0.5 m s −1 and 0.9 rad s −1 

e v en though its maximum speed is around 3 m s −1 ) since the ap-
lication to be executed includes collecting visual data. For this,
scillations should be avoided as far as possible. 

 Results and Discussion 

.1 Ev alua tion for victim assistance and mixed 

reality control 
igure 6 shows the result of an indoor test, where the robot is
hown in different scenario positions, and the optimal trajectory 
s marked in blue . T he en vironment has four victims , marked in
ed, one person, and three mannequins. Five operators conducted 

hese tests with 10 repetitions to evaluate the system. 
Four areas (Points 1, 2, 3, 4) of interest to inspect were defined.

he r ecr eated post-disaster ar ea includes thr ee mannequins, par-
iall y cov er ed by debris (Points 1, 3, 4) and a seated person with
cute pain and minor injuries (P oint 2). T he strategy implemented
o carry out this mission was to r eac h an av er a ge a ppr oac h dis-
ance of 1 m from each point and then stop and wait for 10 sec-
nds to collect and transmit visual information and advance to
he next point. 

In the case of the victim at Point 2, this time was long enough
o allow the victim extends her arm and take the first aid kit. Once
he mission was finished, the robot had to return to the starting
oint (near the Leader). The av er a ge efficiency obtained for this
ission was higher than 94%. It was measured according to equa-

ion ( 3 ). The efficiency is estimated based on the robot’s final posi-
ion in each of the four points and the destination position given
y the leader through the Mixed Reality system for each of the
our points. On the other hand, an av er a ge mission completion
ime of 78 s was obtained for this scenario, considering the 10 dif-
er ent iter ations carried out by eac h oper ator. 

e f f = 

d ist ob j −
∑ n 

i =1 (d ist[ P (x n [ g o al] ;y n [ g o al] ) ; P (x n [ pose ] ;y n [ pose ] ) ]) 

n ∗ dist ob j 
∗ 100% (3) 

Figure 7 shows the execution of outdoor tests to verify the
unctionality of the inter activ e way-point definition in different
ones . T he r obot arriv es at the differ ent inter activ e waypoints [1–
] placed by the leader. The trajectory performed to reach each
oint is shown in blue. Once the waypoints have been defined, the
rocess starts according to the optimal route established by the
cheduler, but in this case, the robot does not stop at each point,
nlike the pr e vious test. 

Figure 7 a corresponds to a sandy terrain, where the optimal av-
r a ge displacement speed was 0.4 m s −1 , an effectiveness of 95%,
nd an av er a ge time of 21 s. Figure 7 b corresponds to the robot on
r av el terr ain with light debris . T he performance in this terrain
ype had an effectiveness greater than 92% with an a ppr oximate
ompletion time of 25 s. Figure 7 c shows the tests executed on a
errain with an approximate slope of 30 ◦; the performance was
igher than 93%, with an av er a ge completion time of 29 s. 

Table 2 shows the av er a ge v alues of the v ariables measur ed
uring the tests carried out indoors and outdoors. P ar ameters
uch as time, distances travelled, number of way-points used and
fficiency ac hie v ed in eac h scenario ar e e v aluated. 
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Figure 6: Assistance to a victim within the test environment. The figure shows in a re presentati ve way the trajectory covered by the robot in the four 
different points of the en vironment. T he quadruped robot approaches the Way-points to collect thermal information and provide first aid equipment 
to victims. Source: Autors. 

Figure 7: Robot displacement tests through the Mixed Reality System in 
differ ent terr ains . Source: Authors . 

Table 2: Results and metrics of the MR-guided tests. 

Indoors Outdoors 
Reconstr. Env. Sand Gravel Grass 

Av er a ge time 78 s 21 s 25 s 29 s 
eff 94% 92% 91% 93% 

Number of tests 10 10 10 10 
Tr av eled distance 16.3 m 18.6 m 8.9 m 19.5 m 

Number of av er a ge 
way-points 

4 5 5 5 

4

T  

z  

Table 3: Results of the victim detection tests in RGB and thermal 
images. 

Test 

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 e(%) 
A 4 4 4 4 4 4 4 4 4 4 
B 4 4 5 3 4 4 4 3 4 4 7.5% 

C 1 0 2 1 1 1 1 2 2 1 10% 

S 4 4 5 4 4 4 5 3 4 4 
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.2 Ev alua tion of suggestion system 

effecti v eness 

his subsection shows the system’s effectiveness in suggesting
ones to inspect based on victim detection in the scenario. These
uggestions are displayed through a box at the top of the interface
Fig. 4 ), showing the zone where a victim may exist with a square
n the image. 

For this, the successful detections made by the neural network
n the indoor test scenario will be e v aluated. The four victims
one person and three mannequins) must be detected. In this case,
he thermal system should suggest one victim, and the RGB sys-
em should suggest four. The RGB and thermal systems alert may
ome from the same site. In this case, the area to be inspected
ill be the same. Ho w e v er, if they a ppear in differ ent locations,

hey will be considered independent areas to be inspected. In any
ase, the operator makes the final decision based on the number
f suggestions detected. 

Table 3 shows the results for each test carried out and the error
btained based on equation ( 4 ). The nomenclature used in this
able corresponds to: 

� A: Number of victims within the scenario (real + man-
nequins). 

� B: Number of victims in the environment detected by thermal
imaging. 

� C: Number of victims in the environment detected by RGB
image. 

� S: Total number of way-points placed by the operator based
on the system suggestion. 

er r or num −vict = 

num − vict real − num − vict detect 

num − vict real 
∗ 100% (4)

For critical missions which involve sa ving lives , it is better to
ave a false positive and inspect an area (which will require a min-

mum of time) than to stop doing it and ignore there is a person
here. 



Journal of Computational Design and Engineering, 2023, 10(4), 1479–1489 | 1485 

Figure 8: Compar ativ e vie w of the conv entional and immersiv e 
interfaces used. Source: Authors. 

 

Figure 9: Evaluation of MR-RAS against conventional interfaces for 
de v eloping searc h and r escue tasks . Source: Authors . 
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4.3 System efficiency and versatility 

The efficiency of MR-RAS (Fig. 8 a) has been e v aluated thr ough the 
comparison a gainst conv entional interfaces suc h as those based 

on RVIZ (Fig. 8 b), commonly used when working with ROS to show 

images and different variables when the operator is allocated in 

a remote area, monitoring or making decisions during of the mis- 
sion execution through a monitor. 

T hese interfaces ha ve the same functionality as the proposed 

method, allowing remote image monitoring to high-level control 
of the quadruped robot. 

Figure 9 shows the different metrics for both interfaces ob- 
tained fr om surv eys a pplied to the oper ators after using both in- 
terfaces for the mission. Se v er al of these metrics have been ap- 
plied based on the N ASA-TLX w orkload questionnair e, whic h is 
used in the context of robotic missions (Hart 2006 ). 

The main results show a notable impr ov ement in the Leader’s 
experience in the execution of the mission. To obtain these re- 
sults, the Leader has used both interfaces (Conventional and MR- 
RAS), repeating the mission execution under the same conditions 
to quantify the controlled variables accurately. 

Figure 9 a shows the result of the immersive experience during 
the de v elopment of the missions . T he dia gr am of boxes in red cor- 
responding to MR-RAS has shown to provide a superior experience 
by 48%, concerning the dia gr am of Conv entional interface boxes 
shown in green. This parameter indicates that using the M-R sys- 
tem allows the Leader to better interact with the environment,
thanks to manipulating hologr a phic objects and visualizing vari- 
ables in mixed reality during the mission. 

In Fig. 9 b, the equipment portability and time optimization pa- 
r ameters ar e anal ysed when executing the differ ent pr ocesses in 

Zones A and B, where the mission is carried out. MR-RAS shows 
an av er a ge percenta ge impr ov ement of 20% v alue, whic h is signif- 
icant when taking quick actions on the execution of the mission. 
Figure 9 c shows the average time the operator is required to
arry out different missions with both interfaces . An a v er a ge op-
imization of 25 s can be observed using M-R. During the tests, the
eader r equir ed less time to make decisions thanks to the confi-
ence provided by direct interaction with the physical environ- 
ent. 
Finally, the efficiency of the method has been e v aluated a gainst

he complexity of the task within the mission, Fig. 9 d, from easy
asks, such as exchanging between RGB-Thermal vision modes,
egulating the general speed of movement of the robot to complex
asks, such as placing the iterative handle points in areas with
igh precision so that the robot moves with a safety margin when
ssisting victims. 

Both interfaces sho w ed high efficiencies for the execution of
imple tasks; ho w e v er, as the tasks become complex, the M-R
ethod sho w ed a higher per centage efficienc y (b y 21%) compared

o conventional interfaces. 
The results of the method implemented in this article are

hown in the following video https://youtu.be/ZvhywpQzmOE . 

.4 Comparison with related works 

his section compares the most notable works related to the pro-
osed method. Table 4 shows the list of works related to the
ethod proposed in this work, seven items related to the method

roposed in this work have been taken into consider ation, whic h
llows us to know if the works within the state-of-the-art meet
hem or not (X shows if the criterion is met). T hese items , num-
er ed fr om one to se v en, ar e detailed in the following list. 

� 1. RGB Image Transmision 

� 2. Thermal Image Transmision 

� 3. Use of Hololens Glasses 
� 4. Multitarget 
� 5. Robot type: (Q) quadruped, (W) wheeled, (M) Manipulator. 
� 6. Comparison with conventional interfaces 
� 7. Interaction of virtual objects with the environment. 

https://youtu.be/ZvhywpQzmOE
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Table 4: Comparison of the works related to the proposed method. 

Work/item 1 2 3 4 5 6 7 

Li et al. ( 2022 ) X W 

Gu et al. ( 2022 ) X X W 

Leber & Dalm ( 2022 ) X W 

Park et al. ( 2021 ) X M X 

Wu et al. ( 2020 ) X W X 

Ostanin et al. ( 2019 ) X W X 

Liang et al. ( 2019 ) X M X 

Kästner & Lambr ec ht ( 2019 ) X W X 

Moezzi et al. ( 2019 ) X W 

Wu et al. ( 2018 ) X W 

Kot et al. ( 2018 ) X X W 

Ostanin & Klimchik ( 2018 ) X W X 

Krupke et al. ( 2018 ) X X M X 

Authors method X X X X Q X X 
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Based on the criteria proposed for the analysis, Table 4 shows
hat most works focused on robot control using mixed reality lack
e v er al components r ele v ant to the execution of applications in
xploration missions. 

The first component is the transmission of both RGB and ther-
al images; this information can be valuable for an operator in

nspection missions . T he second component is a multi-waypoint
ystem, which allows the mission to expand towards different ob-
ectiv e ar eas, and the last essential factor shows that the r elated
orks within the state-of-the-art do not compare their method
 gainst conv entional interfaces (mouse, scr een, and k e yboard), a
ighl y r ele v ant criterion to v alidate this type of immersiv e tec h-
ology. 

 Conclusions 

his article presents MR-RAS, a proof-of-concept for Robotic As-
istance in SAR tasks based on a complex integration of mixed
eality systems and specific sensory systems for PDE. It uses
lgorithms based on computer vision-neural networks and a
uadruped robot to assist rescuers and victims. 

Mixed reality systems and their application in field robotics
issions have proven to be a highly efficient alternative to con-

entional interfaces since they provide an immersive experience
o the rescuer for monitoring missions and controlling highly
omplex robotic systems from Safe Zones. 

The proposed method has shown an av er a ge efficiency higher
y 21% concerning conventional interfaces for its application in
omplex high-le v el contr ol tasks and a time optimization of 26%
n the management and assignment of mission stages. 

The use of RGB and Thermal images combined with CNN has
hown high efficiency in detecting victims, being a helpful sup-
ort system for the rescuer when detecting occluded victims or in
recarious lighting conditions. 

The high-le v el contr ol str ategies implemented thr ough MR-
AS, such as the use of inter activ e handle points to define areas of

nterest for inspection or assistance to victims of the quadruped
 obot, hav e shown great versatility during tests carried out on dif-
erent types of soil, such as sand, grass, or rocks with moderate
bstacles size. 

Regar ding future w orks, the de v elopment of modular Mixed Re-
lity systems is proposed, based on IOT, to pr ovide r emote assis-
ance to operators in the field by external staff (doctors, firefight-
rs). 
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