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Abstract

In the aftermath of natural disasters, such as in the case of earth-
quakes, timely intervention and strict adherence to safety protocols
are crucial to help those involved in the disaster. However, self-
protection of rescuers is also vital. To address this need, this proposal
suggest a solution for a preventive assessment to make an initial inves-
tigation of the safety of the scene, through the creation of a map, and
later to localize on this map all people, who may require assistance,
encountered during the inspection performed by the robot. Specifi-
cally, once the robot encounters a person involved in the disaster, it
makes an initial assessment of his or her health status by analyzing
consciousness and examining individuals for any injuries or trauma.
By doing these kinds of examinations, rescuers, who will intervene at
a later time, will already know precisely where people in need of res-
cue are located, such as in which room of an indoor environment, and
will already have some information about their condition. This speeds
up and optimizes the search and rescue process, allowing rescuers to
reach any injured people quickly and safely. The robot employed to
carry out these evaluations is Spot from Boston Dynamics, which is
able to navigate on uneven surfaces and hazardous terrain due to its
mobility and structure, thus enabling it to explore its surroundings in
an agile manner, and the framework used to implement the project
is ROS (Robot Operating System). The experiments were conducted
in an indoor environment and aimed to reduce the time required for
health status analysis, doing several assessments at once, but still
maintaining high reliability. So, this solution optimize the search and
rescue process while ensuring the safety of the rescuers since it enables
them to reach injured individuals quickly and safely.
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Chapter 1

Introduction

1.1 Context

Natural disasters, such as earthquakes, as well as man-made disasters, can cause
signi�cant harm and often result in many people becoming involved in the catas-
trophe and requiring rescue. However, on many occasions, operators are unable
to rescue injured people immediately, which can lead to loss of life. In such sit-
uations, the availability of crucial information is essential to enable timely and
e�ective intervention. This is where the deployment of a robot capable of nav-
igating uneven terrain after a disaster becomes crucial in facilitating successful
search and rescue operations.

By employing a robot with advanced mobility capabilities, such as Boston
Dynamics' Spot, search and rescue teams can e�ciently explore disaster areas
and identify those in distress. Spot's ability to navigate on uneven terrain makes
it an agile and e�cient tool for search and rescue operations, as it can quickly
and safely reach locations that are inaccessible to human rescuers. Indeed, Spot
is a quadruped robot with a highly mobility that can navigate a wide range of
terrains with unparalleled ease, making it an ideal choice for search and rescue
missions, as well as automating routine inspection tasks, and safely capturing
data with high accuracy and frequency BostonDynamics (2023b).

In such situations, the need for a timely response is critical, and by adding
to Spot the ability to evaluate the vital signs of someone in need of assistance,
performing an initial health status analysis, can provide crucial information to
rescue teams, allowing them to act quickly and e�ciently. By examining individ-
uals for consciousness and any signs of injury, rescuers can gain valuable insights
into the condition of those a�ected by the disaster.
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1.2 Motivations

1.2 Motivations

In the �eld of search and rescue missions, UAV (unmanned aerial vehicle) are
a widely employed type of robot due to their aerial mobility and versatility in
accessing hard-to-reach areas. Indeed, UAV are often the preferred choice for
search and rescue missions due to their ability to cover large areas quickly and
e�ciently, especially in outdoor environments Biswaset al. (2022).

However, they may not be the best choice for indoor scenarios as they could
be dangerous, since, if a failure occurs, someone could get hurt de Miguel Molina
et al. (2018), as smaller drones that can navigate indoor spaces may not be able
to carry as many or as advanced sensors, that could be useful for people recogni-
tion and identi�cation, but also for computing other aspects, such as retrieving
information about the health condition of an injured person, as above-mentioned,
as larger drones capable of outdoor 
ights.

Moreover, when it comes to using drones, and especially for indoor tasks, there
are lots of rules and protocols that need to be adhered to in order to ensure safe
and e�ective operations Ente.Nazionale.per.l'Aviazione.Civile (2022), given the
unique challenges of 
ying in enclosed spaces, such as obstacles, limited visibility,
and potential signal interference. Indeed, the environment can be cluttered or
have obstacles that can obstruct the drone's view, making it di�cult to navigate
and perform its tasks, and the communication with the operator or other drones
may be disrupted by the indoor environment, such as walls or other structures
that can block or weaken the signals. This can make it di�cult for the operator
to control the drone or for multiple drones to communicate and coordinate with
each other e�ectively.

Also UGV (unmanned ground vehicle) are widley used in search and rescue
missions to navigate uneven and challenging terrain, as well as to assist in the
recovery of people in hazardous areas.

UGVs can be equipped with a variety of sensors and tools to help with these
tasks, including cameras, microphones, and even robotic arms for grabbing and
moving objects Delmericoet al. (2019). They are more suitabile with respect to
UAV for indoor environments inspections, but, taking in exam wheeled mobile
robots, they have di�culty navigating certain types of terrain, such as areas
with high obstacles or debris. So, they can have limitations in terms of agility
and adaptability to various types of terrain. They may struggle with hazardous
terrain, obstacles, or steep slopes, which can limit their ability to e�ectively
navigate and maneuver in search and rescue missions.

Therefore, UGV such as a legged robot like Spot seems to be the best choice
in indoor search and rescue missions. Indeed, it is a highly advanced and versa-
tile robot that can perform a wide range of tasks thanks to its several abilities,
including:
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1.2 Motivations

ˆ The fact that it is capable to navigate challenging terrain, including stairs,
rough terrain, and tight spaces, thanks to its four-legged design and ad-
vanced sensors, always keeping an eye to safety thanks to its obstacle avoid-
ance functionality;

ˆ The fact that it can carry a range of payloads (up to 14 kg), including
thermal cameras, LiDAR, and other tools in addition to those already em-
bedded to the robot body (black-and-white projected cameras that give it
the ability to have an overall optical �eld of view of 360°), making it a
valuable asset in a range of applications;

ˆ The fact that it can be controlled remotely using a handheld controller,
enabling it to be operated from a safe distance;

ˆ The fact that custom applications can be developed to be uploaded on
the on-board computer (the Spot's core) making it autonomous, and thus
complete tasks without human intervention;

ˆ And the fact that it can be employed for inspection and monitoring tasks,
including inspecting pipelines, bridges, and other infrastructure BostonDy-
namics (2022a).

As above-mentioned, it is possible to develop custom applications that makes
it completely autonomous and, in the search and rescue �eld, it can be employed
to carefully evaluate the safety of the scene, maybe creating a map of the sur-
rounding environment, thus enabling knowledge of viable routes within a unsafe
structure. It can also be employed in another crucial aspect of the search and
rescue �eld, that is the recognition and detection of people that maybe need
assistance in the aftermath of a disaster.

Furthermore, endowing Spot with the ability to perceive the condition of in-
dividuals in distress, provides a valuable asset for rescuers, enabling them to gain
knowledge of the situation inside the building beforehand and devise a tailored
rescue plan. Indeed, retrieving vital signs of humans in need is a critical aspect
of search and rescue operations, as it provides rescuers with essential information
about the individual's health status and helps them prioritize their medical needs.

By quickly assessing the victim's vital signs, such as heart rate, blood pressure,
and respiratory rate, rescuers can make informed decisions and take appropriate
actions to stabilize the patient's condition and potentially save their life AlAli &
Alabady (2022).
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1.3 Objectives

1.3 Objectives

The objective of this study is to develop an innovative and e�cient tool that
confers to the capability of Spot, to expedite the search and rescue operations
during a disaster, in which is crucial to have a prompt intervention.

The addition of the feature to assess the vital signs of individuals in need
of assistance and perform a preliminary health assessment, enables the robot to
provide crucial information to the rescue teams that can assist them in executing
a prompt and e�ective response. Indeed, this thesis work has the main objective
to develop a system that can make Spot able to assess the consciousness or
unconsciousness of individuals detected during a disaster, as well as evaluate signs
of trauma. The �rst evaluation is done by considering four di�erent aspects, that
are the following:

ˆ The detection of any possible movements done by the subject;

ˆ The analysis of the state of the eyes so, whether the individual is keeping
them open, closed, or actually blinking them;

ˆ The computation of the pose in which the subject was found during the
rescue process;

ˆ The analysis of the subject's responsiveness to verbal prompts.

Instead, the second evaluation, so the one that assess the presence of any type
of injury or trauma, involves asking the individual a series of few questions and
analyzing their responses, if they are conscious or even in a state of confusion.
By closely examining the individuals for signs of consciousness and injury, the
rescuers can obtain invaluable insights into the condition of those a�ected by
the disaster, allowing them to deliver targeted aid and prioritize rescue e�orts.
Furthermore, as soon as Spot detects a person, the robot promptly localizes
and marks the individual's location on a generated map. Each person found is
assigned a unique ID to facilitate further tracking and monitoring. Indeed, the
same ID is also included in the output text �les that are produced after the afore-
mentioned analyses. These �les contain all the information gathered during the
computations, including the vital signs assessment and injury analysis, allowing
rescuers to quickly locate the person and access their health status information,
thus facilitating an e�cient and e�ective rescue operation.

1.4 Results

The experimental data will include information from the output �les automati-
cally generated at the end of each evaluation, as well as data on evaluation times.
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1.5 Document's structure

However, in the experiments, data on the location of the person within the map
and the movement of the robot will not be reported because the person will always
be detected and their location will always be reported on the map. Therefore,
the robot will always have a goal position to direct towards. The movement of
the robot will only be considered within the time data, as time starts when a
person is detected.

The system's reliability was tested extensively during the experiment, includ-
ing in challenging situations that put stress on the system and ensured that it
could perform analyses autonomously without the need for human operator su-
pervision.

The average time for the robot to approach a person and complete the analysis
is approximately 25-35 seconds, making it possible for the robot to reach a large
number of people quickly. This time optimization does not come at the expense of
reliability, as the system is highly accurate in determining the pose of the person,
detecting movement, and assessing whether the person is blinking or keeping their
eyes open/closed. The only issues encountered during the experiment were related
to the trauma assessment, as the system sometimes had di�culty understanding
what the person was saying due to low volume or issues with the microphones in
the Kinect sensor. Overall, the system's reliability is high, and it is capable of
providing accurate assessments in a short amount of time.

1.5 Document's structure

The thesis is composed of 9 chapters and it is structured as follows:

ˆ Chapter 2: this chapter presents the State of the Art focusing especially on
the methods employed in the search and rescue missions with robots and
the use of Spot in the medical �eld. Moreover, some of the highlights of the
Italian Red Cross manual are brie
y presented.

ˆ Chapter 3: this chapter presents Spot's speci�cation, also including the
payloads and among them especially the Kinect One from Microsoft, that
has been integrated with the robot, and it is also explained how it has been
integrated.

ˆ Chapter 4: this chapter presents the software architecture of the project
also including an overview of the operating system in which it has been
developed and the interface used to allow that communication.

ˆ Chapter 5: this chapter presents the evaluation of consciousness/uncon-
sciousness after an individual has been detected also presenting the tool
employed in this computation.

5



1.5 Document's structure

ˆ Chapter 6: this chapter presents the evaluation of trauma/non-trauma
through the questions posed to the individual just approached and the tools
employed in this computation.

ˆ Chapter 7: this chapter is relative to the mapping module and localization
of the individuals in the generated map and also how the robot moves within
the environment.

ˆ Chapter 8: this chapter presents the experimental setup and the results.

ˆ Chapter 9: this chapter illustrates the conclusion and the future work.

6



Chapter 2

State of the Art

Summary

This chapter provides a brief overview of the current state of search and rescue
missions that employ the use of robots and advance sensors to locate individuals
a�ected by either natural or human-made disasters. It further details various ap-
proaches that are used to identify people in disaster situations through specialized
sensor technology that detects vital parameters. In addition, the chapter outlines
key points from the Italian Red Cross manual, which serves as the foundation
for this thesis, and highlights the role played by Spot in the Covid-19 emergency
response.

2.1 Overview on robots employment in search
and rescue

In the aftermath of disasters such as earthquakes, many individuals are unable
to be rescued in a timely manner, resulting in loss of life since, often, the victims
of the catastrophe, remain trapped in the debris, unable to escape.

The conditions of these environments are harsh and painful, and many victims
lose their lives due to the inability to survive for extended periods without help.

Although immediate search and rescue operations are launched after a disas-
ter, they often fall short in recognizing and reaching individuals trapped under
the debris. Moreover, lack of information about the location of trapped victims
increases the likelihood of delayed response.

In situations where rescue teams lack information about individuals trapped
in debris and, the timely rescue of these individuals is not always feasible, as
the evacuation teams cannot always act immediately, there is an urgent need for
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2.1 Overview on robots employment in search and rescue

advanced technology, tools, or devices to aid in the search and rescue process.
Hence, robots can play a crucial role in expediting the search and rescue

operations to save people's lives.
These robots can be either autonomous or teleoperated, and they must be

designed with safety as a top priority, as well as with capabilities such as ob-
stacle avoidance and navigation on uneven terrain. Moreover, by integrating
autonomous people recognition into these robot, they can quickly identify a hu-
man being trapped in a calamitous situation, making easier for the rescue team
to locate the position of the victim and save the person as soon as possible.

To address the challenge of the identi�cation of human beings in search and
rescue operations, researchers have turned to machine learning as a potential
solution. Machine learning models can be trained on large datasets of images
and videos to accurately identify and locate humans in various conditions, even
if only a single part of the body is visible Vashisthaet al. (2019).

Nevertheless, in the search and rescue �eld there are several techniques for
human recognition and localisation AlAli & Alabady (2022), as well as several
types of robots for di�erent needs Delmericoet al. (2019).

A category of robots employed in this �eld consists of aerial robots, also
known as Unmanned Aerial Vehicles (UAVs). Among these, drones have gained
signi�cant attention due to their aerial mobility and versatility in accessing hard-
to-reach areas. Drones can be equipped with high-resolution cameras and sensors
that can capture and transmit images and data in real-time to the rescue team
on the ground, providing them with vital information about the a�ected area. In
addition, drones are often the preferred choice for search and rescue missions due
to their ability to cover large areas quickly and e�ciently, especially in outdoor
environments.

There are several techniques for human recognition and localization.
One of these involves using a multi-sensor solution that combine di�erent

types of sensors such as ultra-wideband radar, microphones array, cameras, and
RFID (radio frequency identi�cation) readers. Additionally, to geo-locate the
detected survivors, laser range �nder and LiDAR sensors are employed.

In particular, the radar sensor detects individuals buried under rubble, the
microphones capture the sound source of survivors shouting for help, leading to
an estimation of their direction, while cameras are used to detect body parts and
localize their position, and RFID tags reader is used to collect all of the victims
and/or survivors tags. The drone then sends the location of the detected survivor,
with respect to the drone's coordinates, to the main server, which computes the
geo-location Rohmanet al. (2019).

Other techniques rely on a single sensor, such as cameras, and use machine
learning algorithms to perform human identi�cation and localization. For exam-
ple, an all-in-one camera-based target detection and positioning can be conducted
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2.1 Overview on robots employment in search and rescue

by a fully autonomous UAV. The system can autonomously carry out a mission,
and the on-board searching algorithm can report victims with GPS coordinates
in real-time. During the 
ight, the on-board image processing system is designed
to identify victims and report possible targets with the corresponding GPS coor-
dinates. From the real-time images, post-processing tasks are executed, such as
target identi�cation and mapping of the a�ected area, to report victims' accurate
locations within 15 meters. Additionally, the map of the a�ected area can be
used to develop a rescue plan, and targets are marked with blue or red circles on
the original image Sunet al. (2016).

Machine learning algorithms can also be employed to recognize actions as
a further step in search and rescue missions. Actions such as running, walking,
lying, sitting, and standing can provide an initial idea of the status and conditions
of the individual just detected by the UAV. This can be implemented using a
real-world dataset, collected in advance, and used to train a YoloV5 model. The
output will be a colored and labeled bounding box that indicates the detected
action category as soon as a person is detected Ahmadet al. (2022).

Belonging to the same idea, deep learning algorithms can also be employed to
recognize various body gestures in the wild environment, including in search and
rescue missions. For instance, the proposed system can recognize human rescue
gestures as well as detect, track, and count the number of humans. Among the
most relevant gestures for rescuing, the attention gesture (two-handed waving
motion) and the cancel gesture (one-handed waving motion) are used to directly
communicate with the drone. Additionally, the stand, walk, and sit gestures
allow to identify the status of the individuals as above-mentioned. All these
gestures enable communication between the user and the drone, and ultimately
help humans in need Liu & Szir�anyi (2021).

Another category of robots employed in this �eld consists of ground robots,
also known as Ummanned Ground Vehicles (UGV), which can be divided in to
three main types: tracked, wheeled and legged robots Delmericoet al. (2019).

Tracked robots are typically designed for use in rough terrain, such as rubble or
debris, where they can traverse obstacles and uneven ground with ease. They are
often equipped with cameras and other sensors to aid in detecting and identifying
human subjects, and they may also be equipped with manipulators that can be
used to clear debris or transport supplies.

Wheeled robots, on the other hand, are generally more maneuverable and
faster than tracked robots, making them ideal for use in open spaces or on
smoother terrain. They may be equipped with similar sensors and manipula-
tors as tracked robots, but are designed to move quickly and cover more ground.
Additionally, some wheeled robots may be able to fold up or transform in order
to navigate tight spaces or climb over obstacles.

Both tracked and wheeled robots have their own advantages and limitations,
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2.1 Overview on robots employment in search and rescue

and the choice of which type to use in a particular search and rescue operation
will depend on a variety of factors, such as the terrain, the size of the area to be
covered, and the speci�c goals of the mission.

However, when it comes to indoor environments, grounded robots are often
the preferred choice over drones due to safety concerns. Ground robots have a
wide range of applications in such environments and can be employed for various
tasks.

The following one, for instance, provide an AI algorithm that combines a
camera and 3D LiDAR, and can improve the e�ciency and safety of search and
rescue operations in disaster situations, in this case helping �re�ghters. In partic-
ular, this algorithm can detect and identify collapsed areas and atypical obstacles,
while also determining accessibility inside the building. Indeed, the �rst thing
that needs to be done in search and rescue procedure is the careful assessment of
scene safety. This has been tested using a grounded sensor-mounted robot in an
actual building, with the camera's image data used to detect obstacles and per-
sons requiring rescue and the 3D LiDAR's point cloud data used to estimate the
distance to the detected object. By localizing collapsed areas of the ceiling and

oor surfaces, �re�ghters can be dispatched to disaster situations with greater
safety Kim et al. (2023).

Although many of the examples discussed so far have focused on the use of
autonomous robots in search and rescue, it's worth noting that teleoperation
can also play an important role in these scenarios. In fact, remote operation of
robots can allow human operators to have more direct control over the robot's
actions, allowing them to make more informed decisions and react more quickly
to unexpected events that may arise during search and rescue missions. This can
be particularly important when operating in complex or hazardous environments
where autonomous robots may face challenges or limitations in their ability to
navigate and perform tasks. Additionally, teleoperation can allow for greater

exibility in the use of di�erent types of robots, enabling the use of specialized
equipment or robots that are better suited to speci�c tasks or environments.

However, in the past years, shortly after robots were introduced in this type of
procedure, observations were made during a robot-assisted search and rescue exer-
cise to understand the role of situational awareness in search operations. Human-
robot interaction was critical. Indeed, in the experiments, the researchers noted
common problems in robot mobility, communications, and interaction, which re-
sulted in di�culties in locating mannequins during training. These problems were
caused by disorientation, interface design limitations, and the use of controllers
that were sometimes challenging to utilize with the protective equipment worn
by rescuers. Therefore, in such situations, human operators needed be closely
supervised to ensure proper attention distribution and avoid failures in robot
operations Riley & Endsley (2004).
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However, as mentioned above, the ability to directly teleoperate the robot
remains a great asset, and signi�cant progress has been made over the years in
both robot maneuverability and rescuer training. It is also important to note
that quadruped robots represent another category of grounded robots that have
shown promise in search and rescue missions. Due to their ability to traverse com-
plex terrain, such as stairs, and maintain balance in challenging environments,
quadruped robots are particularly well-suited for indoor search and rescue op-
erations. These robots can provide valuable assistance to human rescuers in
accessing hard-to-reach areas and assessing the structural stability of a disaster
site, all while reducing the risk of injury to human personnel.

Moreover, while many of the recent developments in robotics for search and
rescue have focused on sensor-based data collection, it is worth noting that there
is potential for a variety of payloads to be integrated into these robots. For
example, a manipulator could be added to perform grasping tasks in addition to
collecting data with sensors like LiDAR or cameras.

One recent solution incorporates a robotic arm into a Mixed-Reality (MR)
system that projects a virtual model of the environment onto the real world
using a holographic device such as Microsoft's Hololens. This system enables
the operator to command movements in the robot's workspace using their hands
and a visual mark on the robot's end-e�ector. Experiments have been conducted
to improve the e�ciency of medical equipment delivery tasks, with one major
bene�t being that the MR system provides operators with a "�rst person view"
that increases their con�dence Ulloaet al. (2022).

In addition to the robot applications discussed earlier, there are numerous
other examples of robots being used in search and rescue operations.

Notably, there are various techniques that involve using sound waves, radio
waves, light waves, and infrared radiation to locate individuals who need to be
rescued. These techniques are essential for detecting vital signs of people who
may be trapped in the aftermath of a disaster Ye (2012).

The following section will explore these life detection techniques in more detail.

2.2 Vital signs analysis in search and rescue

When man-made structures, such as buildings or bridges, collapse, search and
rescue personnel faces the critical task of locating and rescuing individuals who
may be buried under debris.

Non-contact vital sign detection is a critical component of various applications,
particularly in search and rescue missions that involve post-disaster scenarios.
The ability to detect vital signs of individuals buried under rubble can be a
matter of life and death, and non-contact methods o�er a safe and e�cient means
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of acquiring this information without causing further harm to victims Sarkar &
Ghosh (2022).

This technology typically utilizes various sensing modalities to capture the
physiological indicators of individuals, including heartbeat and respiration.

These indicators can then be processed, using advanced algorithms, to extract
vital sign information, which can be further analyzed to provide insights into the
person's medical condition and location.

As mentioned previously, there exist multiple sensing modalities for detecting
vital signs, among which the use of radar technology has become increasingly
popular.

The use of radar sensors, particularly ultra-wide band (UWB) radars, is
largely employed in radar-based life detecting systems for search and rescue mis-
sions due to their short detection times, high penetrating power, and low energy
consumption. However, the e�ectiveness of non-contact detection using UWB
radars can be limited in complex post-disaster environments where there is sig-
ni�cant noise and clutter. Despite these challenges, UWB radars can still retrieve
vital information embedded in the echo signal and accurately identify the location
of human bodies even when there are obstacles present. As such, UWB radar has
shown promise in two important applications: patient monitoring and detecting
trapped victims during post-earthquake search and rescue missions. The results
of experimental testing indicate that the proposed UWB radar technique can
successfully identify the location of human bodies with high accuracy and low
detection error rates, even in the presence of various obstacles Zhuet al. (2021).

Another widely-used method for non-contact vital sign detection in the search
and rescue �eld involves the use of cameras. One speci�c vision-based technique
used for this purpose is called Photoplethysmography (PPG), which observes the
skin and extracts vital signs such as blood oxygen saturation, blood pressure,
heart rate, and respiration rate.

The large distribution of capillaries under the dermis, especially of facial skin,
causes periodic changes in the absorption of light intensity on the skin surface. As
a result, cyclical variations of skin color can be captured by optical sensors and
preserved as images. Through image processing and signal reconstruction, blood
volume pulse changes in the micro-vascular bed of tissue, and can be acquired
and used to estimate vital signs Huanget al. (2020).

Typically, the human face is selected as the region of interest for this type of
computation. This is because the face is often exposed and has a higher perfusion
of blood compared to other body parts, making it easier to detect color variations
in this skin region.

This vision-based procedure, after detecting a human body, adjusts the �eld
of view of the camera to focus on the selected region of interest, i.e., the face,
before starting to track it. In the meanwhile of the tracking, the normalized color
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di�erence of pixels is calculated, and from this information, vital sign parameters
can be extracted Huanget al. (2019).

Of course, also multi-sensor techniques can be employed in search and rescue
operations, and they typically involve a combination of the sensing modalities
mentioned above, namely radars and cameras. By using a combination of sensors,
the limitations of each individual technology can be overcome, resulting in more
accurate and reliable detection of vital signs. For example, while radars are
better suited for detecting people buried under rubble or other debris, cameras
can provide more detailed information about the individual's vital signs once
they have been located. In addition, the use of multiple sensors can also help to
reduce false alarms and increase the overall e�ectiveness of the search and rescue
operation.

Indeed, the following multi-sensor solution proposes an automatic recognition
method, based on bimodal information, to detect and identify human targets in
post-disaster sites. The detection challenge is to reliably detect weak physiological
movements of surviving human beings in the ruins. To overcome this challenge,
the method employs multispectral feature information for accurate target detec-
tion, and bio-radar module for detecting corresponding physiological information.
The bio-radar emits electromagnetic waves to detect survivors' physiological ac-
tivities, enabling, not only the detection of vital signs, but also the information
about their localization.

The proposed equipment and algorithms can even detect multiple survivors
simultaneously and distinguish between human and non-human targets. After
detecting a suspected human target, the bio-radar module is accurately released
around the target, and the physiological activity information is obtained using
the radar Doppler principle. So, the re-identi�cation of surviving human targets
is executed and physiological motion features are taken as a reference Qiet al.
(2022).

All these vital sign detection techniques are primarily focused on detecting
two essential parameters, that are the respiration rate and heart rate. Indeed,
these are critical indicators of an individual's physical health and well-being.
Accurately detecting these parameters in the search and rescue �eld is crucial
since they can be an indicator of people's location.

The signals associated with these parameters are distinct from each other and
can be easily identi�ed and distinguished from one another due to their periodic
patterns. Typically, the heart rate has a higher frequency, ranging between 60
and 100 beats per minute, whereas the respiration rate has a lower frequency,
with an average of 16 to 20 respiratory acts per minute.

There are methods that can detect only the respiration sign, such as the fol-
lowing one that utilizes a single frequency modulation continuous wave (FMCW)
radar Rohmanet al. (2021), or another that uses the well-known UWB radar for
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respiration monitoring after detecting an individual with the help of a pre-trained
neural network, such as MobileNet Ivanovset al. (2019).

On the other hand, there are methods that opt to exclusively detect human
heartbeat, like the following one that, again, utilizes UWB radars, for heart
activity detection. Speci�cally, they leverage the understanding that there is a
change in signal transmission behavior that corresponds to the varying physical
widths of the heart during each heartbeat cycle. This is because the heart changes
its size within a single cycle Sahu & Jena (2021).

In addition, there are methods that are able to perform the detection of both
respiration and heartbeat signals to provide a more comprehensive picture of the
situation. One such method detects both respiratory and cardiac activities from
the received microwave signals, taking advantage of the phase modulation caused
by chest displacement during respiratory movements Buonannoet al. (2012).
Another method uses, again, UWB radar sensors to detect multiple human bodies
and can obtain both respiratory and heartbeat characteristics simultaneously in
a single measurement, providing cost savings and high accuracy Duan & Liang
(2018).

It's worth noting that the integration of vital sign detection techniques with
robots has opened up a wide range of possibilities for various applications and
enables to perform all these tasks autonomously and allowing to access hard-
to-reach areas. Indeed, incorporating these vital sign sensing modalities and
methods into both aerial and ground robots enables autonomous monitoring of
vital signs in hard-to-reach areas.

However, it is important to note that the use of robots in these computations
can introduce additional challenges due to the introduction of motion artifacts
that can interfere with the vital sign signals, making extraction of these informa-
tion more di�cult Jing et al. (2022).

Therefore, it's essential to incorporate compensatory measures to mitigate
these issues and ensure accurate vital sign detection. The adaptive �lter approach
proposed in the following solution for UAvs is one such method that helps to
overcome the challenges posed by platform motion artifacts. By minimizing the
impact of motion artifacts on the vital sign signals, this approach can signi�cantly
improve the accuracy and reliability of vital sign detection using robots Islam
et al. (2021).

After reviewing the various techniques and methods used in vital sign detec-
tion for search and rescue operations, it is clear that these methods are highly
valued in the �eld. Nonetheless, it should be noted that the primary use of these
methods is to locate individuals in need of assistance, rather than to provide
detailed information on their health status.
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2.3 Italian Red Cross manual

To clarify, this thesis is primarily based on the Italian Red Cross Handbook Cro-
ceRossaItaliana (2011), which provides valuable guidelines for search and rescue
operations. and therefore it is important to reference and highlight its relevant
sections.

In addition, in this section, particular attention will be given to the sections
of the Italian Red Cross Handbook that were incorporated into this project's
implementation.

De�nition : First aid is the set of actions to help a person or multiple persons
in distress (injured or suddenly feeling ill) while waiting for quali�ed help (doctor,
nurse, or ambulance personnel) to arrive.

The �rst thing that needs to be carefully evaluated when �nding an uncon-
scious and/or injured person is thesafety of the scene.

The safety of both the person in need and the rescuer is of utmost importance
in any rescue operation. As a result, safety protocols and procedures must be
established and followed at all times. It is imperative to conduct a proper assess-
ment of the situation before taking any action, in order to prevent any further
harm or danger to anyone involved. Therefore, safety must always be given the
highest priority, and any action should be taken only after a thorough evaluation
of the circumstances.

That's why, in search and rescue applications, where robots are used, having
a comprehensive understanding of the environment is essential. Mapping the
area can provide a complete overview of the surroundings, allowing rescuers to
identify any potential hazards and determine the best course of action to take.
This helps to ensure the safety of both the rescue team and the individuals in
need of assistance, as any risks can be mitigated or avoided altogether. Therefore,
mapping the environment is a critical step in any search and rescue operation that
involves the use of robots.

There are various methods to create maps and obtain information about the
safety of a search and rescue environment. One approach is to utilize point-cloud
data, which can be acquired through LiDAR technology. This data can then be
transformed into a risk-aware cost map, which will provide valuable insights into
the navigability of the area. By generating this type of map, rescuers can identify
areas that are safe to move through and those that should be avoided to prevent
accidents or injuries Fanet al. (2021).

After conducting a thorough assessment of the safety of the scene and iden-
tifying any injured individuals, it is imperative to immediately inform the ap-
propriate rescue authorities and wait for their arrival without leaving the area.
Moving away from the location may make it more di�cult for rescuers to locate
and provide assistance, which can further endanger the safety and well-being of
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the injured person(s).
Identifying any injured person requires a thorough evaluation of the scene and

its dynamics. It is not only important to take into account the number of people
in need of assistance, but also to carefully observe the surroundings, as they may
provide useful clues to reconstruct the events leading up to the emergency. This
information can be critical for rescuers to e�ectively plan their actions and ensure
the safety of everyone involved Hampet al. (2014).

After identifying the injured person, an initial evaluation of their condition
must be conducted, starting with the ABC assessment. This acronym stands for
Airway, Breathing, and Circulation, which involves checking for consciousness,
airway patency, respiration rates, and adequate blood circulation.

Another variation of the acronym, DRABC, includes an additional step that
evaluates the Danger of the scene, as previously mentioned, and the Response
of the person, checking for consciousness and vital signs. The DRABC acronym
is simply a more comprehensive version of ABC, where the D and R steps are
included for a more thorough assessment.

After that there should be the classi�cation of the emergencies, that could
range from extreme emergency to non-emergency. However, it is necessary to
point out that this aspect will not be addressed in any way in this thesis, only some
of the evaluations above-mentioned will be reported in writing. The rationale
behind this is that search and rescue operations already involve multiple ethical
implications Battistuzzi et al. (2021), and introducing another one due to the
fallibility of robots is not desirable.

Collecting and communicating information to rescuers is a critical aspect of
search and rescue missions, and it requires following precise protocols. The in-
formation that needs to be gathered includes the location of the incident, the
number of people involved, and the nature of the situation, including any injuries
or trauma. It is also important to assess the person's level of consciousness and
breathing. While all these aspects are addressed in the current document, the
assessment of breathing has not been included.

2.4 Spot in Covid-19 response

This section highlight the role that Spot, the robot developed by Boston Dy-
namics, has played in the �ght against Covid-19 by safeguarding the well-being
of healthcare workers. While Spot has been primarily used in search and rescue
missions or for conducting inspections in industrial settings, it has found a new
application in hospitals where it can be used to monitor the health status of pa-
tients, particularly those a�ected by Covid-19. By deploying mobile robots like
Spot, dangerous environments can be made safer for human intervention. The

16



2.4 Spot in Covid-19 response

�rst employment of the robot, facing this kind of challenge, has been done with
Bringham and Women's Hospital in Massachusetts.

Given the highly infectious nature of Covid-19, healthcare workers have been
at an increased risk of contracting the virus while tending to infected patients.
This is where Spot has been invaluable, as it can carry out certain tasks that would
otherwise require human intervention, thereby reducing the exposure of frontline
workers to the virus. For instance, Spot can be used to deliver medications, food,
and other essential supplies to patients, reducing the need for human contact.
Additionally, Spot can also be used to measure the vital signs of patients, which
can help in monitoring their health status and detecting any sudden changes.

Boston Dynamics successfully met the hospital's requirement for mobile robotics
solutions during the Covid-19 pandemic by developing an innovative approach
that enabled Spot to support frontline healthcare workers in ad-hoc environments
such as triage tents and parking lots.

With its advanced mobility capabilities and remote operation features, Spot
proved to be an invaluable asset for healthcare professionals, enabling them to
remotely triage patients and provide prompt care without having to expose them-
selves to potentially contagious patients. As a result, the risk of exposure to the
virus was signi�cantly reduced, allowing healthcare providers to focus on deliv-
ering high-quality care to patients in a safe and e�cient manner.

Initially, Spot was primarily used as a telemedicine platform, which allowed
healthcare providers to remotely interact with patients in di�erent locations, in-
cluding those in isolation rooms or areas with high infection rates BostonDynam-
ics (2020a).

Figure 2.1: Assembled DrSpot.
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Indeed, as shown in Figure 2.1, the robot was equipped with a two-way au-
dio system that allowed for real-time interaction between the operator and the
patient, and a two-way video system which enabled the patient to see and com-
municate with the operator on the other end of the line. The video system was
facilitated through a tablet mounted on the top of Spot, and the operators could
initiate Skype or Face-time sessions with patients to provide remote triage and
support.

After the implementation of the telemedicine platform, a remote vital inspec-
tion application was developed and added to Spot's capabilities. this allowed the
robot to gather basic health data, including:

1. Body temperature: to do that an IR camera was employed, and it was
done through the patient's tear duct against a thermal reference in the image.

2. Respiratory rate: with the same IR camera used to gather information
about the body temperature, and assuming the patient was wearing a mask, the
exhaled air on the mask has been detected to calculate respiration rate in breaths
per minute.

3. Pulse rate: to compute heart rate, an RGB camera was employed to
capture changes in blood vessel contraction. In addition, to calculate heart rate,
also the Photoplethysmography (PPG) technique was employed. This analyzes
the re
ected light o� a person's skin, and usually includes other techniques such
as face-tracking to enable non-contact heart rate monitoring.

4. Oxygen saturation and blood pressure: a basket, mounted on Spot, was
used to deliver a pulse oximeter for self-administration. Then the operator,
through the tabled mounted on the robot, could view the resulting data through
the tablet. So, this kind of computation was not executed robotically.

In addition, afterwards, the capability of reading instruments, connected to
patients, was given to the robot.

Two other functionalities implemented on Spot were the disinfection of the
hospital rooms and the internal delivery of supplies to patients in isolation. The
former uses either UV-C light, which kills virus particles, or the robot could be
used as a platform for teleoperated or autonomous chemical disinfection. For the
latter instead a 3D-printable tray was build to deliver small supplies to isolated
patients, such as masks BostonDynamics (2020b).

In addition, Boston Dynamics has made the code used for the application
available in an open-source repository. This code is not speci�c to Spot and can
be adapted to run on any mobile robot. By sharing this code, Boston Dynam-
ics aims to provide hospitals with the tools necessary to prevent the spread of
Covid-19 and protect healthcare workers. This open-source approach allows for
greater accessibility and 
exibility, enabling more institutions to bene�t from this
technology and adapt it to their needshttps://github.com/boston-dynamics/
bosdyn-hospital-bot .
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This approach proved to be particularly useful in areas with limited access
to medical professionals or where the risk of infection was high. Overall, the use
of robots like Spot in hospitals during the Covid-19 pandemic has been a game-
changer in ensuring the safety of healthcare workers and reducing the spread of
the virus.

However, Spot has not yet been used to detect vital signs in search and rescue
missions, although it has been utilized in the medical �eld. Other robots deployed
in search and rescue missions have implemented vital sign detection techniques,
but they have primarily focused on detecting only two parameters: respiration
rate and heart rate. These parameters have been primarily used for people de-
tection and locating individuals in the environment, rather than for assessing the
person's condition and providing data to rescuers.

This project proposes a new approach to vital sign analysis that is typically
performed by human rescuers when they encounter a person in distress who may
present trauma. The data collected from these analyses, which include assess-
ments of the person's level of consciousness and possible injuries, are commu-
nicated to operators, along with the person's location. This information allows
operators to quickly and e�ectively plan rescue e�orts in challenging environ-
ments, such as indoor spaces after a disaster.
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Chapter 3

Materials

Summary

This chapter presents an overview of the hardware components that have been
used in the development of this study. These components include the robot itself,
Spot, developed by Boston Dynamics and, moreover, its abilities are presented.
Additionally, an overview is provided of the various payloads that are attached to
the robot, which grant it with enhanced sensing capabilities to better perceive its
surroundings. This includes both pre-existing payloads provided by Boston Dy-
namics, as well as custom-designed payloads speci�cally designed for this project.
The integration of these payloads with the robot will be discussed as well.

3.1 Spot Boston Dynamics

Spot is a quadruped robot, that has been developed by Boston Dynamics for
research purposes, and available for commercial use since 2020.

Figure 3.1: Spot - the agile mobile robot.
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The Spot robot has �xed dimensions of 1100 mm in length and 500 mm in
width. However, its height is adjustable to meet speci�c needs, and could change
from 191 mm, that it is the height when the robot is sitting, to, when it is
standing, between a range with a minimum of 520 mm to a maximum of 700
mm.

This ability to adjust its height, also during the motion, provides additional

exibility, enabling it, not only to traverse hazardous terrain, but also to access
con�ned spaces. This feature also allows the robot to lower its platform, making
it possible to enter low-height areas such as ducts, for inspection purpose, as well
as collapsed structures.

It is important to note that the maximum height mentioned refers only to
the robot itself, without any payloads attached. When carrying payloads, Spot
is aware of its own dimensions as well as those of the payloads and can adjust its
height accordingly to navigate through obstacles or move around them.

Furthermore, the Spot robot is not only capable of adjusting the height of its
mobile platform, but also rotating it around the yaw, pitch and roll axes, which
gives it greater 
exibility and adaptability in various situations. It can pitch up
to a maximum of 45 degrees, which enables it to tilt its platform and look up or
down to better perceive its surroundings.

Additionally, the robot weighs 31.7 kg without any additional payloads.
The quadrupedal design of the robot provides it with the ability to tra-

verse through uneven terrain, making it ideal for search and rescue operations in
disaster-stricken areas where the terrain is often unstable and hazardous.

Moreover, the robot can walk on sloping surfaces for up to +/- 30 degrees,
making it capable of traversing areas that might be otherwise inaccessible. This
ability is particularly useful in scenarios where the robot needs to explore a crum-
bling building or other hazardous environments, such as sites with rubble, without
risking further damage.

In addition to its mobility on uneven terrain and sloping surfaces, the robot
can also climb over obstacles, as long as they have a height of maximum 300 mm.
This feature further enhances its suitability for search and rescue applications,
where the robot may need to traverse over debris and rubble to reach a person
in need.

Furthermore, the Spot design enables it to climb stairs, provided that certain
requirements are met. The stairs must have a width of at least 600 mm, a pitch
of less than 45 degrees, and a height of less than 220 mm. This feature gives the
robot the capability to navigate through multi-
oor buildings with ease.

Concerning its sensing abilities, Spot is equipped with �ve pairs of black-and-
white projected stereo cameras, allowing for a 360-degree �eld of view.

Two cameras are located in the front, one on the left side, one on the right
side, and one in the back of the robot. These cameras have a range of approxi-
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mately 4 meters and require a minimum light level of 2 Lux to operate. However,
these speci�cations may limit Spot's ability to operate in environments with low
lighting, such as during a search and rescue mission or inspection. Additionally,
the 4-meter range may not be su�cient for exploring unknown environments.

Despite these limitations, Spot's sensing abilities also include a safety feature
that is its built-in obstacle avoidance, which allows it to navigate unfamiliar
environments, always maintaining a minimum distance between the robot and
the obstacles, thus, without damaging itself or surrounding objects.

Indeed, if it perceives an obstacle that is higher than 300 mm, it will attempt
to navigate around it if possible, or come to a stop if navigation around the
obstacle is not feasible.

Finally, Spot has a battery-operated autonomy of about 90 minutes of con-
tinuous usage while moving the robot and about 180 minutes of usage with the
motors turned o� and the robot in standby mode. The charging time of the bat-
tery generally takes around 90 minutes to fully charge BostonDynamics (2022e).

Spot is a versatile quadrupedal robot developed by Boston Dynamics and it
is capable of operating in challenging and unstructured environments. With its
advanced sensing capabilities and 
exible mobility, Spot is well-suited for a range
of applications, including industrial inspection and search and rescue operations.

In industrial settings, Spot can perform tasks such as visual inspection, leak
detection, and laser scanning to increase operational e�ciency and safety. By
automating routine inspections, workers can be kept safe from hazardous envi-
ronments while critical machinery and production areas can be monitored for
potential issues.

In search and rescue operations, Spot can navigate dangerous or hard-to-reach
areas, providing crucial information to �rst responders without risking human
life. With its ability to climb stairs and traverse uneven terrain, Spot can explore
disaster zones and assess the safety of the scene.

Overall, Spot o�ers a powerful solution for automating tasks that were previ-
ously di�cult or impossible to perform BostonDynamics (2023d).

Spot can operate in two modes: autonomous and teleoperated. In autonomous
mode, it can navigate and perform tasks on its own, relying on its onboard sensors
and processing capabilities. In teleoperated mode, Spot can be controlled by a
human operator, who can guide it through di�cult or hazardous environments
with more precision and situational awareness, thus reducing any risk.

Regarding teleoperation, Spot is equipped with a controller that allows for
intuitive and responsive control of the robot's movements. The controller com-
municates directly with the robot through a dedicated WiFi connection, which
operates at a frequency of 2.4 GHz. This reliable and secure connection ensures
that the operator maintains full control of the robot at all times, even in chal-
lenging or hazardous environments.
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Figure 3.2: Spot controller.

The Spot controller layout, depicted in Figure 3.2, has two joysticks, a di-
rectional pad, four buttons, and a screen. The joysticks control Spot's motion
depending on the selected mode, which can be chosen from the drop-down menu
on the screen or by pressing the buttons.

If the operating modality is select directly from the screen, it is namely ac-
cording to the functionality that provides, if instead they are selected by pressing
the buttons they are con�gured as follows:

ˆ X button: makes the robot sit;

ˆ B button: makes the robot stand and enables platform movements;

ˆ A button: enables the walk mode;

ˆ Y button: enables the stairs mode.

When the robot is standing, thus the platform movements are enabled, the
right joystick controls movement around the pitch and yaw angles, while the left
joystick controls roll and body elevation. This allows for rotation of the robot's
mobile platform and changes in body height, as shown in Figure 3.3.

In Walk or Stairs mode, the left joystick moves the robot forward/backward
and left/right, while the right joystick rotates the robot clockwise/counterclockwise.
Additionally, the controller screen has a touch-to-go functionality that allows for
direct movement by tapping on the screen to move the robot to the corresponding
position in its view.

The screen on the controller displays a live stream from the cameras on Spot,
that can be switched, according to the needs, between the di�erent camera views,
using the directional pad on the controller.
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Figure 3.3: Spot body posing.

In certain situations, such as when the battery is being changed or when the
robot is powered on, Spot may accidentally end up on its back or on the ground in
an unusual position. To address this issue, Spot is equipped with a self-righting
maneuver that can be activated through the controller by selecting the self-right
mode. During this maneuver, the robot uses its legs to 
ip itself over and position
them for sitting.

The controller's screen also displays information about Spot's status, such
as battery level and connectivity, and allows for customization of settings and
con�gurations BostonDynamics (2022d).

A build-in functionality of Spot, that can be selected from the controller, is the
Autowalk mode. This allows users to record and replay autonomous behaviors
with the robot. The Autowalk feature consists of two parts: the recording phase
and the replay phase.

In the recording phase, the robot is teleoperated and driven along a speci�c
path while performing actions along the way. These actions can include move-
ments and other tasks that the robot is capable of performing. In order to record
these actions accurately, �ducials must be placed at speci�c intervals along the
path.

Fiducials are specially designed images similar to QR codes that Spot uses
to match its internal map to the world around it. A �ducial is required at the
mission's starting location and anywhere on the mission route. Fiducials also need
to be attached at 2-meters intervals along the path, between 45-60 cm above the
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ground. They are also needed at the end of a mission recording session.
During mission recording, Spot automatically places navigation waypoints

along its path, with up to 2000 total waypoints per mission. These waypoints are
placed approximately 2 meters apart from each other.

In the replay phase, the robot repeats the recorded mission by walking from
waypoint to waypoint and performing the actions at the speci�c locations where
they were recorded.

During the replay phase, users have three di�erent options for viewing the
mission. The �rst option is the "Robot Cameras" mode, which displays the
robot's body cameras and provides a standard view of the mission. The second
option is the "Top-Down" mode, which display the robot's position during the
replay, including any perceived obstacles in the environment. The third option
is the "Map View", which displays the robot's current location on the recorded
map BostonDynamics (2023a).

3.2 Boston Dynamics Payloads

Spot can work as a standalone robot, but it can also be integrated with pay-
loads to enhance its capabilities for perceiving the environment and operating
autonomously.

There are two types of payloads available: those designed by Boston Dynamics
that already meet all the necessary requirements, and custom payloads that users
can add to Spot. However, this section will focus on Boston Dynamics payloads
and the following one will focus on custom payloads. It is important to note that
registering and authorizing custom payloads is required for integration with Spot.

Spot has two payload ports that provide power, communication, time syn-
chronization, and safety system integration. Boston Dynamics payloads can be
con�gured on Spot to a total combined capacity of 14 kg distributed over the top
of the robot.

It is recommended that the combined center of mass of the payloads lie be-
tween the front and rear hips of the robot to ensure better handling and agility,
and to reduce the likelihood of falling.

However, it is essential to meet certain requirements regarding the dimensions
of the payloads. For instance, the maximum recommended width for a body-
mounted payload is 190mm, since wider payloads can signi�cantly reduce overall
mobility and interfere with the legs. Furthermore, the length of the payload
should not exceed the given design space of the robot, which is 850 mm, the same
as the length of Spot's body.

Boston Dynamics o�ers a range of payloads that can be integrated with Spot
to enhance its capabilities and enable autonomous operation. One such payload
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is the Spot CORE assembly, which comprises an on-board computer capable of
running custom applications to make the robot work autonomously.

The Spot CORE assembly includes several components, such as the Spot
CORE computer, Spot GXP, LiDAR cable, and Ethernet cable. The Spot CORE
computer is the computational unit that analyzes inputs from its sensors. It
features an i5 Intel® 8th Gen (Whiskey Lake-U) Core—CCG Lifecycle moth-
erboard, 16 GB SO-DIMM DDR4 2666 RAM memory, 512 GB M.2 22x60 SSD
storage memory, and the Ubuntu Desktop 18.04 LTS 64-bit operating system. It
has dimensions of 250 mm in length, 190 mm in width, 84 mm in height, and a
weight of about 2 kg.

The Spot CORE assembly comes pre-attached to the Spot GXP, which is
mounted directly to the payload mounting rails. The GXP provides power, net-
working, and communication interfaces to easily mount di�erent payloads and
deploy payload solutions for the Spot base platform.

When Spot is powered on, the Spot CORE will self-register. The registration
can be checked through the Payloads tab either in the Spot Admin Console or in
the controller BostonDynamics (2022b).

The Spot Core payload can be equipped with various sensors to augment
its sensing capabilities, depending on the requirements of the speci�c task to
accomplish. One such sensor is the LiDAR payload assembly.

The LiDAR sensor signi�cantly improves Spot's depth perception, extending
it to a range of approximately 120 meters, compared to a maximum range of
only 4 meters without LiDAR. This feature is particularly useful for navigating
unfamiliar environments and creating maps of the surrounding area to enable safe
navigation.

When combined with the Spot CORE, the LiDAR payload assembly forms the
Spot EAP (Enhanced Autonomy Payload), which signi�cantly enhances Spot's
perception range for autonomous navigation.

Figure 3.4: SPOT-EAP.
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Figure 3.4 illustrates the appearance of the robot when equipped with the
Spot EAP payloads.

The Spot CORE hosts the software that interfaces with the Velodyne LiDAR
to enable the connectivity with the Spot robot.

The LiDAR assembly comprises four components: a roll cage with plastic
guard, the Velodyne Puck VLP-16 sensor, a mount assembly, and a LiDAR cable.
It has a total dimension of 176.2 mm in length, 180 mm in width, and 158.8 mm
in height, and weighs approximately 1.6 kg.

The LiDAR sensor has a measurement range of up to 100 meters, with a range
accuracy of up to± 3 cm. The �eld of view of the sensor varies depending on
the orientation: vertically, it has a total �eld of view of 30 degrees (from +15.0
degrees to -15.0 degrees), while horizontally, it has a �eld of view of 360 degrees
BostonDynamics (2022c).

3.3 Custom Payloads

As mentioned in the previous section, custom payloads which are payloads not
directly provided by Boston Dynamics, can be integrated with the Spot robot to
extend its sensing capabilities and enable it to perform various tasks.

In particular, in this project, two custom payloads have been integrated to the
robot, the Kinect One developed by Microsoft, and two usb-connected speakers.

Figure 3.5 shows the two custom payloads that have been integrated with the
Spot robot.

Figure 3.5: Custom Payloads integrated to the Spot robot.

The integration of custom payloads provides the robot with an increased visual
capacity. Compared to the Spot's cameras, which have a resolution of 640x480,
the Kinect One has a much higher resolution and is capable of capturing both
RGB and depth information, with respect to the Spot's cameras that are black-
and-white projected stereo cameras. This enables the robot to perceive its envi-
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ronment in greater detail and accuracy. Additionally, audio capabilities of both
input and output are also integrated, allowing for human-robot voice communi-
cation.

The Kinect One, also referred to as Kinect v2, is an advanced RGB-D camera
developed by Microsoft. It boasts a high resolution of 1920x1080 pixels and a
frame rate of 30 FPS. The camera has a wide �eld of view, with a total of 53.8
degrees vertically and 84.1 degrees horizontally. It is also designed with a tilt
platform, which allows for adjustment of the device's angle to capture the desired
view.

Integrated into the Kinect One is a microphone array with four microphone
elements that feature acoustic noise suppression and beam formation technology.
This provides high-quality audio capabilities that are essential for human-robot
interaction.

The Kinect One is equipped with a USB 3.0 connectivity, and requires a power
consumption of up to 15 W. The camera's advanced RGB-D technology means
that it can capture depth information in addition to color information, with a
range of 0.5 to 4.5 meters. This can enable the creation of detailed point cloud
information for use in various applications. Additionally, the weight of the Kinect
One is approximately 0.97 kg Microsoft (2022).

Concerning the speakers that have been integrated with the Spot robot, they
provide a sound output source for human-robot communication. These speak-
ers are USB-powered and have a frequency range of 80 Hz to 20 KHz, with a
total RMS power of 2.4 W (1.2 W per speaker). The weight of each speaker is
approximately 0.32 kg, resulting in a combined weight of about 0.64 kg. The
USB connectivity allows for easy integration with the robot and eliminates the
need for external power sources, making it a convenient addition to the Spot's
capabilities.

In the following section, a detailed explanation about how these two custom
payloads have been fully integrated to the robot is presented.

3.4 How to integrate Payloads

Integrating payloads onto Spot robot requires careful consideration of several pro-
cedures. With custom payloads, additional steps are necessary to ensure their
proper integration with the robot. One important aspect to consider is the me-
chanical integration of the payload onto the robot.

To physically mount payloads on the robot, Spot has aluminum payload rails
that run along the left and right edges of the body. These rails provide a secure
means of mounting payloads to Spot and accept T-slot nuts, such as Misumi
HNTR5-5. It is essential to ensure that mounting screws do not project more
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than 6.3mm below the top surface of the mounting rail and that T-slot nuts are
fully supported along each edge.

As shown in Figure 3.6, there are several requirements that should be met to
attach a payload to the Spot robot. The most critical requirement is the distance
between the two holes located in the support of the payload, where the screw
should be placed to ensure that the payload is securely anchored to the robot.
This distance should be precisely 160 mm.

Figure 3.6: Spot mounting rails.

To ensure that custom payloads are securely attached to the robot, a stand was
designed and built speci�cally for the Kinect One. Unlike the payloads provided
by Boston Dynamics, custom payloads are not intended to be solidly attached
to the robot, which can cause them to move or even damage them during robot
movement.

Therefore, the stand was built to securely attach the Kinect One to the front
of the robot, providing stability and protecting the payload from any potential
damage.

In Figure 3.7, the stand designed for the Kinect One is shown, which is made
of galvanized iron and painted for protection. The stand has a width of 180 mm,
length of 70 mm, and thickness of 1.5 mm. As mentioned earlier, the distance
between the holes used for anchoring the stand to Spot's mounting rails is 160
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mm, with a radius of 5 mm, just as in the base plates used by Boston Dynamics
payloads.

Figure 3.7: Kinect stand.

The central rectangular hole on the stand measures 70 mm in width and 32
mm in length, corresponding to the dimensions of the tilt platform of the Kinect
One. This allows the Kinect to be attached to the stand using four cable ties,
one for each vertex, thereby securing the payload to the stand and the robot.

This custom stand ensures that the Kinect One is mounted securely and does
not incur damage during the robot's movement.

Another important consideration when integrating custom payloads, such as
the Kinect, that perform speci�c computations like person detection, is ensuring
frame consistency. This involves adding the Kinect frame to the tree of frames in
the Spot robot's coordinate system. The coordinate system of the Kinect is dif-
ferent from that of the Spot robot, so it is necessary to establish a transformation
between the two coordinate systems.

Figure 3.8: Spot and Kinect frames.

Indeed, as shown in the Figure 3.8, concerning Spot frame, it uses 3D transfor-
mations to describe itself, objects around it, and its understanding of the world.
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Di�erent frames are used to represent various objects, such as the "body" frame,
which describes Spot's body and is used to describe the robot's position and ori-
entation. The frame's origin is located at the geometric center of the hips, with
the x-axis pointing from the hip center to the middle of the front hips.

To achieve frame consistency, a 3D transformation can be used to describe the
relationship between the body frame and the Kinect frame using a translation
vector and a rotation matrix. The Kinect frame has its origin in correspondence
of the depth sensor and follows a di�erent axis displacement rule, as shown on
the right side of the �gure.

After adding the Kinect frame to the Spot tree of frames the output will be
the following, as shown in the 3.9

Figure 3.9: Spot and Kinect frames.

It is worth noting that the transformation between the robot's body and the
camera frame remains static regardless of whether the robot is moving or not.
This transformation can be added to the tree of frames of the Spot robot to
determine the location of the Kinect in relation to the robot.

Concerning how the child frame, that coincides with the Kinect frame, is
oriented with respect to the parent frame, that coincides with the body frame of
Spot, it is shown in Figure 3.10.

The orientation matrix expresses the orientation between the two frames,
speci�cally between the "body" frame of Spot and the "kinectrgb optical frame"
of the Kinect, and it shown in the following Equation 3.1:

1
2R = 1

10 R10

2 R (3.1)
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Figure 3.10: Transformation between parent and child frames.

In particular, the transformation involves rotating 90 degrees around the yaw
angle and then 90 degrees around the roll angle.

Regarding the position of the Kinect frame's origin relative to the body frame's
origin of Spot, it is translated 0.22 m along the x-axis, -0.009 m along the y-axis,
and 0.075 m along the z-axis.

This results in a transformation matrix. That matrix is a combination of
a translation vector and a rotation matrix, which together describe the relative
position and orientation of the child frame, the 'kinectrgb optical frame', with
respect to the parent frame, 'body' frame of Spot.

Referring to the parent frame as< 1 > and to the child frame as< 2 > , the
transformation matrix, that is a 4x4 matrix that contains both the positioning
and the orientation information, between these two frames, written in a compact
form is shown in the following Equation 3.2:

1
2T =

�
1
2R 1O2

03x1 1

�
(3.2)

Where the orientation matrix 1
2R, which describes the orientation between the

two frame, is the one described above and1O2 describes the position information,
which is equal to:
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1O2 =
�
0:22 � 0:009 0:075

� T
(3.3)

To implement this static transformation, the static transform publisher node
in the tf package, in turn contained in the geometry package provided by ROS
https://github.com/ros/geometry , can be used.

This allows for publishing a static coordinate transform to tf with an x/y/z
o�set in meters and yaw/pitch/roll in radians, specifying both the parent and
child frames. Additionally, the publishing period, expressed in milliseconds, needs
to be speci�ed to indicate how often to send a transform.

Overall, by integrating the Kinect and ensuring frame consistency, Spot can
accurately detect a person's position relative to the camera and perform other
computations as necessary.

Once the payload is mounted and the frame consistency is ensured, it needs
to be registered and authorized to be recognized by the robot. This ensures that
the robot is aware of the additional sensors and is programmed to interact with
them correctly.

Payload registration is a crucial step in integrating a payload with Spot. This
process involves registering some services and providing Spot with the payload's
mass properties, such as its mass, moments of inertia (MOI), and collision geom-
etry (extents). This information is used by Spot to compensate for the payload's
weight and dimensions during operation, allowing it to work e�ectively and safely
with the payloads.

For example, when passing under an overhead obstacle, Spot will take into
account the payload's extents when calculating whether it has enough room to
avoid a collision.

All payloads must be authorized before use, and this can be done in Spot's
Admin Console, which is accessible via the IP address 192.168.80.3. The regis-
tration and authorization process creates persistent data on Spot, ensuring that
the payload is properly integrated and recognized by the robot.

If the mass properties of a payload are unknown, Spot includes a Payload
Estimation capability in the tablet controller's utilities section. This feature
allows the robot to stand and execute a series of movements to auto-estimate
the mass properties of an unregistered payload attached to the robot. Note that
payloads must weigh at least 1kg to be detected and added using the Payload
Estimator.

Payload estimation can be particularly helpful when dealing with unknown
payload mass properties or when grouping multiple payloads into one con�gura-
tion. If needed, the payload status can be changed on the attach/detach Payloads
page in the Admin Console or via the controller.
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